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Abstract

The aim of the programme which is performed as an 8-year exposure at 39 test sites
in 14 countries is to quantify the effects of sulphur pollutants in combination with NO,
and rain acidity on the corrosion of selected materials from the following material
groups: Structural metals, calcareous stones, paint coatings and electric contact
materials. After 4-year exposure preliminary dose-response relations have been drived
for some structural metals, calcareous stone materials and electric contact materials.
Dry deposition of SO2 exerts the main corrosive effect, for some materials also wet
depositon is a contributing factor. The use of surface analytical techniques and chemical
analyses of corrosion products can greatly enhance the understanding of the corrosion
mechanisms involved.

Key terms: Atmospheric corrosion, test sites, air pollution, acidification, sulphur
dioxide, nitrogen dioxide, structural metals, calcareous stones, paint coatings, electric
contact materials.

I. Introduction

The increasing concern on the effects of anthropogenic acidifying air pollutants and
their deposition in large areas of the northern hemisphere has resulted in adoption of
the Convention on Long-range Transboundary Air Pbllution within the United Nations
Economic Commission for Europe in 1979. In order to obtain a scientific basis for
planning effective and cost efficient emission controls the Executive Body of the
Convention initiated a series of International Cooperative Programmes (ICP) for
assessment of the effects of pollutants on important parts of the ecosystem.
Deterioration of materials including historical buildings and monuments was considered
an important effect area and consequently in 1985 an ICP on effects on materials was
launched in order to fill some of the main gaps of knowledge.
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Among the questions which are of relevance in this respect is the effect of dry and wet
deposition as both may cause corrosion damage. Among the dry deposited pollutants
SO 2 has been known for a long time as a powerful corrosion accelerating agent for
several materials. The increasing levels of NO2 rise however the question of its corrosive
action. A synergistic corrosive effect of SO2 and NO2 has been shown by laboratory
studies for some materials, the effect under outdoor conditions has so far not been
clarified.

The ICP is expected to give quantitative data on the effects of acidifying air pollutants
on degradation of materials. For development and implementation of control strategies
for transboundary air pollutants, the recently developed critical load concept has been
found valuable. The critical load is defined as a quantitative estimate of the loading of
one or more pollutants below which significant harmful effects on specified sensitive
elements of the environment are not likely to occur. For materials it seems more
appropriate to define critical levels of pollutants as it has been shown that corrosion of
materials is often closely linked to concentrations of pollutants. However, there is today
for the most materials no evidence that there is any critical threshold pollutant
concentration above which the mechanism of corrosion should drastically increase. It
seems thus more appropriate to discuss accepted or target levels. The long-term steady
state corrosion data which will be obtained in this ICP are expected to give dose-
response relations which will be important for policy decisions on future emissions
connected to defined target levels, for mapping of corrosivity and for calculation of
economic damage.

The present paper will give a brief survey of the organization and scope of the
programme and a choice of results obtained after 4 years of exposure. A more detailed
description of the programme and results obtained may be found elsewhere'1 °.

II. Aim

The aim of the programme is to perform a quantitative evaluation of the effect of
sulphur pollutants in combination with NO. and othee pollutants as well as climatic
parameters on the atmospheric corrosion of important materials in a wide geographical
zone of Europe and North America.

III. Organization of the Programme

A Task Force has been appointed for organizing the programme with Sweden as lead
country and the Swedish Corrosion Institute serving as the Main Research Centre.
Research subcentres in the Czech Republic, Germany, Great Britain and Norway are
together with Sweden responsible for the choice of materials and methods of evaluation,
for preparation and distribution of specimens to the participating countries and for
evaluation of the corrosion attack after exposure. The Norwegian subcenL.e is moreover
responsible for a data bank containing all environmental parameters measured at the
test sites. In all participating countries a national contact person has been appointed
who is responsible for the exposure and withdrawal of specimens, and reporting of
environmental parameters. A list of the responsible organizations and present national
contact persons are given in the acknowledgement.

IV. Experimental

A technical manual describing in detail the exposure programme and a report with a
characterization of the test sites have been published within the ICP" 2. Here only a
short presentation will be given.
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A. Test Sites and their Characterization
The network consists of 39 sites in 14 ECE countries including three sites in Northern
America. The location of the sites which covers a broad geographical zone in Europe is
given in FIG 1. A list of the test sites and of the parameters used for characterization
of the corrosion environment are listed in TAB 1. The pollution of the atmosphere is
characterized by measurement of SO2 and NO 2 and optionally also by determination of
0,. Collection and analyses of precipitation are used for characterization of the wet
deposition of pollutants.

B. Materials and Exposure Conditions
The investigated materials can be subdivided into the following four groups, with
research subcentres responsible for preparation and evaluation of specimens given in
the parenthesis:
Structural metals: Steel, weathering steel, zinc and aluminium (National Research
Institute for Protection of Materials - SVUOM, Prague, the Czech Republic).
Copper and cast bronze (Bavarian State Conservation Office, Munich, Germany).
Stone materials: Portland limestone, White Mansfield dolomitic sandstone (Building
Research Establishment, Watford, U.K.)
Paint coatings: Coil coated steel with alkyd melamine, steel with silicon alkyd paint,
wood with alkyd paint system and wood with primer and acrylate (Norwegian Institute
for Air Research - NILU, Lillestrom, Norway).
Electric contact materials: Nickel, copper, silver and tin as metallic strips; Eurocard
connectors of different performance classes (Swedish Corrosion Institute/Royal Institute
of Technology, Stockholm, Sweden).

The specimens are mounted on identical racks permitting both free and rainsheltered
exposure. All materials except electric contact materials are exposed freely in
unsheltered conditions. In addition all materials except paint coatings are exposed in
sheltered conditions. The electric contact materials are placed in an aluminium box
with two ventilation holes and this box is placed within the shelter. This should
simulate the environment for electronic devices in unheated storage. The exposure
programme started at all test sites in September 1987. The withdrawal of specimens
has so far been performed after 1, 2 and 4 years exposure. The last set of specimens is
planned to be evaluated after 8 years. At the end of each exposure period three parallel
specimens are withdrawn.

C. Evaluation Methods
The main aim of the programme is to establish quantitative effects of air pollutants on
the corrosion rate. Consequently the evaluation has followed international standards
or well established methods. The experimental material permits however also i.a. to
study the composition of corrosion products and distribution of pollutants in porous
materials, which may contribute to a better understanding of the mechanisms of their
action in the corrosion process. The evaluation methods differ with material group
investigated and include: visual examination, optical microscopy, SEM, X-ray
diffraction, XPS, FTIR, Laser Ablation Microprobe Mass Spectroscopy (LAMMS),
chemical analysis, determination of soluble salt distribution in stone specimens,
gravimetric and microgravimetric methods for assessment of mass loss or mass gain,
determinaiton of electric contact resistance and of colour changes.

V. Results and Discussion

The results from the first two years of exposure have been published in separate reports
for the individual material groups4 ". Also the environmental data for the first four
years of exposure have been compiled in special reports3 " ,0. The evaluation of corrosion
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attack after 4 years of exposure has been performed. The statistical analysis of the
effects of environmental parameters on the corrosion rate has not yet been completely
finished. For this reason and for reason of space here only some selected results will be
given.

A. Environmental Data
The weakest point of most corrosion exposure programmes performed in the past is the
inferior quality of the environmental data from the test sites. The present ICP
constitutes an essential progress in this respect as not only SO2-, but also NO,- and on
the majority of sites even 0%-concentrations are measured. The data bank created at the
Norwegian subcentre is based on data reported on daily, weekly or monthly basis. The
quality assurance programme adopted within the ICP ensures that the obtained data
will be of good quality especially for the sites reporting on daily basis.

1.Pollution Parameters. The ambition when selecting test sites for the ICP has
been to obtain sites with SO2 , NO2 and pH normally distributed in a broad concen-
tration range covering both clean, moderately and heavily polluted sites. The annual
mean values for the 4-year exposure period show that the solution has been resonably
successful, see FIG 2. The yearly mean concentrations for SO., varies between 1 and 80
pg/m'. The cumulative distribution function shows, however, that the distribution is not
normal as the majority of sites has values below 30 pg/min. For NO2 the distribution is
better with yearly mean concentrations ranging from 4 to 80 pm with one site (Milan)
showing 110 pg/min. The pH values varies between 3.9 and 6.2 with a normal
distribution.

A problem which arises at evaluation of the effects of the pollution parameters is the
intercorrelation between some of the parameters. The intercorrelation of SO2 and NO,
concentrations (R=0.6) and of 0, concentration with NO2 resp. S0 2-concentrations
(R=-0.6 resp R=-0.8) has to be taken into account when trying to separate the corrosive
effect of these pollutants.

It should also be noticed that even if marine locations were avoided there are several
sites closer to the Atlantic Ocean which are affected by marine aerosols. This is
particularly the case for the sites in the United Kingdom, in Portugal and for two of the
Norwegian sites. In addition high chloride values also occur at the Italian sites and in
Bilbao. This will be taken into account in the regression analysis where for chloride
sensitive materials separate evaluation can be done for the group of sites with low
chloride levels. In this connection also the special pollution conditions on the Norwegian
site Borregaard (22) should be mentioned. The site has a high concentration of chlorine
from a nearly pulp factory which increases the corrosivity against certain materials and
appears often as an outlier when plotting the corrosion rate against the SO,
concentration.

The concentration resp. deposition rates of SO2 at free exposure, under the shelter and
in the electronic box has been subject to a separate study at four Scandinavian sites
and a limited study at three Czech sites. The study showed that the SO2 deposition rate
inside the box is approximately 10 times lower than under the shelter. This difference
could be separated into different air flow conditions (a factor of 2) and different
concentrations (a factor of 5). The SO2 concentrations under the shelter have been
calculated from deposition measurements and found to be in good agreement with
concentrations measured at free exposure outside the shelter. The SO 2 deposition rate
inside the shelter was, however, about a factor 2 lower than at free exposure.
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2. Climatic parameters. The 39 test sites cover a broad geographical region. Even
if all sites are situated in the temperate climatic zone there are substantial differences
in climate parameters. It could be mentioned that the time of wetness (defined as the
time with RH>80° and T>0°C) varies between round 1000 hrs/year for some years in
Rome or Madrid to round 6000 hrs/year at some U.K. sites. Both the time of wetness
and the temperature and relative humidity are normally distributed which is beneficial
for the statistical treatment.

B. Corrosion Effects on Different Materials
In general great differences have been found in corrosion attack at different sites in the
network. In most cases the corrosion attack is considerably more severe at polluted sites
than at rural sites with background pollution. For some materials like nickel or carbon
steel the correlation of the corrosion rate and the pollution parameters was obvious
already after one year of exposure. For other materials like copper or painted surfaces
the significance of the investigated parameters starts to show first after 4 years of
exposure. The reason being that for several of the materials within a 2-year period the
corrosion attack is still in an initiation period. During this period the corrosion
mechanism and thus also the affecting factors could be different compared to prolonged
exposure when the corrosion rate has reached the steady state.

C. Statistical Evaluation
The statistical evaluation including correlation analysis and single and multiple
regression analysis for the 1 and 2 years' exposure has been performed and published
by the individual research subcenters4 ". Also most of the 4-year data have been
analyzed by the subcentres. A part of the analyses, however, still remains to be done
as well as a central treatment of the whole material. In the following a choice of results
for the individual material groups will be presented.

1. Structural metals. For steel, weathering steel and zinc a regression analysis
has been performed using SO 2, NO 2 and time of wetness as significant independent
variables. For unsheltered exposure the following dose-response relations have been
obtained if all test sites are included:

WLlc.,., = 59.3 + 3.8 S0 2 + 0.029 TOW R2 = 0.71 (1)

WIAW.t sl = 46.4 + 2.9 S0 2 + 0.06 TOW R = 0.37 (2)

WLAzic = 7.4 + 0.50 S0 2 0.003 TOW R = 0.31 (3)

The correlation improves if sites with high chloride deposition are excluded:

WIAý,,•t = 43.8 + 3.15 802 + 0.06 TOW R = 0.46 (4)

WL4znc = 5.9 + 0.46 SO 2 + 0.004 TOW R2 = 0.62 (5)

where WL = weight loss (1 resp. 4 yrs expos.) in g/m 2

SO2  = concentration in pg/mi3

TOW = time of wetness in hrs/year

The analysis of the contribution of the individual environmental factors included shows
the decisive influence of SO 2 pollution, see FIG 4. The most important of the other
factors seems to be time of wetness which is demonstrated by low corrosion rates at the
south European sites.
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For aluminium which shows an increasing corrosion rate with time of exposures so far
no dose-response relation have been obtained. Even if the mass loss does not always
give the best characteristics of the corrosion attack on aluminium the effect of elevated
pollution especially by chlorides is evident especially in sheltered position, see FIG .
For copper and bronze samples after 1 and 2-year exposure no dose-response relations
were obtained. After 4-year exposure the effect of especially the SO, level and the
conductivity of precipitation is stronger but the regression analysis is not yet completed.
Another possibility of evaluation of the effects of air pollutants constitutes of g-ouping
of the sites into pollution classes, see FIG 8. This concept may be useful for evaluation
of the so called target levels.

2. Calcareous Stone Materials. The regression analysis peformed so far has
shown that SO2 significantly contributes to the degradation of unsheltered stones, see
FIG 5. Beyond the dry deposition of SO2 it has also been shown that rain acidity and
natural dissolution by rain are important factors especially in areas with low SO2 levels.
The following dose-response relations have been found for the weight loss of
unsheltered sandstone and limestone:

WLsandsu.n. = 0.293 + 0.027 S02 + 0.000034 rain +
+ 0.0080 H' R7 = 0.71 (6)

WLm...• .s... = 0.051 + 0.026 S02 + 0.00018 rain +
+ 0.00396 H+ R2 = 0.69 (7)

where WL = weight loss (4 yrs exposure) in %
SO., = concentration in pg/min
rain = total amount for 4 years in mm
H* = H-concentration in peq/l

compared to the relations obtained after 2-year exposure the present equations show
considerably higher correlation coefficents.

3. Paint Coatings. Since deterioration of paint coatings is a comparatively slow
process it was not possible to find any quantitative effects of the environmental
parameters after one and two years exposure. After 4-eyar exposure the main changes
have been observed in damage from cut, chalking, dirt and fungi. A correlation analysis,
see TAB 2, has shown that for damage from cut on steel panels the SO2 concentration
was the most significant parameter. For damage from cut on galvanized steel panels
the pH in precipitation shows a significant effect. For occurence of fungi high
precipitation and time of wetness are important parameters whereas high SO2 levels
may prevent the growth of fungi. For chalking the correlation has shown that the
degradation cannot be explained by a singlk environmental parameter. The statistical
treatment has, however, not yet been finished.

4. Electric Contact Materials. The evaluation of silver and nickel has resulted in
the following equations:

WInickp, = 5.5 + 15.8 SO2  R' = 0.78 (8)

WI.,lv, = 22.6 [SO] 021, [NH41O36 R = 0.60 (9)

where WI = weight increase (4 yrs exposure) in Pg/cm 2

SO 2  = concentration in pg/m;i
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NH 4 , concentration in precipitation in mg/I

For nickel a very strong linear effect of the SO2 concentration is observed, FIG 6. The
weight increase also slightly depends on chloride in precipitation which indicates the
presence of chloride containing gases or particulates. The analyses of corrosion products
by XPS, DRIFT and XRD show the presence of crystalline basic nickel sulphate but also
carbonate, nitrate and chloride to lesser extent.

The equation for silver contains SO 2 and NH,* in precipitation as explanatory variables.
This is due to the formation of a layer of Ag2S and also due to formation or deposition
of chemical species, possibly NH4C1 and/or (NH4 )2SO,. Since H 2S is not measured within
the programme, it has not been possible to estimate its contribution to the total Ag2S
formation as compared to the contribution from SO 2. An extension of the programme
with measurements of H2S on selected sites would provide valuable information.

The evaluation of tin is not yet completed. It is obvious that the SO 2 concentration does
not have the same strong corrosive effect as for many of the other materials, see FIG
7. There are indications that the most important parameters responsible for the weight
increase are not measured within the exposure programme. Also the evaluation of
copper is not yet completed but seems to be more promising than the 1 and 2-year
evaluations. A correlation between weight increase and conductivity in precipitation is
observed and the relative behaviour of the corrosion attack inside the aluminium box
approches that of the sheltered copper samples outside the box as the exposure time
increases.

VI. Conclusions

- The ICP which comprises exposure of different material groups will create a unique
data bank for quantification of the effects of acidifying air pollutants on corrosion of
materials.

- After 4 years of exposure preliminary dose-response relations have so far been
obtained for calcareous stone materials, zinc, steel, nickel and silver.

- For most materials dry deposition of SO2 exerts the strongest corrosive effect. The
role of NO 2 has not yet been clarified, the strong synergistic effect with SO 2 observed
in laboratory studies has not been observed in field studies.

- Wet deposition of pollutants expressed as rain acidity or conductivity has a corrosive
effect on certain materials, which in general is weaker than the effect of dry
deposition.

- The use of surface analytical techniques and chemical analyses of corrosion products
can greatly enhance the understanding of the corrosion mechanisms involved.

Acknowledgement

The UN ECE exposure programme is a result of co-operation between the organizations
listed below with the names of the national contact persons given in brackets. Each of
the organizations has been responsible for gathering meteorological and pollution data,
and for providing sites for the exposure of materials:

National Res. Inst. for Protection of Materials, Czech Republic (D.Knotkova); Technical
Research Centre of Finland-VTT (T.Hakkarainen); Bayerisches Landesamt ffir Denk-
malpflege, Germany (A.Reisener); Agency for Energy Sources (ENEA), Italy
(G.Guidotti); TNO Division of Technology for Society, Dept. of Environmental
Chemistry, the Netherlands (K.Hollander); Norwegian Institute for Air Research,
Norway (J.Henriksen); Swedish Corrosion Institute, Sweden (C.Leygraf); Building

500



Research Establishment, Dept. of Environment, United Kingdom (A.T.Coot); M inisterio
de Obras Publicas y Urbanismo (MOPU), Spain (J.Salazar-Mitchell); Institute of
Physical Chemistry, Russian Academy of Sciences, Russian Federation
(Yu.A.Michailovski); Ministry of the Environment, Estonia (J.Saar); Institute of
Technology, Laboratory of Mineralogy and Petrology, Portugal (L.Aires-Barros);
National Research Council of Canada and the Ministries of the Environment of Canada
and of Ontario, Canada (J.J.Ilechler); United States Environmental Protection Agency,
USA (J.Spence).

VII. References

1 ICP on effects on materials including historic and cultural monuments. Report No.
1: Technical manual. Swedish Corrosion Institute, Stockholm, Sweden, 1988.

2 ICP on effects on materials. Report No. 2: Description of test sites. Swedish
Corrosion Institute, Stockholm, Sweden, 1989.

3 Henriksen, J.F. & Arnesen, K. & Rode, A.: Environmental data report September
1987 to August 1989. Norwegian Inst. for Air Research, Lillestr0m, Norway.

4 Coote, A.T. & Yates, T.J. & Chakrabarti, S. & Bigland, D.L. & Ridal, J.P. & Butlin,
R.N.: ICP on effects on materials. Report No. 4: Evaluation of decay to stone tablets:
Part 1 After exposure for 1 year and 2 years. Building Research Establishment,
Watford, U.K., 1991.

5 St6ckle, B. & P6hlman, G. & Mach, M. & Snetlage, R.: ICP on effects on materials.
Report No. 5: Corrosion attack on copper and cast bronze. Evaluation after 1 and 2
years of exposure. Bavarian State Conservation Office, Munich, Germany, 1991.

6 Holler, P & Knotkova, D & Bouskova, A.: ICP on efffects on materials. Report No.
6: Corrosion attack on steel, zinc and aluminium. Evaluation after 1 and 2 years of
exposure. Nat. Res.Inst. for Protection of Materials, Prague, Czech Republic, 1991.

7 Henriksen, J.F: & Anda, 0. & Rode, A.: ICP on effects on materials. Report No. 7:
Evaluation of the painted systems after two years of exposure. Norwegian Institute
for Air Research, Lillestrom, Norway, 1992.

8 Tidblad, J. & Leygraf, C & Kucera, V.: ICP on effects on materials. Report No. 8:
Corrosion attack on electric contact materials. Evaluation after 1 and 2 years of
exposure. Swedish Corrosion Institute, Stockholm, Sweden, 1991.

9 Henriksen J.F. & Bartonova, A. & Arnesen, K. & Rode, A.: ICP on effects on
materials. Report No. 9: Environmental data report September 1989 to August
1990.Norwegian Institute for Air Research, Lillestrom, Norway, 1992.

10 Henriksen, J.F. & Bartonova, A. & Arnesen, K. & Rode, A.: ICP on effects on
materials. Report No. 10: Environmental data report September 1990 to August
1991. Norwegian Institute for Air Research, Lillestrom, Norway, 1992.

501



-) Z~C~ MN r- V- n t C"

- - CCC Coo o0 66 0a c od" (4 C; o C)c '0 cc

-- eq (1(

E 000 0 0 0-o c

0 - - -46 - 6 C oq mooo0o0ood 66 0 00

c - a a - - - -1 cur0 0 0 0 C CIAtUC 0 mC0--

0 --- Ci (-O-00 (N 0- 0 C0 C C0 0

.Or w -~ fC-OO.01 ell -cc m

=L '~~ca

)4 Z Co o- oc C en 0 C- C 000000 0 r.%c( 1'C0 CO - 0 I NC

mc & np - (1 00- O- O m z C

0. 0C W)-e C0 WI) cc Ito a,- WI %n~ W1 liC L 1r

r- 0 1 N ON 110~V zcJ 0C f Oa r0'( z 'C In irn

~~ ('1 o'c N- &) -,.To-c r- 0r1''
W) c"' (13o fn W)' n W) -0cý I

"" I p ' c t- - cll r-ý 01 01o 'r-j-r' II In ~ cc ncc lcI I!oc e Nr-.r

E , , r C -- m mw )w ,pr mo - r:r, -
Z tM M<4 M I T I - tnNO 'C - 'Cj n JOOW CI-It -T CI C l Nc" O'ýC11'

2 ~ 7 _ rmwC4r -w ý rc, c4 C _c 0 ný fI0 C',C LN 0f^01

> v-- - -- --- l- - -

:ý 0C4"r- r nWW I:;' cO'r 'CT "IC 0cc ~lr'' "'ceil"I-c - cc z -" N

2 C .C asON C 0NO N Z 'MC) 0 O'cc rN - ~ IO*-' o( cý (ION s(CC t-, -OC- W) r, -4 -(
r-r -r -r ' -wU -t-r c 0 -r -r -r coc0 -W - r cI -WI

>

u2 .!~ .C. .C"OOO ~vf.0 O .C'ccc'. ca'.

'00

CO

EC E U-=
mC- U

C.)r

O'U .2 m = " .ý

CL. ... r

502



Table 2. Correlation of deterioration of paint coatings with environmental parameters
after 4 year exposure

Damage Paint system No. of observations Environmental i Correlation for
4 years factors 4 year's results

Silicon alkyd on steel (H) 37 S02 mean R = -0.64
C 32 TOW (mean) x SO 2 R = -0.57
U 37 pH mean R = +0.24
T Alkyd melamine on gatv. steel (G) 37 SO 2 mean R = -0.30

36 mm mean R = -0.35 *
37 pH mean R = +0.55"

Silicon alkyd on steel (H) 32 % TOW R = -0.27
36 mm (mean) R = -0.32 *
39 S02 (mean) R = +0.21

F Alkyd melamine on galv. steel (G) 32 % TOW R = -0.29 (*)
U 36 mm (mean) R = -0.43*
N 39 SOC (mean) R = +0.41
G Alkyd on wood (I) 32 % TOW R = -0.40
U 36 mm (mean) R = -0.36
S 39 SO2 (mean) R = +0.37

Acrylate on wood (K) 32 % TOW R = -0.15
36 mm (mean) R = -0.34 **
39 S02 (mean) R = +0.21

C Silicon alkyd on steel (H) 24 % sun hours R = -0.21
H 37 SO 2 (mean) R = +0.45
A Alkyd melamine on galv. steel (G) 24 % sun hours R = -0.23
L 37 SO2 (mean) R = +0.47*
K Alkyd on wood (I) 24 % sun hours R = -0.16
1 37 SO 2 (mean) R = -0.20
N Acrylate on wood (K) 24 % sun hours R = -0.12
G 37 SO2 (mean) R = -0.26

Silicon alkyd on steel (H) 37 S02 (mean) R = -0.35
37 NO2 (mean) R = -0.38 *

D Alkyd melamine on galv. steel (G) 37 SO2 (mean) R = -0.65
1_ 37 NO 2 (mean) R = -0.51
R Alkyd on wood (I) 37 SO2 (mean) R = -0.23
T 37 NO 2 (mean) R = -0.03

Acrylate on wood (K) 37 S02 (mean) R = -0.31 *
37 NO2 (mean) R = -0.27 *

95% level of significance, 25 observations R > 0.40, 30 observations R > 0.36, 40 observations R > 0.31
90% level of significance, 25 observations R > 0.34, 30 observations R > 0.31, 40 observations R > 0.26

Note: Since the deterioration increases with decreasing rating number, "minus" before the correlation means
increasing deterioration with increasing concentration of pollutants.
For pH "pias" before the correlation, means decreasing pH (higher acidity) gives increased deterioration.
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Abstract

To obtain corrosion data for weathering steels on a worldwide basis, USX Engineers
and Consultants, Inc., and its USS COR-TEN steel licensees initiated an extensive
atmospheric exposure program in the early 1970's. In this program test panels of the
weathering steels ASTM A242 (USS COR-TEN A) and ASTM A588 (USS COR-TEN B), along
with panels of copper-bearing steel and carbon steel, were exposed for time periods
up to 16 years at test sites in the United States, Great Britain, Belgium, Japan, France,
South Africa, Sweden and Germany. The sites included urban-industrial, rural, and
moderate-marine atmospheres. Test panels were exposed at 30 degrees to the hori-
zontal facing north and facing south (301N, 30*S) and vertically facing north and
facing south (90'N, 90'S).

The results of this unprecedented program document the atmospheric corrosion
performance of the test steels worldwide. At virtually all the test sites the results
confirmed the superior resistance of the weathering steels as compared to that of
copper-bearing steel and carbon steel. However, there was a rather broad range of
corrosion rates when comparing the data from the three types of environments in
the different countries. For example, at the moderate-marine test sites, average
corrosion rates for the 8-to-16 year period (for all test panel orientations) ranged
from 2.3 to 13.9 gam/yr (0.09 to 0.55 mils/yr) for A242 steel, 3.8 to 14.7 jim/yr (0.15 to
0.58 mils/yr) for A588 steel, 5.7 to 24.8 jim/yr (0.22 to 0.98 mils/yr) for copper-
bearing steel, and 5.2 to 87.7 jim/yr (0.20 to 3.45 mils/yr) for carbon steel.

With respect to the effect of test panel orientation, at about 80 percent of the urban-
industrial sites the north-facing panels (south-facing in the southern hemisphere)
showed greater corrosion losses than did the south-facing panels (north-facing in
the southern hemisphere). The same was true at about 50 percent of the rural sites
and at about 70 percent of the marine sites. At the remaining test sites there was no
appreciable difference in results between the north- and south-facing panels.
Vertically exposed (900) test panels showed greater losses than did inclined (30')
panels at about 40 percent of the urban-industrial sites, 70 percent of the rural sites,
and about 30 percent of the moderate marine sites. At the remaining sites there was
no appreciable difference between the 90' and the 30' exposed panels.
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Introduction

Because of their enhanced atmospheric corrosion resistance, weathering steels such
as ASTM A242 (USS COR-TEN A) and ASTM A588 (USS COR-TEN B ) can be used in the
unpainted condition for outdoor structures in many geographic locations. The largest
such use has been in bridges and other highway structures. Elimination of the need
for initial painting (and subsequent periodic repainting) can result in substantial
cost savings over the life of a structure. However, the corrosion performance of
weathering steels varies depending upon local environmental conditions. There are
some locations where these steels should not be used 'in the unpainted condition.
Thus, there is a need for specific corrosion performance data in a variety of
geographic sites.

To obtain comparative corrosion data for weathering steels on a worldwide basis, USX
Engineers and Consultants, Inc. (Pittsburgh, Pennsylvania) and its licensees initiated
an atmospheric exposure program in the early 1970's. In this program test panels of
A242 steel, A588 steel, copper-bearing steel and carbon steel were exposed for time
periods up to 16 years at corrosion test sites in the United States, Great Britain,
Belgium, Japan, France, South Africa, Sweden and Germany. The sites included
urban-industrial, rural, and moderate-marine atmospheres. Test panels were exposed
in four different orientations: 30 degrees to the horizontal facing north and facing
south (30°N, 30°S) and vertically facing north and facing south (90'N, 90'S). The
results of this exposure program are reported in this paper.

Materials and Experimental Work

Steel Compositions

Duplicate test panels of the four steel types were tested for each time period at all the
test sites. Steel compositions are shown in Table I. (Note: The A588 steel used is of the
pre-1978 composition for USS COR-TEN B. The present composition of this steel has
higher nickel and silicon contents, and has greater atmospheric corrosion
resistance, particularly in marine environments.)

Test Panel Description

The test panels were 4 inches (10 cm) wide by 6 inches (15 cm) long by 1/8 to 3/16 (3
to 4.75 mm) thick. Before exposure each panel was marked for identification, pickled
to remove mill scale, weighed, and painted on one side and the edges.

The paint system used to protect the unexposed side was as follows:

Primer: DuPont Dulux red-lead iron-oxide primer (Dupont
Engineering No. 1008), brushed to a dry-film thickness of
two mils (0.05 mm).

Topcoats: Two coats of DuPont Dulux metal protective paint (DuPont
Engineering No. 5102), brushed to a dry-film thickness of
two mils for each coat.

Exposure Locations

As indicated earlier, three different types of exposure locations were used: (1) urban-
industrial (not inside the boundaries of steel or chemical plants); (2) rural (remote
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from industry); and (3) moderate-marine (0.25 to 0.5 km, or 800 to 1600 ft from the
surf). To minimize the influence of the microclimates produced by proximity to
structures, exposure racks were installed at ground level rather than on building
roofs. Also, all test panels were more than I m (40 inches) above the ground.

Exceptions to these conditions were that in France, at the urban-industrial site, racks
were placed 17 in (56 ft) above the giound, and at the moderate-marine site they were
placed 36.5 m (120 ft) above sea level and 0.05 km (164 ft) from the surf. No rural site
was used in France. In Germany, an industrial site located within a steel plant in
Oberhausen was used, along with an urban-industrial site in Essen. No rural or
marine sites were used in Germany.

The test locations are listed in Table 11, along with their approximate longitude and
latitude.

Exposure Orientation

To investigate the effect of orientation on corrosion rates at each location, test panels
were exposed on racks that provided orientations of vertical facing south, vertical
facing north, 300 to the horizontal facing north, and 30' to the horizontal facing
south. Two racks of this design were installed at each location. A photograph of one
of the test racks at a rural site in the United States is shown in Figure 1.

Exposure Periods

Test panels were provided to allow for exposure periods of 1, 2, 4, 8, and 16 years. An
additional set of panels was exposed at some locations at the same time and these
panels were removed after approximately six months. In Japan, one set of panels was
removed after six years. In Great Britain, removal times were different than in the
other countries, except for the 8-year and 16-year sets. No 16-year data were obtained
from the sites in France or Japan.

Cleaning of Exposed Test Panels

Cleaning of the panels after exposure times up to and including eight years was
accomplished by immersing them in one to two percent sodium hydride dissolved in
molten sodium hydroxide at 7000 F (3700 C). This treatment removed the rust on the
exposed surface of the panels and the protective paint on the back side of the panels.
For the 16-year panels, sodium hydride cleaning facilities were no longer available
and cleaning with inhibited hydrochloric acid solution (per ASTM Specification GI)
was used. Prior to the acid cleaning, the protective paint on the back side was
removed with a commercial solvent-type paint stripper. Although early test had
indicated that inhibited-acid cleaning results in a slightly greater mass loss as
compared to sodium hydride cleaning, tests with 16-year panels exposed in the United
States showed that the possible error due to acid cleaning would be less than two
percent

Evaluation

Mass loss was used as the primary experimental qualitative measure of corrosion. A
weighing accuracy of 0.1 gram was used. The average loss in thickness (penetration)
was calculated from the mass loss, and average corrosion rates for the 8-to-16 year
period were calculated. For locations where no 16-year data were available, the 16-
year losses were estimated using a log-log linear regression analysis, per ASTM GIO0.
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Log-log plots of corrosion penetration vs. time, extrapolated to 50 years, were
constructed for the weathering steels at each test site using the linear regression
method described in ASTM GIOI. For these plots, data for the test-panel orientations
exhibiting the greatest corrosion loss were used.

Results and Discussion

The mass losses, in grams, measured for each test panel exposed for up to and includ-
ing 16 years are given in the Appendix.

Effect of Steel Type

The average corrosion penetrations in 16 years, and the average corrosion rates for
the 8-to-16 year period, are summarized for all the test sites in Table III (urban-
industrial sites), Table IV (rural sites), and Table V (moderate-marine sites). In
addition, the corrosion rate data are presented graphically in Figures 2, 3 and 4. With
few exceptions, A242 steel showed the lowest corrosion rate of the steels tested, and
A588 steel the next lowest rate. The only exceptions were at the urban-industrial sites
in Japan and France, where the A588 steel showed slightly higher rates than did
copper steel, and in the moderate-marine site in France, where A242 steel showed a
higher rate than did A588 steel or copper steel. The reasons for these exceptions are
not clear.

The range of corrosion rates for a given steel in the different countries was quite
substantial. For example, in the moderate-marine atmospheres (Table V), average
rates for A242 steel varied by a factor of 6 (2.3 to 13.9 rtm/yr), A588 steel by a factor of
4 (3.8 to 14.7 jgm/yr), copper steel by a factor of 4 (5.7 to 24.8 iRm/yr) and carbon steel
by a factor of 17 (5.2 to 87.7 jgm/yr).

Effect of Orientation

A review of the mass loss data indicates that the greatest effect of orientation was in
the urban-industrial sites, where in approximately 80 percent of the locations the
north-facing panels (south-facing in the southern hemisphere) showed greater
corrosion losses than did the south-facing panels (north-facing in the southern
hemisphere). In the rural and moderate-marine atmospheres, the same effect was
noted but to a lesser extent (in about 50 percent of the rural sites and 70 percent of
the marine sites). This north vs. south effect was not noted to any great extent at any
of the test sites in Japan.

With respect to the vertical (90') versus inclined (30') panels, the 90' panels showed
greater corrosion losses in about 40 percent of the urban-industrial sites, 70 percent
of the rural sites, and 30 percent of the moderate-marine sites.

Average 8-to-16 year corrosion rates for all the test locations at the different
orientations are summarized in Table 6 and presented graphically in Figure 5. It can
be seen from these data that the effect of orientation was greatest for the weathering
steels in the urban-industrial environments, whereas for the copper steel and
carbon steel the effect was greatest in the moderate-marine sites.

These orientation effects can be attributed to the direction of incidence of solar
radiation at the different latitudes. Heat from solar radiation dries exposed steel, thus
decreasing the time of wetness during which the steel corrodes. Direct solar radiation
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is mainly from the south in northern latitudes and from the north in southern
latitudes, with the differences between north and south being greater at the higher
latitudes.

The major effect that produces differences between vertical and inclined panels in
non-marine atmospheres, where the major corrosion-inducing contaminants are
gaseous, is the greater exposure of the inclined panels to radiation from the sky,
which reduces the time of wetness of the panels. At marine sites, chloride particulate
deposition (which is greater on inclined panels) is a strong factor in determining
the corrosion rates.

Effect of Location and Meteorological Factors

Differences in corrosivity at the various test sites are perhaps best summarized by
the log-log plots of corrosion penetration vs. time, extrapolated to 50 years, shown in
Figure 6. The most striking differences were noted in the industrial environments,
where much higher corrosion rates were exhibited in the north European countries
as compared to those in the United States, South Africa and Japan.

With the exception of South Africa, each of the test locations is located within a band
north of the equator between 35'N (Japan) and 59°N (Sweden). They have nearly the
same amounts of rainfall and ranges in temperatures. The primary difference is
probably in the time-of-wetness of the test panels. For the test sites in Europe (50 to
60'N) the angle of the sun's rays during the colder months of the year is such that
the test panels are likely to remain wet longer and experience fewer hours of
sunshine than those countries closer to the equator such as the United States (40'N)
and Japan (35°N), and especially South Africa (25°S).

The next most important factor on the European continent is that Sweden is sand-
wiched between the southwesterly winds from England and the southeasterly winds
from Poland and Russia. In each case the cross boundary movement of industrially
polluted air can result in periodic episodes of acid rain fallout. In similar fashion
Germany is the victim of air movement from Russia, Poland, Hungary, the Czech
Republic and Slovakia.

In the early 1960's many large power plants in the United States using fossil fuels
built very tall exhaust stacks so as to alleviate local pollution fallout. Unfortunately,
these exhausts were merged and moved like a herd of animals in the west-to-east jet
stream giving rise to the "acid-rain" phenomenon. This effect, to some degree, alter-
ed the corrosivity of specific environments and gave rise to both ecological and
metallurgical damage. The rural test site in the United States was in the direct path of
the jet stream and slowly turned more aggressive to the test panels. By contrast, the
aggressive industrial site in Kearny, New Jersey, owing to the imposition of lower
sulfur levels for fossil fuels, lost much of its corrosive nature and acted toward the
test panels somewhat like a rural test site.

The foregoing mass loss data were obtained from test panels exposed at industrial,
rural and marine sites selected by the respective weathering-steel licensees in their
own countries. These sites could be expected to vary in their aggressiveness toward
the test panels. Nevertheless, the respective environments in each of the countries
were capable of distinguishing between the four steel compositions.
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Appearance

In virtually all cases, the exposed A242 and A588 test panels showed a more pleasing
appearance than that of the copper steel and carbon steel. At most of the urban-
industrial sites, the weathering steels tended to develop a blue-gray patina, as
opposed to a brownish color at the other test sites. In most cases, the inclined (30')
panels showed a smoother surface than did the vertical panels. Also, except for the
moderate-marine sites, panels exposed facing south appeared somewhat smoother
than those facing north.

Significance of "Heat Sink" Effect

It should be recognized that small, isolated test panels represent the most severe form
of an exposure test. Because of their small mass such panels are quite sensitive to
exposure conditions such as orientation and angle to the sun. While such small-scale
exposures are useful in identifying various forms of atmospheric aggressiveness,
experience with massive steel structures has demonstrated that some of the behavior
exhibited by the small test panels, based on orientation, can be misleading due to
being masked by the "heat sink" effect of a large structure.

The "heat sink" effect involves the daytime absorption (by the massive concrete and
steel elements of a bridge or building structure) of a considerable amount of heat
from the sun. Hence, nightly condensation of dew is minimized by the relatively
short period the temperature of the structure may have dipped below the dewpoint.
Thus, measurements of the time-of-wetness of small test panels at a proposed
construction site have little relevance to the time-of-wetness likely to be sustained
by a massive structure. While such data are indicative of local environmental
conditions, engineering judgment must be exercised on the basis of current
experience as exemplified by the numerous existing structures throughout the world.

Examples of Successful Use

Despite the variation in the mass loss of the test panels exposed in industrial, rural
and marine environments in the various countries, structures fabricated from
weathering steels continue to provide excellent service after 15 to 25 years in many
locations throughout the world. In the United States monumental office buildings
such as the USX Tower in Pittsburgh, the Chicago Civic Center in Chicago, the Deere
Buildings in Moline, Illinois, and the Ford Foundation in New York City, among
others, are prominent examples of the use of unpainted weathering steel. These
applications are in addition to bridges and electrical power transmission towers, and
thousands of railroad hopper cars.

In England numerous unpainted weathering steel bridges have been erected. In
Sweden there are transmission towers and hundreds of chimneys as well as sculp-
tures. In Germany, likewise, are numerous bridges as well as building faqades. In
Finland there are large gas holders. South Africa and Japan similarly employ
weathering steel for bridges and transmission towers with great success.

Precautions and Limitations

As with any building material, certain precautions must be taken in the use of
unpainted weathering steel. The recommendations of the steel producers should be
followed in this regard. Unpainted weathering steel should not be used in
atmospheres containing high concentrations of chemical fumes, or where it would

514



be exposed to recurrent wetting by salt water or salt fogs. Also, it should not be
immersed in water or buried in soil. Design of structures should avoid pockets,
crevices, faying surfaces or locations that can retain liquid water, damp debris, and
moisture. The U. S. Federal Highway Administration and AISC Marketing, Inc., have
recently published guidelines for use of unpainted weathering steel for struc-
tures. 1,2
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Table II

TEST SITES AND APPROXIMATE LATITUDE AND LONGITUDE

COUNTRY TYPE LOCATION LATITUDE LONGITUDE

UNITED STATES Industrial Kearny, NJ 40 0 30'N 74 0 W
Marine Kure Beach, NC 35 0 N 78 0 W
Rural Potter Co., PA 42 0N 78 0 W

S. AFRICA Industrial Pretoria-8km W 25045'S 280E
Marine Kwa Zulu Coast 32 0 S
Rural Pretoria-8km E 25 0 45'S 280 E

JAPAN Industrial Kawasaki 35 0 32'N 140 0 E
Marine Hikari 35 0 55'N 132 0 E
Rural Yamanaka 35 0 25'N 138 0 E

BELGIUM Industrial Liege 50 0 39'N 60E
Marine Ostende II 51 0 13'N 30E
Rural Eupen 50 038'N 60E

FRANCE Industrial St. Denis 48 0 56'N 20E
Marine Biarritz 43 0 29'N 20 W

GERMANY Industrial Oberhausen 51 0 28'N 70E
Industrial Essen Frintrop 51 028'N 70E

GR. BRITAIN Industrial Stratford 52 0 12'N 00

Marine Rye 50 057'N I°E
Rural Avon Dam 50 0 17'N 20W

SWEDEN Industrial Stockholm 59 0 20'N 180E
Marine Bohus Malm~n 58 0N 120E
Rural Ryda Kungsg/rd 60 0 36'N 170E
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Table III

SUMMARY OF AVERAGE PENETRATION DATA AND
CORROSION RATES FOR URBAN-INDUSTRIAL SIM

AVERAGE OF ALL ORIENTATIONS (30 0S, 300N, 900S. 900N), EXCEPT AS NOTED

AVERAGE PENETRATION AVERAGE CORROSION RATE,

IN 16 YEARS, Am 8 TO 16 YEARS, jim/yr
CXOUNTRY A242 A588 Copper Carbon A242 A588 Coppe, Carbon

S. Africa 22 34 5 I 58 0.1 0.3 1.1 1.2
United States 45 70 84 91 1.5 2.4 3.5 3.2
Japan* 91 156 149 227 2.0 4.5 4.2 5.3
Sweden 138 186 192 205 2.9 5.1 6.2 6.4
Belgium 148 206 235 272 3.8 5.6 8.0 9.0
Gr. Britain 198 250 265 317 7.5 8.6 10.6 12.6
Germany** 208 306 285 360 7.2 12.5 12.6 14.9
France* 221 328 300 404 11.2 17.2 15.1 20.1

Table IV

SUMMARY OF AVERAGE PENETRATION DATA
AND CORROSION RATES FOR RURAL SITES

AVERAGE OF ALL ORIENTATIONS (30 0S, 300N, 90'S, 90°N)

AVERAGE PENETRATION AVERAGE CORROSION RATE.

IN 16 YEARS, jim 8 TO 16 YEARS, jtm/yr
COUNTRY A242 A588 Copper Carbon A242 A588 Copper Carbon

S. Africa 28 42 56 62 0.3 0.8 0.9 1.4
Sweden 58 78 85 88 1.7 2.9 3.6 3.2
Japan* 60 75 91 91 2.0 2.4 3.4 3.3
United States 73 112 145 159 2.5 4.2 6.9 7.2
Belgium 126 171 - 224 5.6 7.9 - 11.5
Gr. Britain 147 190 216 231 6.6 10.7 11.1 12.9

Table V

SUMMARY OF AVERAGE PENETRATION DATA AND

CORROSION RATES FOR MODERATE-MARINE SITES

AVERAGE OF ALL ORIENTATIONS (300S, 300 N, 900S. 90 0N)

AVERAGE PENETRATION AVERAGE CORROSION RATE,
IN 16 YEARS, pim 8 TO 16 YEARS, jim/yr

COUNTRY A242 A588 Copper Carbon A242 A588 Copper Carbon

Japan* 86 131 151 159 2.3 3.8 5.7 5.2
Sweden 116 135 188 202 5.5 6.8 10.2 11.1
S. Africa 134 201 614 2088* 5.4 7.6 13.1 87.7*
United States 158 224 380 801* 8.8 12.5 24.4 45.5*
France* 165 145 183 274 8.8 5.9 6.0 11.9
Belgium 209 225 340 429 9.4 10.7 16.1 18.9
Gr. Britain 249 257 417 541* 13.9 14.7 24.8 34.2*

NP)TF' I "-T 10 ', mils

•16-year data estimated from log-log linear extrapolation of 8-year data.
**Only 90'S and 901N orientation were tested in Germany.
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Table VI

EFFECT OF TEST PANEL ORIENTATION
ON AVERAGE CORROSION RATS

AVERAGE OF ALL COUN7R!E-S*

AVERAGE CORROSION RATE, 8 TO 16 YEARS, jim/vr
URBAN INDUSTRIAL SITES RURAL SITES MODERATE MARINE SITES

STEELTYPE 300S 90oS 30ON 90ON 300S 900S 30ON 90ON 30os 90oS 30ON 90ON

A242 1.8 2.0 6.2 7.3 2.3 2.9 .3.4 3.8 5.1 6.8 9.3 9.8

A588 3.2 4.8 7.5 10.8 3.9 4.6 5.0 5.8 6.9 8.1 8.8 11.6

Copper 4.5 6.3 8.4 10.0 4.9 6.0 4.8 5.0 11.0 16.1 11.2 18.8

Carbon 6.0 7.0 9.8 11.7 6.2 6.9 6.0 7.3 17.4 32.3 42.9 30.0

NOTE: 1 gtm/yr = 0.04 mils/yr

* Data from South Africa was transposed, north-" south.

.... ...

Figure 1. Atmospheric Test Rack at the Rural Site
in Potter County, Pennsylvania
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Figure 2. SUMMARY OF AVERAGE 8-TO-16 YEAR CORROSION RATES FOR URBAN-INDUSTRIAL SITES
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APPENDIX

TABULATION OF MASS LOSS DATA

Table Al - United States

Table A2 - Great Britain

Table A3 - Belgium

Table A4 - Japan

Table A5 - France

Table A6 - South Africa

Table A7 - Sweden

Table A8 - Germany
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Table A2. GREAT BRITAIN
Corrosion Losses, grams - Exposed Area: approx. 24 in2 (155 cm2 )

A242 A588 Copper Steel Carbon Steel
X 30 30N 90N u 2N 30= 30N 9OS 9N 305 30N am S 2u 2

URBAN-INDUSTRIAL SITE - STRATFORD
0.5 4.4 5.7 4.5 5.9 4.9 6.2 4.9 6.7 .. .. .. .. - 4.7 5.4 5.1 6.3

1 5.0 7.3 5.0 7.0 5.7 8.0 5.8 3.0 6.3 8.0 6.3 9.3 7.6 9.2 7.0 8.6
6 7.9 22.2 9.0 23.0 12.1 25.0 13.6 27.0 14.0 24.0 15.3 25.0 18.0 28.3 17.0 28.1
8 3.1 23.8 - - 25.5 14.0 27.7 -- 32.2 15.8 26.1 -- 30.3 20.4 31.7 -- 33.8

16 11.1 33.6 12.3 37.3 16.8 38.7 17.9 48.3 20.5 40.5 24.0 44.1 29.4 48.9 30.1 50.4
16 10.3 35.1 11.8 40.4 --------------- -26.4 48.9 25.8 48.4

RURAL SITE - AVON DAM
0.5 2.8 3.1 2.4 2.6 3.2 2.0 2.4 2.6 3.4 3.5 2.8 3.1 3.4 3.4 2.7 3.2

6 8.8 11.7 8.0 10.3 11.8 14.0 10.0 14.0 13.1 15.0 12.9 13.0 14.7 14.8 13.3 14.2
8 9.1 12.0 8.7 11.4 12.2 14.9 11.5 13.8 14.3 15.2 13.3 14.2 15.4 16.5 15.1 14.7

16 - 19.8 15.1 19.2 21.6 25.7 20.9 25.1 25.2 27.1 26.3 -- 28.0 28.9 27.8 27.6
MODERATE MARINE SITE - RYE

1 4.2 5.8 4.2 5.9 4.3 5.9 3.9 5.4 5.6 6.8 5.3 5.3 6.3 7.8 6.6 8.1
1 4.2 - - 4.0 - - 4.0 - - 4.0 - - 5.8 - - 5.8 - - 7.0 -. 6.6 - -
6 12.1 17.8 11.0 20.0 12.8 18.7 12.0 9.7 22.2 29.0 18.9 34.0 19.0 34.2 22.7 41.1
8 12.1 20.2 13.6 21.7 13.7 20.7 12.3 21.1 20.1 32.8 19.2 34.8 22.3 39.0 23.2 46.1

16 22.2 37.9 20.9 38.9 23.8 37.2 21.4 37.4 36.7 62.9 34.4 61.6 51.4 90.70 58.1 1190
16 22.2 39.7 21.2 39.9 23.9 40.9 23.5 42.1 36.6 69.4 36.4 69.1 47.1 1170 52.4 124'

*Severe edge attack

Table A3. BELGIUM
Corrosion Losses, grams - Exposed Area: approx. 24 in 2 (155 cm 2 )

A242 A588 Copper Steel Carbon Steel
2U305 30N 2s N 305 2 2U &N 305 30N S 2 0N 3 0 &1 2

URBAN-MNDUSTRIAL SITE - LIEGE
1 5.6 -. . 7.8 8.7 10.2 10.1 8.3 6.9 7.9 8.5 8.5 8.9 9.2 9.4 9.5
1 5.8 6.4 -- 7.4 8.2 8.1 8.6 9.7 7.4 8.4 7.6 8.4 9.1 9.2 9.6 9.8
2 5.8 7.3 7.2 10.0 7.2 8.9 9.5 12.6 8.4 10.0 10.5 12.4 10.2 11.5 11.9 12.6
2 5.8 7.4 7.2 10.3 7.2 8.7 9.7 12.5 8.1 9.8 10.3 12.0 9.8 11.7 11.6 12.8
4 7.2 10.7 9.0 16.4 9.6 12.7 13.9 22.5 11.1 15.1 14.4 19.9 14.1 17.4 16.4 22.4
4 7.0 11.0 8.8 16.9 10.0 12.7 13.2 21.5 11.1 14.9 14.6 20.9 14.0 17.2 15.9 22.4
8 8.2 16.0 9.0 23.4 11.3 18.9 16.2 31.3 13.2 21.5 18.9 29.5 18.6 25.6 21.5 30.5
8 7.4 16.2 9.1 25.0 11.7 18.9 16.0 32.7 13.2 21.9 18.6 29.9 18.5 25.7 21.6 32.7

16 9.0 21.7 10.8 29.0 14.4 25.4 20.0 38.6 17.2 30.5 24.8 41.0 24.4 35.7 28.0 43.6
16 9.1 22.4 11.1 30.6 14.8 25.9 21.1 40.1 17.9 31.3 24.1 42.0 24.1 36.3 26.8 46.3

RURAL SITE - EUPEN
0.5 4.1 4.0 3.1 2.8 4.2 4.7 4.0 3.8... .. .. .. 4.2 4.0 3.6
0.5 4.1 4.1 3.2 3.1 4.5 4.2 4.0 4.1... .. .. .. 4.4 4.0 3.7

2 4.1 5.0 4.4 6.0 5.5 6.4 6.1 7.0 .. .. .. .. 8.1 6.7 7.5
2 3.8 5.0 4.5 5.9 5.0 6.4 6.3 6.8- .... .... 8.0 7.0 7.1
4 5.6 7.9 6.9 9.0 7.8 10.2 9.2 11.3 .... ..- 10.4 11.9 10.5 12.0
4 5.3 7.9 7.1 9.3 7.9 10.1 9.5 11.5 .... ..- 10.5 12.2 10.3 11.8
8 7.3 10.7 8.8 12.8 10.4 14.0 124 15.5 .... ..- 14.0 17.6 14.5 17.7
8 7.2 10.5 8.9 12.7 10.5 14.1 -- 15.6 .. .. ... 14.7 17.3 14.9 17.6

16 11.3 16.8 13.4 19.4 16.2 22.4 20.0 24.8 .. .. ... 25.5 27.8 26.0 30.1
16 11.4 16.5 13.8 19.6 16.0 22.0 20.0 24.9 .. .. ... 24.8 28.1 24.9 30.7

MODERATE MAPINE SITE- OSTENDE
0.5 5.8 9.5 5.9 10.4 5.6 7.7 5.7 8.0 5.2 9.3 5.9 10.5 6.4 11.9 6.6 15.1
0.5 5.5 8.5 5.4 -- 5.9 6.9 4.9 9.1 5.3 9.3 5.9 10.5 6.6 11.0 7.1 13.4

2 6.1 12.1 6.2 12.2 6.9 9.5 6.8 12.5 8.1 13.4 9.3 16.8 9.2 16.5 10.2 23.9
2 5.9 10.9 6.4 12.9 6.9 9.5 6.6 13.7 8.2 13.8 9.3 19.7 9.2 16.1 9.8 2Q 0
4 8.5 13.3 8.5 17.7 9.7 11.8 9.6 17.5 11.0 19.3 12.8 27.5 13.0 23.1 14.8 48.6
4 8.7 12.7 8.9 17.9 9.9 11.8 9.9 17.0 11.2 20.1 12.8 26.4 13.1 23.7 14.7 45.1
8 12.2 16.7 12.9 22.7 13.6 16.4 14.9 22.8 16.6 27.7 20.0 39.8 20.0 32.0 22.2 66.4
8 11.5 18.2 12,9 22.5 13.1 16.6 14.8 23.2 16.5 27.3 19.8 37.8 19.9 31.1 21.9 58.1

16 17.4 28.7 18.6 39.5 21.1 26.7 22.8 37.8 27.4 46.1 32.1 63.0 31.4 51.3 35.6 -

16 18.0 27.4 19.5 34.2 21.2 27.5 22.6 39.0 28.2 451 30.7 58.2 32.2 48.4 35.4 .-
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Table A4. JAPAN
Corrosion Losses, grams - Exposed Area: approx. 24 in 2 (155 cm2 )

A242 A588 Copper Steel Carbon Steel
30s 20N 2U N 305 30N 9s 2 0N 305 0 9N 2U 20 s 9 90N

URBAN-INDUSTRIAL SITE - KAWASAKI
1 4.7 4.9 5.5 5.7 6.0 6.6 7.3 7.6 6.5 6.5 6.6 6.3 9.3 10.8 9.5 10.4
1 4.8 4.8 6.0 6.4 6.3 6.5 7.6 8.3 6.2 6.9 7.2 7.2 8.5 10.3 9.2 11.8
2 5.6 6.3 7.6 7.7 7.9 8.6 10.1 10.0 8.6 8.9 10.4 8.8 10.6 12.6 11.9 13.1
2 6.3 6.0 8.3 8.7 7.5 8.0 12.0 11.6 8.0 8.4. 10.4 10.2 11.4 13.1 13.2 14.5
4 6.8 8.3 8.0 8.4 10.1 11.7 13.7 13.5 10.2 11.8 11.7 10.8 14.3 16.4 14.6 16.7
4 6.2 6.7 8.2 9.3 9.6 10.4 M4.0 12.2 10.5 11.8 11.6 11.6 17.3 17.2 14.2 15.6
8 7.9 9.1 8.9 8.9 13.7 - - 15.2 15.9 12.9 - - 14.8 13.4 15,9 - - 20.6 18.6
8 9.2 9.3 10.4 9.9 12.0 12.6 16.7 17.2 14.5 14.3 11.2 16.0 24.5 27.9 21.9 23.2

RURAL SITE- LAKE YAMANAKA
1 2.5 2.5 2.3 2.2 3.4 3.4 3.0 3.4 3.1 3.0 2.9 2.9 4.0 3.9 2.9 3.0
1 2.4 2.6 2.3 2.4 3.2 3.2 3.3 3.1 3.0 3.1 2.8 2.8 3.2 3.9 3.4 3.2
2 3.3 3.9 3.8 3.9 4.1 4.2 3.7 4.2 3.8 4.1 3.9 3.9 4.5 4.9 4.4 4.1
2 3.6 4.1 3.9 4.0 4.0 4.1 4.3 4.5 4.2 4.4 4.1 3.9 4.8 5.0 4.6 4.5
4 3.9 4.2 5.0 4.7 5.6 5.6 6.0 6.2 6.1 5.9 6.3 6.0 6.6 6.9 6.7 6.1
8 4.5 4.4 5.9 5.5 5.9 5.4 7.4 7.7 7.3 5.8 9.2 7.5 8.6 7.0 8.5 7.2
8 4.1 6.7 5.9 6.4 6.0 7.4 7.9 8.1 7.8 8.1 8.3 7.7 8.8 9.1 8.6 7.7

MODERATE MARINE SrrE - HiKARI
1 3.9 3.6 3.6 4.0 4.3 5.1 4.6 5.4 4.6 4.3 4.5 4.7 6.1 5.8 5.3 5.7
1 4.0 4.0 4.2 4.2 5.6 4.8 5.2 5.7 4.6 4.4 4.7 4.7 6.3 5.3 5.9 5.6
2 4.7 5.2 5.6 5.7 5.5 6.0 6.2 6.9 5.7 6.0 5.7 5.9 6.7 7.6 7.1 7.6
2 5.0 5.2 5.1 6.1 5.6 5.7 6.4 7.1 5.8 5.9 5.8 5.7 6.5 7.2 7.0 8.0
4 5.5 6.3 6.8 6.8 9.1 9.1 11.2 11.0 9.6 9.3 10.4 9.5 11.1 11.6 12.1 11.6
4 ..- -- ---- -- ---- 7.1 7.3 8.7 8.7 8.5 8.2 9.7 8.8 9.5 9.3 10.2 9.4
8 7.7 8.4 7.6 9.4 11.1 12.8 11.4 13.3 13.1 12.7 12.0 13.7 13.5 13.8 14.2 13.2
8 7.4 - - 7.7 9.4 11.2 - - 12.1 12.5 13.2 - - 14.8 12.4 15.3 -- 14.5 13.1

Table AS. FRANCE
Corrosion Losses, grams - Exposed Area: approx. 24 in 2 (155 cm 2 )

A242 A588 Copper Steel Carbon Steel
Year 3 -N 2U KY 30 0N 2UQ-NN 30 30IM 2M 2M 9s 92 M

URBAN-INDUSTRIAL SITE - SAINT DENIS
0.5 2.5 3.3 2.7 3.0 2.7 3.5 2.8 3.4 3.0 3.1 3.2 3.2 3.4 3.8 3.6 3.6

1 5.1 6.8 5.0 6.5 5.5 7.1 5.5 7.5 5.2 5.8 5.2 5,9 6.3 7.2 6.5 7.0
2 6.1 9.6 5.9 10.6 7.1 10.5 7.9 13.3 7.3 8.7 8.6 9.9 9.1 11.7 10.1 11.9
4 7.2 16.3 7.2 15.2 10.7 17.7 11.4 19.0 11.2 15.4 12.7 16.9 14.5 20.0 14.5 20.1
8 7.2 25.7 7.3 24.0 13.2 28.8 15.3 35.4 14.8 27.2 19.5 25.8 20.2 33.3 21.8 35.5

MODERATE MARINE SrE -RIARRrT7
0.5 2.5 2.3 1.9 2.5 3.0 2.7 2.8 3.1 3.7 4.5 3.7 4.4 4.0 5.1 3.8 4.8

1 4.6 6.9 4.9 6.9 4.6 6.4 4.8 6.5 4.8 7.1 4.5 7.0 5.4 8.3 5.2 8.0
2 5.4 8.6 6.3 8.0 5.1 7.6 6.0 8.3 6.1 9.4 6.4 8.2 6.9 12.5 7.9 9.7
4 7.7 11.6 9.5 11.7 7.4 10.0 7.9 11.1 8.6 13.4 9.0 13.2 109 19.9 13.1 19.7
8 8.8 14.1 9.4 13.6 9.8 12.5 9.8 15.1 13.2 20.0 13.8 18.4 20.7 21.9 21.6 23.4
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Table A7. SWEDEN
Corrosion Losses, grams - Exposed Area: approx. 24 in 2 (155 cm2 )

A242 A588 Copper Steel Carbon Steel
Year 30S 30N 2U 2 IU IM 2 2 30 = 2s 90• 0s 30N 2u 90

URAN-INDUSTRIAL SITE - STOCKHOLM
1 4.0 4.8 3.8 5.0 4.6 6.0 4.2 5.5 4.5 5.7 4.2 6.2 5.6 7.0 4.9 6.4
1 4.2 4.8 4.0 5.0 4.9 5.4 4.3 5.6 5.4 7.0 4.5 6.0 4.5 5.6 4.5 5.3
2 6.6 5.5 7.2 5.7 7.1 6.9 8.2 6.6 8.9 7.3 9.4 7.1 10.4 7.7 9.9 7.1
2 6.5 5.6 7.1 5.6 7.4 6.7 6.4 6.7 8.7 7.7 9.2 7.2 10.3 8.8 9.4 7.8
4 9.1 8,9 9.6 9.2 11.4 11.4 11.7 12.3 14.9 12.2 10.9 12.8 12.1 14.0 11.8 13.8
4 8.9 9.1 9.3 9.9 11.4 10.6 11.7 11.9 10.7 12.1 11.4 12.5 12.4 13.9 12.3 14.1
8 11.4 14.5 12.3 17.7 16.0 17.6 15.8 21.6 15.0 17.6 16.3 19.8 18.0 19.5 16.3 21.0
8 11.6 13.1 13.0 18.3 16.0 16.4 16.3 21.7 15.0 17.7 16.4 20.3 18.0 19.0 18.3 20.6

16 12.7 17.9 13.8 22.4 19.3 23.0 19.5 29.2 20.8 23.0 22.9 26.4 22.5 25.5 22.9 28.6
16 12.8 17.8 14.4 22.5 18,8 22.6 19.8 29.1 20.1 23.6 23.5 26.6 23.6 25.5 24.1 27.7

RURAL SITE - RYDA KUNGSGARD
1 2.0 1.8 1.9 1.7 2.3 2.2 2.2 2.0 2.2 2.2 2.2 1.8 2.3 2.1 2.4 1.8
1 2.0 1.9 1.8 1.8 2.4 2.1 2.1 1.9 2.1 2.0 1.9 1.7 2.0 1.8 2.0 1.6
2 2.6 2.8 2.7 2.5 3.2 3.2 3.2 3.2 3.4 3.2 3.0 3.0 3.2 3.2 3.2 3.2
2 2.6 2.8 2.8 2.6 3.1 3.3 3.2 3.1 3.2 3.1 3.1 3.1 3.5 3.1 3.4 3.3
4 3.9 4.1 3.9 4.0 4.7 5.0 4.7 4.7 4.5 4.4 4.8 4.4 4.8 4.8 5.2 4.6
4 3.9 3.9 4.0 4.1 4.5 4.7 4.5 4.7 4.6 4.6 4.8 4.4 4.6 4.9 5.1 4.7
8 5.0 6.0 5.0 6.0 6.0 7.0 6.4 7.2 6.1 7.0 7.2 7.1 7.0 7.0 8.0 7.2
8 5.0 5.4 5.0 6.0 6.0 7.0 6.5 7.4 6.0 7.0 7.0 7.2 7.0 7.4 8.0 8.0

16 6.1 6.9 6.8 8.6 7.9 9.2 9.4 11.7 8.5 8.1 11.7 11.0 8.8 9.1 11.4 11.1
16 6.2 7.5 6.4 8.4 8.1 9.5 9.2 11.2 9.0 10.4 11.9 11.7 9.6 10.1 12.3 12.5

MODERATE MARINE SITE - BOHUS MALMON
1 3.1 3.9 3.1 3.9 3.4 4.3 3.4 4.3 4.1 4.1 3.8 3.9 4.3 4.7 4.0 4.9
1 3.3 4.0 3.4 4.5 3.4 4.2 3.3 4.3 4.2 4.9 4.2 4.7 3.9 4.4 3.9 4.6
2 3.8 5.1 4.4 5.1 4.2 4.9 4.0 4.8 4.7 6.0 4.6 5.6 5.4 6.9 5.1 5.8
2 4,0 5.4 4.6 5.5 4.1 5.2 4.5 5.2 5.0 6.2 4.9 5.6 5.3 6.8 5.1 6.1
4 5.8 8.0 5.5 7.4 6.1 7.9 5.5 7.8 6.5 10.2 7.2 9.2 8.1 11.1 7.6 10.0
4 5.8 7.6 5.5 7.8 6.4 8.0 5.7 8.2 8.2 10.1 7.3 10.4 8.4 10.7 7.8 10.6
8 7.6 9.3 7.0 10.5 8.5 11.1 7.7 11.6 12.1 15.1 10.7 14.5 11.7 15.8 11.2 16.4
8 7.5 9.7 7.1 10.7 8.6 11.4 7.7 12.2 11.5 15.1 10.8 15.2 12.1 15.9 11.0 15.6
16 11.1 15.3 13.8 16.3 13.6 18.9 14.2 19.2 19.7 26.2 18.7 25.7 21.2 28.2 19.8 27.9
16 9.1 17.6 12.7 16.6 13.8 19.3 12.9 20.0 19.8 26.7 20.0 27.8 20.4 29.0 20.9 29.1

Table A8. GERMANY

Corrosion Losses, grams - Exposed Area: approx. 24 in2 (155 cm2 )

A242 A588 Copper Steel Carbon Steel
Yeasm 30 -N 90s 20N NS 22N 2U0S 90 U IMS .2U 90 I9N IU 3ON 2QS 290N

INDUSTRIAL SITE - OBERHAUSEN
0.5 .. ... 2.6 -.. . 2.7 .. ... 1.7 .. .. 2.7
0.5 .. ... 2.2 -.. . 2.7 .. ... 2.3 .... 2.7

i - - 4.7 6.1 5.1 6.8 - - 5.1 6.6 - - 7.6 8.5
1 4.1 5.3 4.6 6.1 - - 4.7 5.3 - - 7.1 6.9
2 -- 5.6 8.6 7.4 11.1 7.8 9.8 -- 11.2 12.8
2 -- 6.5 8.6 7.4 10.2 8.7 9.5 -- 11.3 13.4
4 -- 8.1 15.4 11.0 18.1 11.3 14.7 - 16.6 23.8
4 -- 8.9 15.9 10.5 17.8 12.0 15.9 - - 16.8 24.4
8 -- 14.3 29.4 17.0 32.3 17.7 26.7 . 28.5 41.5
8 -- 11.0 18.8 17.3 32.3 19.6 27.0 -- 26.1 35.1

16 -- 13.9 31.8 - - 21.7 48.1 24.7 40.7 -- 33.8 49.4
16 -- 14.6 37.3 -- 23.6 50.1 25.7 42.5 - - . 35.4 50.5

URBAN- INDUSTRIAL SITE - ESSEN FRINTROP
1 5.2 5.7 -- 6.2 7.2 - - 7.1 5.8 - - 8.4 8.3
1 4.9 5.7 - - 6.2 6.5 - - 6.5 5.8 - 7.6 7.6
2 6.7 9.9 -- 7.4 11.1 -- 8.3 10.4 . - 11.9 12.7
2 6.4 8.9 -- 8.7 10.7 - - 9.8 9.7 -- 11.0 11.7
4 10.5 16.3 -- 12.1 17.2 - - 14.3 15.7 -- 17.9 20.9
4 10.3 16.6 - - 12.2 18.1 - - 14.8 15.7 - - 19.1 21.7
8 16.5 30.0 -- 19.5 32.0 -- 21.8 26.1 - 30.1 37.2
8 -- 10.1 24.8 -- 20.1 31.5 -- 21.5 27.8 .. .. 27.2 36.7
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Abstract

Several materials of economic significance have been exposed at three sites in Southern
California (Burbank, Long Beach and Upland) and at a background site in Central
California (Salinas) during the time between March 1986 and August 1990. These
materials were galvanized steel, nickel, aluminum, two types of flat latex exterior house
paint and nylon fabric. Corrosion damage was determined by weight loss for galvanized
steel, nickel, aluminum and the two paints. For the nylon fabric the loss of breaking
strength was used as a measure of corrosion damage. Corrosion rates were very low
at all four locations. For galvanized steel, nickel, and aluminum corrosion rates were
higher in the summer than in the winter, which is opposite to the time dependence
observed at most other locations worldwide. It is very likely that the time dependence of
atmospheric corrosion rates observed in Southern California is due to photochemically
produced acids, particularly HNO 3 , for which concentrations peak during the summer
months. However, reliable long term HNO 3 monitoring data were not available for the four
test sites during the study.

Key terms: atmospheric corrosion, galvanized steel, nickel, polymer coatings, aluminum,

nylon, atmospheric data, weight loss.

Introduction

The Kapiloff Acid Deposition Act of 1982 requires the California Air Resources Board
(CARB) to assess the economic impact of acid deposition upon materials as part of a
comprehensive research program to determine the nature, extent and potential effects
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of acid deposition in California. Field exposure tests have been conducted with the
ultimate goal to determine damage functions that could be used in an economic analysis
of the costs of materials damage caused by acid deposition in California. Most of these
exposure tests were concluded in 1988 (1), preliminary results have been presented
elsewhere (2,3). The role of acid fog has also been addressed in field exposure tests (4).
At the end of these studies, some samples were left at the test sites. These samples
were removed during the summer of 1990, damage measurements were made and the
total data set collected during the field studies (not including the acid fog study (4)) was
analyzed. The experimental results and the conclusions of the data analysis will be
presented here. The results of a multivariate statistical analysis used to estimate the
relationships between atmospheric corrosion rates, air quality and meteorological
parameters, which had been collected by CARB at all test sites, will be described
elsewhere (5,6).

Experimental Approach

Sample preparation and exposure procedures and methods of damage assessment
were based on the guidelines in ASTM G 50 "Standard Practice for Conducting
Atmospheric Corrosion Tests on Metals," ASTM G 1 "Standard Practice for Preparing,
Cleaning and Evaluating Corrosion Test Specimens," ASTM D 1682 "Breaking Load
and Elongation of Textile Fabrics" and specific material procedures developed in U. S.
Environmental Protection Agency (EPA) programs.

Materials

The choice of the materials exposed in this study was based primarily on the potential
economic consequences of damage to materials susceptible to degradation due to
acid deposition. The materials were chosen based on the extent of usage,
susceptibility to damage due to acid precipitation, costs of materials, maintenance,
repair, and replacement costs (7). Considerations also included limitations due to
available field exposure times, sample size and methods of damage assessment. The
following materials were exposed: zinc (as galvanized steel) (Zn), nickel (Ni), flat latex
exterior house paint with carbonate extender (on stainless steel) (H-C), flat latex
exterior house paint without carbonate extender (on stainless steel) (L-C), aluminum
(commercially pure) (Al) and nylon fabric (Fabric). Zn, Ni, H-C and L-C were first
exposed between February and March 1986, the other two materials were added in
July 1987.

Exposure Conditions and Test Sites

Four tests sites were selected for this project, three of which are located in the South
Coast Air Basin (Burbank (BR), Long Beach (LB) and Upland (UP)), while the fourth
(Salinas (SL) in Northern California) serves as a relatively unpolluted background site.
The annual average SO2 concentration for Salinas has been reported as 0.2 ppb,
while for the three test sites in Southern California values between 2.1 ppb (Upland)
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and 9.8 ppb (Long Beach) have been reported (1,2).

Duplicate samples for each exposure period were mounted per ASTM G 50 on
exposure racks inclined at 300 to the horizontal and facing south. The samples were
held in place by porcelain insulators in order to avoid galvanic corrosion between the
samples and the rack material (galvanized steel). For the concrete and the nylon
fabric samples, somewhat different mounting procedures were used (3,4). All
materials were at least 1.2 m above the ground. All test racks were situated above
gray-white crushed-rock-covered roofing paper or gravel-covered ground.

Samples first exposed in December 1987 or later remained exposed for periods of
nine months or longer. Eight sets of galvanized steel, nickel and two paints on
stainless steel carbonate were first exposed between February 1986 and September
1989. Four sets of aluminum and nylon fabric were exposed between July 1987 and
September 1989.

Damage Measurements

The degree of damage after a given exposure period was determined by weight loss
measurements for the metals and the paint on stainless steel and by strength loss for
the nylon fabric. Since the stainless steel substrate can be assumed to experience no
weight change, the measured weight loss can be attributed to the weight loss of the
paint. For Al, weight loss data are only available for samples collected after October
1987.

The weight loss, W, is determined as the difference of the weight of the unexposed
sample w(0) and the weight after exposure w(t) for a time period t corrected for the
weight loss, wb, of an unexposed sample in the descaling solution which is used for
the removal of corrosion products:

W = w(0) -w(t) + wb (1).

All samples were first photographed when they were returned from field exposure.
They were then rinsed in deionized water and immersed in a descaling solution which
was material specific. Finally the samples were rinsed, dried, equilibrated and
weighed. A detailed account of these procedures is given elsewhere (1).

Experimental Results and Discussion

In the following, the damage data for the period between the first e 'posure in
February 1986 and the removal of the last samples in August 1990 will be discussed.

Damage Data

The experimental weight loss data have been inspected by plotting the weight loss (or
loss of breaking strength for nylon) as a function of exposure time for the four test
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sites - Burbank (BR), Long Beach (LB), Upland (UP) and Salinas (SL). The nylon
samples which were collected in the summer of 1990 could not be analyzed due to
excessive degradation or total destruction.

In the following, the results obtained for all sets of a given material will be shown for
Burbank. In addition, the results for the first set of a material will be plotted for all four
sites. A survey of the experimental data for all test sites and sets of material will be
presented as plots of log W (weight loss) vs log t (exposure time).

Galvanized Steel

Fig. 1 is an example of weight loss data obtained for all sets of a given material at a
given test site as a function of exposure time. The data in Fig. 1 are those for the
eight sets of galvanized steel samples exposed at Burbank. The most significant
resuit is the almost zero value of corrosion rates in the winter for the time period
starting in October/November and ending in February/March. This observation is
contrary to the results obtained in other parts of the world, where corrosion rates are
usually higher in the winter due to the increased SO 2 levels (8). The higher corrosion
rates observed in Southern California in the summer might be due to the higher levels
of HNO 3 which is produced by photochemical processes (1,5,6). An explanation of
the close to zero corrosion rates in the winter is difficult. Rain in the South Coast Air
Basin is not very acidic ( pH about 5) and can have a cleaning action which would
reduce corrosion rates observed in the rainy season between November and March.
However, other factors must be involved in producing this quite unusual phenomenon.

For galvanized steel and nickel, average corrosion rates are lower than 1 pm/year,
which characterizes the atmosphere in the South Coast Basin as rural according to
the ASTM classification. Figure 2 is a graph of the weight loss data for the first set of
galvanized steel which was exposed at the four test sites in February and March 1986.
Very low corrosion rates were observed in the fall and winter periods of the first year.
For the maximum exposure period of 4.5 years, the largest total corrosion loss was
observed at Long Beach followed by Burbank and then Upland. The smallest
corrosion loss was observed at Salinas which serves as background site.

In order to estimate the time dependence of corrosion rates and at the same time
survey the quality of the entire data set, the weight loss data were also plotted as log
W vs log t. This type of data display is common in studies of atmospheric corrosion
(8), where it is assumed that the weight loss (W) depends on the exposure time (t) in
the form:

W = a tb. (2a)

From Eq.2a the corrosion rate ro,, can be calculated as:

r.o,, = (1/A) (dW/dt) = (ab/A) tbI = ctbI (2b),
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where A is the sample area.

In Equation 2, a is a characteristic parameter for the corrosivity of the test site for a
certain material and b is a parameter which depends on the corrosion mechanism. If
diffusion of a corrosive species is the (ate determining step, b = 0.5, for a charge
transfer controlled process, b = 1.0 (8). A classification of different test sites based
on their corrosivity for a given material can be made based on the experimental values
of the parameter a, which is defined as the weight loss after one year (Eq. 2a) or the
parameter c, which is defined as the corrosion rate ( in g/m 2.year) after one year.
Plots of log W vs log t according to Equation 2a are shown in Figure 3a for all eight
sets of galvanized steel at Burbank. Most data points fall on the straight line, which
was determined by statistical analysis. The two data points with very low weight loss
during the winter periods were excluded from the analysis. These very low weight
loss data points correspond to the third set for exposure between October 1986 and
January 1987 and the sixth set for exposure between October 1987 and January
1988. The slope of the straight line in Figure 3a is 0.744, which suggests mixed
diffusion and charge transfer control. Agreement with Eq. 2 was also observed for
galvanized steel at Salinas (Figure 3b), Long Beach (Figure 3c) and Upland (Figure
3d) with b ranging from 0.58 at Salinas to 0.95 at Upland (Table 1). This result
suggests a gradual change from diffusion control due to the presence of protective
corrosion product layers at the background site to charge transfer control at more
corrosive test sites on surfaces which were either bare or were not covered with layers
which reduce diffusion of corrosive species to the metal surface. A certain
compensation effect can be observed in Fig. 3, which leads to similar corrosion rates
after about one year for cases, where low values of the slope b are accompanied by
high values of the value a and vice versa.

Nickel

The results obtained for the weight loss of nickel are shown in Fig. 4 - 6. The plots for
all eight sets at Burbank (Fig. 4) are very similar to those for galvanized steel in Fig. 1
with close to zero corrosion rates in the winters of 1986 and 1987. This unusual
behavior is also detected in Fig. 5 for first set of nickel at the four test sites. After
exposure for 4.5 years, corrosion losses were the highest at Burbank and Long Beach
followed by Upland and Salinas for which the lowest corrosion rates were observed.
In the log W vs log t plots in Fig. 6 slopes exceeding 0.9 were determined for Upland,
Long Beach and Salinas, while the slope for Burbank was b = 0.744 (Table 1).

Aluminum

Fewer data points are available for Al (Fig. 7 - 9), which makes the analysis of the log
W vs log t plots (Fig. 9) more difficult. However, close to zero corrosion rates in the
winter of the first year of exposure are obvious in Fig. 7 and 8. Due to the availability
of fewer data points, the analysis of the weight loss data for Al and the resulting
values of a and b in Table 1 are less reliable.
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Paint on Stainless Steel

The two paints on stainless steel show a corrosion behavior which is quite similar to
that observed for the metals insofar as most weight loss data points fall on a straight
line in the log W vs log t plots. For the L-C paint some evidence can be found from
an inspection of Fig. 10 and 11 that corrosion rates were close to zero in the winter
months of 1986 and 1987. At the end of the test, the weight loss for the samples,
which had been exposed for 4.5 years, was about the same at Burbank, Long Beach
and Upland, but much less at the background site in Salinas (Fig. 11). The slopes of
the log W vs log t lines for the L-C paint are between 0.5 and 0.8, indicating that
diffusion of corrosive species plays a larger role for the paints than for the metals (Fig.
12 a-d). For the H-C paint on stainless steel, a decrease of corrosion rates was also
observed in the winter (Fig. 13 and 14). The weight loss for the first set at the end of
the final exposure period decreased in the order Long Beach > Burbank > Upland >
Salinas. In general, the weight loss for the H-C paint was higher than that for the L-C
paint. The dependence of weight loss of H-C paint on time is similar to that for the
L-C paint, indicating a mixed diffusion/charge transfer controlled corrosion process
(Fig. 15).

A survey of the log W vs log t plots for galvanized steel, nickel and the two paints on
stainless steel shows that the data usually fall close to the straight line based on Eq.
2a and can therefore be considered to be quite reliable. The data for Al, for which
fewer data points are available, show more scatter. Very low corrosion rates were
observed for the Al samples of the third and the sixth set exposed at Burbank, Long
Beach and Upland. Table 1 gives a summary of the a and b values for all materials
exposed in this program. In Table 1, a is defined as the weight loss after one year,
according to Equation 2a. The highest values of a for galvanized steel, Al and H-C
paint were observed at Long Beach. For Ni and L-C paint a had the highest values at
Burbank and Long Beach. Care must be taken in the interpretation of the data in
Table 1, since apparently a compensation effect occurs with low values of the slope b
coinciding with high values of a as mentioned above. This result makes extrapolation
of the experimental data to longer exposure times than 4.5 years difficult.

An interesting result of this study is the fact that the loss of breaking strength of nylon
fabrics follows very similar trends as the weight loss for the other samples. Fig. 16
summarizes all results obtained for the two sets at the four sites. The very low rates
of degradation observed for the metals and the house paints during the fall and winter
can also be seen in Fig. 16 for the nylon fabric between November 1987 and April
1988. It should be noted that this effect is clearly evident for the nylon samples of the
first set exposed at Salinas, where apparently no further loss of strength occurred
during this time. On the other hand, for exposure at Long Beach, the loss of strength
increased from 40% to 60% during the same time period. After one year, the loss of
breaking strength of the first set was the highest at Long Beach followed by Burbank
and Upland which had very similar results. By far the lowest damage was observed at
the background site Salinas.
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Summary and Conclusions

Exposure tests have been carried out between March 1986 and August 1990 at three
test sites in Southern California (Burbank, Long Beach and Upland) and at a
background site in Central California (Salinas). The materials investigated in this study
were chosen based on their economic importance and included galvanized steel,
nickel, aluminum, two types of flat latex exterior house paint, nylon fabric, polyethylene
and concrete.

Corrosion rates were very low at all four test sites. Using galvanized steel, which has
been employed as a "standard material" in most atmospheric corrosion tests, a relative
measure of the corrosivity of the four test sites can be estimated. The average
corrosion rate at the three sites in Southern California was 7.0 mg/m 2.day (2.56
g/m 2.year) or 0.36 pm/year, which is a very low value usually observed only at "clean"
sites (8). For comparison, corrosion rates for pure zinc determined in the program
ISO CORRAG sponsored by the International Standards Organization (ISO) ranged
from 1.6 to 2.0 pm/year for test sites at Kure Beach, NC, Newark Kearny, NJ and Point
Reyes, CA (9). At a test site in Los Angeles, CA (University of Southern California
(USC)) an average annual corrosion rate over a four year period of 1.15,um/year was
determined between March 1987 and March 1991 (9). For Al, for which fewer data
points were available, an average corrosion rate of 0.42 pm/year was determined in
the study discussed here. This result agrees well with the average corrosion rates
between 0.45 and 0.61 pm/year measured at USC in the ISO CORRAG study (9). It is
interesting to note that corrosion rates determined at the other three test sites in the
USA were lower (0.16 - 0.29 pm/year) than those measured at the test sites in the
South Coast Air Basin. Obviously, the atmospheric pollutants which cause higher
corrosion rates for Al at the test sites in Southern California than at other sites in the
USA do not accelerate corrosion rates of zinc or galvanized steel.

Closer analysis of the time dependence of corrosion rates for galvanized steel, nickel
and aluminum reveals unusual trends insofar as corrosion rates are higher in the
summer months than in the winter months. In most published exposure studies the
opposite behavior has been observed with corrosion rates being higher in the winter
when SO 2 concentrations are higher. In fact, a review of damage functions for zinc
and galvanized steel has shown that corrosion rates have been correlated only with
the SO2 concentration or with SO2 concentration and RH or time-of-wetness (8).
Clearly such damage functions cannot be used to explain the time dependence of the
corrosion rate data determined at the test sites used in this project, where SO2
concentrations are very low. It is very likely that the higher corrosion rates observed
in the summer are due to increased levels of photochemically formed acidic gases -
HNO•3 vapor and perhaps also HCI vapor and organic acids. However, valid data for
these pollutants were not available. In the winter, corrosion rates for galvanized ,steel
and nickel were very low, which could be due to the low SO2 concentration, the
cleaning effect of rain and other factors which could not be determined in this study.
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Figure 1. Weight loss for eight sets of galvanized steel as a fu~nction of exposure

time at Burbank.
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Figure 2. Weight loss for the first set of galvanized steel as a function of exposure

time at the four test sites.
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Figure 3. Plots of log W vs. log t for Galvanized steel at Burbank (Fig. 3a), Salinas (Fig. 3b),

Long Beach (Fig. 3c) and Upland (Fig. 3d).
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Figure 4. Weight loss for eight sets of nickel as a finction of exposure time at

Burbank.
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Figure 5. Weight loss for the first set of nickel as a function of exposure time at the

four test sites.
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(Fig. 6c) and Upland (Fig. 6d).
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at the four test sites.
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Figure 8. Weight loss for eight sets of aluminum as a function of exposure time at

Burbank.
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Figure 10. Weight loss for eight sets of L-C paint as a function of exposure time at

Burbank.

Weight Loss (mg)
400-BR *LB• *SL UP

300-

200

100

0-
0 300 600 900 1200 1500 1800

Exposure Time (days)

Figure 11. Weight loss for the first set of L-C paint as a function of exposure time

at the four test sites.
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Abstract

The influence of acid rain on the atmospheric corrosion of zinc has been studied during
a combined laboratory rain exposure and a rainprotected field exposure. The exposure
has been performed during one year which permits conclusions to be drawn on the long
term corrosion behaviour of zinc under realistic conditions.

Panels mounted on racks were exposed under rainshelter and once a week exposed to
synthetic rain in a rain device in the laboratory. Each rain event lasted for 3 hours.
After the rain exposure the panels were replaced under the rainshelter. For comparison
one set of panels was exposed freely outdoors and one set rainsheltered without
synthetic rain.

Rain waters with the pH values 3, 4, 5, 6 and 7 were studied for two compositions of
rainwater, one containing sulphate and one containing sulphate and nitrate.

The corrosion was evaluated as mass loss by pickling after 4, 8 and 12 months.
Environmental measurements were performed during the exposure.

The investigation showed that the variation of the rain acidity at pH-values 5 to 7 had
no significant effect on the corrosion rate of zinc under the present exposure conditions.
Rain with pH 3 gave however a strongly increased corrosion rate. It also turned out
that the addition of nitrate to the sulphate containing rain had no effect on the
corrosion rates.

Key terms: atmospheric corrosion, field exposure, laboratory exposure, zinc, galvanized
steel.

Introduction

It has been shown in several investigations that the usually good corrosion resistance
of zinc coatings can be adversely affected by acid species in the environment. An
important reason for this is that the protective coating of basic salts which normally is
developed on zinc in atmosphere has a higher solubility in acid solutions.
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Dissolution of zinc corrosion products by acid species needs a supply of these species to
the surface. This supply can be brought about by dry deposition and wet deposition of
the species in question.

The dry deposition originates from deposition of gases reacting with the surface and
particles that are impacted. Several field exposures have been carried out concerning
the relation between the atmospheric corrosion rate of zinc and the SO2 -pollution level.
The relation found from field exposures in Scandinavia and the Czech Republic shows
that the dry deposition of SO, has a major effect on the corrosion rate of zinc'. Much
less attention than to SO2 has been drawn to the influence of NO, on zinc corrosion.
Even if the N02-concentration in cities today is. often higher than the SO2-
concentration. Investigations of the influence of NO, in laboratory studies have given
results which to some extent are contradictory2 and ý'.

The wet deposition is brought about by rain precipitation on the surface. As to the
influence of rain acidity the dissolution of zinc corrosion products has mainly been
attributed to H,SO4 originating from sulphur pollution. It seems obvious that H,,SO4
should predominate this influence, but there have been reasons to assume that a
contribution of HNO:, plays a not negligible part at elast in some areas.

In this investigation the influence of acid rain on the atmospheric corrosion of zinc has
been studied during combined laboratory rain exposures and rainprotected outdoor
exposure. Rain waters with the pH values 3, 4, 5, 6 and 7 were used in two variants
one containing sulphate and the other containing sulphate and nitrate.

Experimental

Material

Panels of zinc with 99.67 %Z purity with the following additional constituents in weight%
were used:
0.003 Sn, 0.003 Pb, 0.003 Fe, 0.0006 Cd, 0.22 Cu, 0.10 Ti, 0.003 Al and 0.0001 Mg.

To a minor extent panels of continuously hot-dip galvanized steel, with a coating
thickness of about 10 pm were included.

The size of the panels was 100 x 100 mm". The thicknesses of the zinc and hot-dip
galvanized panels were 1 mm and 0.8 mm respectively.

The backside of the panels were masked with a commercial tape of type Nitto. For the
panels with zinc coatings the edges were protected with tape of type Tesa, resulting in
a test area of 92 x 92 mm.

The panels were degreased in trichloroethylene in a repeated procedure in gaseous and
liquid piases in an ultrasonic device.

Exposure

The exposure is a combined outdoor and laboratory test. Sets of panels were exposed
outdoors under rainshelter and once a week b!ought into the laboratory for exposure
to synthetic rain. For comparison one set of panels was exposed freely outdoors and one
rainsheltered without laboratory rain. The panels were exposed during in total one year
with withdrawals after 4, 8 and 12 months. For each exposure variant triplicate panels
were used.
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Outdoor Exposure. The panels were mounted on racks with 450 inclination outside
the building of the Swedish Corrosion Institute in Stockholm. The test site is located
only 1000 meters from the test site Stockholm - Vanadis. The environment on this site
is very well characterized by regularly measurements of temperature, relative humidity,
sulphur dioxide concentration and rain precipitation. The environmental measurements
can be considered equal for the two test sites. The SO2-concentration is measured as
monthly average with passive samplers. The rain precipitation is measured with an
open collector. During the exposure the deposition of particles was measured under the
rainshelter using Petri dishes. The dishes were weighed on an analytical balance before
and after the exposure and then washed with 15 ml deionized water after the exposure.
The washing solutions were analyzed with ion chromatography. Two dishes were
exposed in parallell for each evaluation period i.e. 4, 8 and 12 months.

Monthly mean values of temperature and relative humidity are summarized in Table
1. The time of wetness and mean values from monthly measurements of sulphur dioxide
for the different exposure periods are given in Table 2. The time of wetness is defined
as the time when the relative humidity is above 80 % and the temperature is above 0
OC. The amount and the results from the analyses of the rain precipitation are given
in Table 3. The dry deposition of particles and the contents of SO42 and Cl in g/m2 for
the different exposure periods are summarized in Table 4.

Laboratory Exposure. The panels were exposed to synthetic rain in rain devices for
three hours once a week. The devices consisted of a box with the dimension
800x600x400 mm. The rain water was pumped up to a tube of plexiglass. The tube was
at its bottom side at regular distances perforated with small holes from which the water
could drip down to a plexiplate. This arrangement gave a splash of fine and even water
drops over the surface of the test panels. In each rain device 9 panels were
simultaneously exposed, 5 and 4 at each side of the rain groove. During each of the rain
everis the amount of rainfall was determined by collection in a hopper. The groups of
panels for the different rain compositions were alternated between the different devices
according to a special scheme. Furthermore the panels were exposed "up and down" in
an alternating scheme. This was made to avoid too large differences in total rain
amount for the different groups due to systematic errors. The total amount and mean
value of rainfall at each rain event are summarized in Table 5.

Rain water with the pH values 3, 4, 5, 6 and 7 were studied. Two compositions of rain
were used one containing sulphate and one containing sulphate and nitrate. The acidity
of the water was obtained by addition of H.SO,. The higher pH-values were adjusted
with NaOH. All rain waters had a constant concentration of NH 4 and Cl of 1 mg/I and
2 mg/I respectively. In the nitrate containing rain nitrate was added as NaNO3, to a
NO:)-content of 4.5 mg/l. The rain composition and its conductivity are summarized in
Table 6 and 7. Before each rain event the pHt and conductivity were measured and
corrected if necessary.

Methods of Evaluation

Corrosion Rate. After the exposure the corrosion products on zinc and hot-dipped
galvanized zinc were removed by repeated pickling in 5 % acetic acid at room
temperature for in total 25 minutes. The panels were weighed on an analytical balance
with an accuracy of ± 0.5 mg. The mass losses were calculated with linear regression
analysis and extrapolation to the pickling time zcro. The katter is carried out to
compensate for a possible metal loss at the pickling.

Corrosion Products. Samples exposed to sulphate and nitrate containing rain of pH
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3 and 7 and rainprotected samples were examined with scanning electron microscopy

(SEM) with an energy dispersive spectroscopy analyzer (EDS).

Results

Corrosion Evaluation

Mass losses in g/m 2 after 4, 8 and 12 months and the corresponding standard deviations
of triplicates of panels in the different types of exposures are summarized in Table 8.
The mass losses versus exposure time for zinc panels exposed to synthetic sulphate rain
are shown in Figure 1. Corresponding diagramme for sulphate+nitrate rain is shown
in Figure 2.

Mass losses in g/m2 for the different pH values after 1 year's exposure are shown in
Figure 3.

A comparison between mass losses for zinc and hot dipped galvanized panels is shown
in Figure 4.

Corrosion Products

The EDS-analysis of panels exposed to synthetic rain of pH 3, contaning sulphatc and
nitrate, show that there were two types of corrosion products; one containing zinc and
oxygen and one with zinc, oxygen and sulphur. For panels exposed to synthetic rain of
pH 7 the situation was similar. However the amount of corrosion products containing
zinc, oxygen and sulphur was larger. In this case there were also parts of the surface
where chlorides were incorporated. The corrosion products on rainprotected samples
were similar to those on panels exposed to synthetic rain with pH 7.

Discussion

The main consideration in the planning of this investigation was to study the effect (;f
pH in rain while keeping the other conditions as near a natural level as possible. Tbh
rain amount in the free exposure in Stockholm was about 450 mm during the 1 year
period while the rain amount in the laboratory was about 800 mm. This difference does
not seem to have any marked influence on the investigated pH-effect. The time cf
wetness calculated from values of temperature and relative humidity can be assume.]
to have been rather equal for the panels exposed at free and sheltered position due to,
a sufficient gap between the panels and the shelter. Also remaining environmenta--l
parameters have because of the arrangement of the investigation been the same for
panels exposed in free position and under shelter.

The Effect of pH and Composition of Rain

Rain with pH 3 gives a strong increase of the corrosion rate both for sulphate arid
sulphate+nitrate containing rain. At pH 4 a marked increase of the corrosion rate could
be detected. Variations of the rain acidity at pH-values 5 to 7 gave no significant effect
on the corrosion rate of zinc under the present exposure conditions. This is clearly
shown in Figure 3. No large difference has been found between the influence of rain
with only S042 and SO4"2 + NO:. addition.The natural rain had an average pH over the
year of 4.8. The mass iLss for the freely exposed panels was 3.6 g/m2 after 1 year. This
is almost on the curve at pH 4.8 in Figure 3 which indicates that the investigation h::s
been performed in a relevant way.
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For both types of synthetic rains at all pH-values studied and at the free exposure the
corrosion rate of zinc was higher compared with the rain-protected zinc panels, which
were only exposed to dry deposition of pollutants. The very low mass loss for rain
protected zinc panels is mainly due to the low SO2-concentration, 5-10 pg/m3, found
today in the Stockholm atmosphere.

The higher corrosion rate for the freely and laboratory exposed panels is due to the
effect of periodic dissolution of the protective film of corrosion products by precipitaion.
It is probably mainly basic zinc carbonate and sulphate that are formed on surfaces
exposed both sheltered, freely and to synthetic rain. The basic zinc sulphate has been
found on zinc surfaces exposed both in free and rain sheltered positions in an earlier
study performed at the Stockholm-Vanadis test site'. The basic zinc salts possess
certain protective properties. However the salts are soluble in rain water, the solubility
beeing dependent on the pH of the solution. They are therefore washed away during
exposure of zinc panels exposed to rain. For panels exposed in sheltered position,
however, the salts and especially an outer layer containing sulphates may reduce the
further deposition of e.g SO2 on the surfaces.

Galvanized panels showed in general higher mass losses than corresponding zinc
panels. However the difference between the mass losses for zinc and hot dipped
galvanized zinc panels is nearly constant, about 2 g/m 2, independent of exposure time
as can be seen in Figure 4. This indicates that the phenomenon does not depend on the
difference in real corrosion rate on free surfaces. It is more likely that the difference in
mass loss depends on edge effects such as localized galvanic attacks at the edges
during the pickling procedure. This fact emphasizes one of the advantages of using solid
zinc panels in systematic investigations. The results and conclusions from the pH study
of the zinc panels are thus in principle valid also for hot-dipped galvanized steel.

Calculated Contributions from Wet and Dry Deposition

Dissolution of zinc corrosion products by acid species needs a supply of these species to
the surface. This supply to freely exposed surfaces is conventionally subdivided into
two cathegories: dry deposition and wet deposition. The dry deposition consists of gases
reacting with the surface and of impaction of particles.

The contribution to the con'osion from the dry deposition (CQ) is in the present study,
0.9 g/m', during one year, which corresponds to the corrosion rate for the rain protected
panels.

The wet deposition is brought about by rain precipitation on the surface. The corrosion
effect of precipitation can in principle be subdivided into the effect caused by the acidity
due to dissolved antropogenic acid pollutants (Cm) and to the dissolved CO2 (CRc.). The
contribution from CR(. is more important at higher pH-values.

The maximum contribution, CR to the corrosion rate due to the reaction of zinc and
its corrosion products with hydrogen ions from the rain water can be stochiometrically
calculated:

CRA = (10P" x p) x M.,J2
Cm = corrosion rate in g/m 2 ,year
p = precipitaion in mm/year
Mz,, = atomic mass for zinc (65.4) - the figure 2 reflects that 2 H*-ions are needed for

dissolution of each Zn•'-ion.
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For sulphate rain of pH 3 a total precipitation of 734 mm gives a calculated CI = 23.9
g/m 2,year compared with measured 18.8 g/m'. This hypothetical influence of rain water
acidity is very simplified and the deviation from reality can depend among other things
on the fact that a part of the acid in the acid rain on the surface might run off the
surface before it has reacted completely. Similar calculations for pH 4, 5 and 6 give: 2.7,
0.3 and 0.03 g/m 2 respectively. This should be compared with the measured values: 4.1,
2.5 and 2.5 g/m 2. With a constant contribution of 0.9 g/m 2 from the dry deposition
measured under the shelter the corrosion expressed as Cd + CA gives 3.6 g/m 2 for pH
4. This is somewhat lower than the measured corrosion. For sulphate+nitrate rain
similar calculations of the contribution from rain acidity give, 27, 3.1, 0.3 and 0.03 g/m 2

for pH 3, 4, 5 and 6 respectively. Also here the sum of the calculated contributions from
dry and wet acid deposition is just somewhat lower than the measured corrosion at pH
4. However it is likely that on surfaces regularly washed by rain solutions the dry
deposition will be higher than on surfaces where the protective coating is permanent.
For pH values higher than 4 the sum Cd+CRA gives constantly too low corrosion rates
compared with the measured. This may be explained by the contribution of the effect
of CRC. which is discussed below.

The difference between the corrosion rate of zinc panels exposed to synthetic rain at pH
3 for the two types of rains can be explained by the differences in rain precipitation in
laboratory. The total precipitation for the rain containing sulphate was 734 mm and for
the sulphate+nitrate containing rain 825 mm, see Table 5. Calculations of the
contribution from the acid deposition (CRA) according to this difference is 3.0 g/m2 and
the measured difference is 3.1 (Table 8). This shows that the addition of nitrate to the
sulphate containing rain does not have any effect on the atmospheric corrosion of zinc.

Comparison with Published Data

A damage function for predicting the corrosion of galvanized steel structures by wet and
dry deposition has recently been developed in a study performed for the National Acid
Precipitation Assessment Program (NAPAP)6 .This damage function consists besides the
contribution from dry deposition and acid rain deposition also of a contribution from
deposition of "neutral rain", containing dissolved CO,. Using this function the prediction
of corrosion of zinc caused by neutral rain, CRC, is about 70 % of the total corrosion at
the SO2- level of 10 pg/m3 in the atmosphere. For the present study this corresponds to
a corrosion of 2.5 g/m 2 (70 % of 3.6 g/m 2) at the free exposure. The contribution from dry
deposition Cd,as measured in the rain protected position is 0.9 g/m2 and the calculated
contribution Cp from acid rain of pH 4.8 is 0.2 g/m2. The sum of these three
components is 3.6 g/m 2 which is equal to the measured corrosion at free exposure of
panels. The same calculation for panels exposed to sulphate containing rain of pH 5
gives:

C = Cd + CR + CRC.= 0.9 + 0.3 + 1.7 = 2.9 g/m',
to compare with the measured corrosion of 2.5 g/m2 .

The present investigation shows thus a good agreement with previous studies of
corrosion of zinc. This makes it clear that the exposure time and the exposure
conditions have been realistic for making conclusions regarding the effect of pH in rain
on the corrosion of zinc.

Conclusions

From the present study of the influence of environmental acidification on the
atmospheric corrosion of zinc following main conclusions can be drawn
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- The corrosion of zinc was strongly increased at exposures to acid rain with pH 3.

- At pH 4 a marked increase of the corrosion rate was obtained, whereas variations
in the rain acidity at p11-values 5 to 7 had no significant effect.

- The addition of nitrate to the sulphate containing rain did not have any effect on
the atmospheric corrosion of zinc.

- The used method with combined outdoor and laboratory exposure is useful and
reliable for the study of environmental effects on the atmospheric corrosion.
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Table 1. Monthly mean values of relative humidity and temperature
during the exposure period.

Month 06 07 08 09 10 11 12 01 02 03 04 05

%RH 73 65 72 69 81 85 80 71 79 74 72 52

Temp.,°C 12 19 18 12 8 5 2 2 2 3 4 14

Table 2. Time of wetness and SO 2concentration during the
different exposure periods.

Exposure period 0 - 4 months 4 - 8 months 8 - 12 months

Time of wetness, h 943 1510 878

SO,-conc., pg/m' 1 3.7 _ 7.2 5.6

Table 3. Amount and analyses of precipitation during
the exposure periods.

Exposure Amount p11 Con- SO04-S CI NO,-N NH 4,-N
period, mm duc- mg/l mg/I mg/i mg/i
months tivity

_S/cm

0 - 4 248 4.8 16 0.7 0.4 0.3 0.3
4 - 8 102 4.6 29 1.1 2.1 0.7 0.5
8- 12 107 4.9 29 1.3 1.4 0.9 0.8

Table 4. Dry deposition of particles and their contents of sulphate.
nitrate and chloride during the exposure periods.

4 months 8 months 12 months

Mass increase, g/m2  2.7 4.8 9.9
SO4

2'-cont., mg/m2  28 48 69
Cl-cont., mg/mi2  31 84 87
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Table 5. Total amount and mean values of rainfall at each rain event
in the laboratory exposure.

pH 3 pH 4 pH 5 pH 6 pH 7

Sulphate rain

Total amount, mm 734 840(815)* 857 819 815

Mean value, mm/event 16 17(16)* 17 16 16

Sulphate+nitrate rain

Total amount, mm 825 951 867 892 887

Mean value, mm/event 16 19 17 18 17

* Hot-dip galvanized panels.

Table 6. Composition of rain water in mole/litre (M).

Sulphate rain

Sulphuric acid pH 3 pH 4 pH 5 pH 6 pH 7

5x10' M 0.5x10- M 0.05x10- M no no

Ammonium sulphate 3 x 10.' M

Sodium chloride 5.6 x 10-1 M

Sulphate + nitrate
rain

Composition as above 7.1 x 10'5 M

Sodium nitrate
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Table 7. Conductivity in pS/cm for the different synthetic rain waters.

Sulphate rain

pH 3 pH 4 pH 5 pH 6 pH 7
379 51 17 15 14

Sulphate and
nitrate rain

pH 3 pH 4 pH 5 pH 6 pH 7
390 55 24 21 21

Table 8. Mass losses in g/m2 for zinc and hot-dip galvanized steel after 4, 8 and 12
months exposure and the corresponding standard deviations of
triplicates.

4 months 8 months 12 months

Mean Stand. Mean Stand. Mean Stand.
value dev. value dev. value dev.

PURE ZINC
Sulphate rain
pH 3 6.2 0.3 13.5 0.4 18.8 0.4
pH 4 1.1 0.3 2.9 0.2 4.1 0.3
pH 5 0.5 0.1 1.9 0.2 2.5 0.1
pH 6 0.6 0.1 1.7 0.1 2.5 0.1
pH 7 0.4 0.2 1.7 0.1 2.5 0.0

Sulphate +
nitrate rain
pH 3 6.6 0.4 13.8 0.5 21.9 0.5
pH 4 0.9 0.1 2.8 0.1 4.3 0.1
pH 5 0.7 0.0 1.7 0.1 2.5 0.1
pH 6 0.5 0.1 1.6 0.1 2.2 0.1
pH 7 0.7 0.0 1.7 0.2 2.5 0.3

Rain protected 0.1 0.1 0.8 0.1 0.9 0.1

Freely 2.1 0.2 3.4 0.2 3.6 0.1

HOT-DIP
GALVANIZED
STEEL
Sulphate rain
pH 4 3.0 0.4 5.2 0.4 6.6 0.3
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Figure 1. Mass losses for zinc panels exposed to synthetic rain containing
sulphate at different pH values after 4, 8 and 12 months exposure.
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Figure 2. Mass losses for zinc panels exposed to synthetic rain contqining
sulphate and nitrate at different pH values after 4, 8 and 12 months
exposure.
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Figure 3. Mass losses for zinc panels after 1 year's exposure with
synthetic rain of different composition and pH values.
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Figure 4. Comparison of mass losses for zinc and hot dipped galvanized
zinc exposed to sulpahte containing rain of p}I 4.
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Abstract

ISOCORRAG - worldwide atmospheric testing program was opened in
1987-1989 to provide data (corrosion losses of structural metals
and environmental characteristics) using methods and procedures
standardized within ISO/TC 156 with the goal to bring results for
improvement of ISO corrosivity classification standards ISO 9223
- ISO 9226.

Results of 4 years of exposure are summarized and approach for
changes in revision of classification standards is recommended.

Key terms: corrosivity of atmosphere, classification system,
classification criteria, corrosion loss of structural
metals, pollution (SOz and airborn salinity)

I. Introduction

Atmospheric corrosion is often a limiting factor for the service
life of products. Classification of atmospheric corrosivity
represents a modern approach helping to optimalization of the
choice of materials and protective systems. New ISO standards on
atmospheric corrosivity classification form a guidance for
engineers in evaluation of expected corrosion danger and in
selecting anticorrosion measures. Four standards 1-4 have been
published forming a complex system for atmospheric corrosivity
derivation, giving methods for measurement of decisive
characteristics of corrosion attack and environmental parameters
(both on yearly basis) and introducing prognostic guiding values
of corrosion rates of structural metals for short term (up to 10
years) and long term (more than 10 years) service life.

(1) N. de Christofaro (Argentina); J.J. Hechler (Canada);

T. Hakkarainen (Finland); J. Legrand (France). M. Schroder (FRG).
J.T.,gawa (Japan); J.F.Henriksen (Norway); P.V.Strekalov (Russia•.
M. Morcillo (Spain); V. Kucera (Sweden); P. McIntyre, M. McKenzie
(UK); S.W. Dean. F. Mansfeld (USA).
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The system covered with these standards is based on the
experiences of specialists - members of WG 4 and many technical
and scientific results of institutions in countries participating
in the activity of WG 4. Classification criteria and guiding
corrosion values were derived in generalization of published
exposure results from 220 testing sites in different climatic
conditions and types of atmospheres. The validity of this data
basis has, surely, some limitations
- non unified and with ISO standards compatible methods for

exposure, measurement of parameters and evaluation of corrosion
attack,

- differences in the composition of exposure materials,
- environments not covering all possible atmospheric open

air :onditions.

ISOCORRAG program was formulated and opened in 1987 - 1989 to
provide corrosion data from a wide variety of testing sites using
methods and procedures standardized within ISO/TC 156 with
the goal to verify the classification philosophy and methods.

The aim of ISOCORRAG program consists in the studies of
methodological, theoretical and technical aspects of the system
and techniques included in ISO classification standards 1-4 and
in forming a large data basis of high reliability for eventual
qualified changes in the future revised version of the ISO
classification standards. This worldwide exposure program (14
participating countries. 53 testing sites in 4 continents
including high variety of climatic and pollution situations) is
the largest atmospheric exposure program ever to be undertaken.

This paper introduces in short the results from the period 1987 -

1992. All results are summarized and analyzed in a ISO Technical
Report 5, prepared to publication on the end of 1993.

II. Description of the program

A. Tested material

- unalloyed carbon steel
- zinc
- aluminium
- copper

Steel for flat and helix specimens was produced in British Steel
Corp. (0.056% carbon, 0.060% silicon, 0.012% sulfur, 0.013%
phosphorus, 0.02% chromium, 0.01% molybdenum, 0.04% nickel, 0.03%
copper. 0.01% niobium, 0.01% titanium. 0.01% vanadium. 0.02%
aluminum, 0.005% tin. 0.004% nitrogen. 0.39% manganese). all
helix specimens were prepared in Germany (Staatliches
Materialprufungsamt, Dortmund). Flat specimens of zinc, copper
and aluminium were of national production of single participating
countries in agreement with prescribed properties.
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B. Types of specimens

- flat plate specimens
- metallic wire - open helix specimens

C. Exposure sequences

- 6 orne-year exposure (2)
- I two-year exposure
- 1 four-year exposure
- I long term exposure (8 years)

Details are given in ISO classfication standards and in the
manual to the program6 .The survey of the test sites is in Table I
and Fig.1

III. Results

The set of corrosion data available to the date of evaluation of
the results (November 1992) includes corrosion losses of the flat
and helix specimens for unalloyed steel, zinc, copper and
aluminium for 6 one-year exposure sequences and two and
four-years exposures. The theoretical number of corrosion data is
3392 values as mean values from triplicates of samples with
relevant environmental characteristics.lMean values are summarized
in Table 2

IV. Data treatment

The aim of experimental data treatment was to asses the
reliability of collected data and to express the relation between
corrosion loss and significant environmental parameters applied
in corrosivity classification in the view point to the
standardized measurement methods and corrosivity derivation.

Step in data treatment
grouping and sorting of the data using statistical and
classification criteria,
derivation and statistical comparison of corrosivity categories
basing on corrosion losses (flat and helix specimens) and/or
environmental parameters.
prognosis of average corrosion rates for 10 years exposure from
the exposure period of four years. comparison with the guiding
corrosion values in ISO 9224,
regression analysis for corrosion losses and environmental
characteristics important for the classification procedure.

The extent of treated results is enorm and cannot be presented in
a relatively short paper. Results are more only illustrated by
Tables 3,4 and 5 and Figures 2 and 3. All results together with
the analysis of the results obtained are included in the ISO
Technical Report listed.

(2) Three set of specimens of each metal are exposed for a y'ear"

starting both in spring and autumn.
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V. Conclusions

Both set of data, corrosion losses, as well as environmental
characteristics are reliable enough to can form a basis for later
treatment.

The transformation of the results (corrosion losses) from flat
and helix specimens for reliable derivation of corrosivity
categories is in principle possible, but with good validity for
limited environmental conditions only (for relatively wide
intervals of TOW and SO, relative narrow for salinity).

It is not a simple relation between corrosion attack and
environmental parameters on the worldwide scale. Similar results
have been published in the past 7 and are formulated in the
reports with results to the ICP UN ECE s and in other recent
publications 9,10 . The relative importance of environmental
parameters changes from metal to metal and is different in
individual climatic zones. For better fit is necessary in later
treatment of data to respect binary interactions and use more
complex models.

The classification system presented in the standards ISO 922:3.
ISO 9224. ISO 9225 and ISO 9226 is a good quantified
generalization of knowledge in atmospheric corrosion of metals
coresponding to the period of formulation of these standards and
represents a new step in this technical activity.

The results of new worldwide programs - ISOCORRAG. ICP UN ECE.
MICAT 8,11 form basis for better understanding of atmospheric
corrosion, giving some answers but also open questions. The
process of corrosion in environments with high variety cannot be
fully described by rather simplyfied approach accepted before
The technical application of scientific results consists always
in generalization, the possibilities or boundaries of this
procedure is necessary to formulate in respect to the
requirements of engineering practice.

Information about the severity of the atmospheric environment
presented in the corrosivity classification system witL
quantitative criteria, based on relatively high level of
generalization of results of testing and technical experience is
a single realistic engineering approach for optimation of
corrosion protection.

The philosophy of ISO classification standards is good. In the
future revised edition of these standards some classification
values and their interactive influences can be newly and better
prescribed on the basis of the results of ISOCORRAG program.

ISO classification standards provide first guidance for corrosion
engineers and designers in selecting materials and protective
systems. The second step will always consist in creative
solutions of technicians applying the standards. WG 4 is now
working on a guidance as help in this respect 12
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Table I. Atmospheric Corrosion Test Sites included into
the Program

Country Code lame of Testing Site Type of Atmosphere

Argentina ARG I Iguazu semiarid, vet. rural
AiG 2 Camet subtropical zone, marine, vet
ARG 3 Buenos Aires subtropical zone, marine, vet
ARG 4 San Juan subtropical zone, dry, rural
ARG 5 Tubany Base antarctic desertic zone

Canada CID I Boucherville moderate zone, rural
Czechoslovakia CS I ga•persk# Rory moderate zone. rural

CS 2 Praha-Bichovice moderate zone. urban
CS 3 [opisty moderate zone. heavy industrial

FRG D I Bergisch Gladbach moderate zone. urban
Finland SF I Helsinki moderate zone, urban

SF 2 Otaniemi moderate zone, rural/urban
SF 3 Whtiri moderate zone, rural

France F 1 Saint Denis moderate zone. urban - semi industrial
F 2 Ponteau Hartigues moderate zone, marine
F 3 Picherande moderate zone, rural
F 4 Saint Remy les Landes moderate zone. marine
F 5 Salins de Giraud moderate zone. marine
F 6 Ostende (Belgique) moderate zone, marine
F 7 Paris moderate zcne. urban
F 8 Auby moderate zone. heavy industrial
F 9 Biarritz moderate zone marine

Japan JAP I Choshi moderate zone. rural
JAP 2 Tokyo moderate zone. urban
JAP 3 Okinava subtropics, marine

Ney Zealand 02 1 Judgeford. Wellington moderate zone. marine - rural
Norway N I Oslo moderate zone. urban

N 2 Borregaard moderate zone. industrial
N 3 Birkenes moderate zone. acid (acid rainl
N 4 Tannanger moderate zone, marine splach
A 5 Bergen moderate zone, marine - urban
N 6 Svanvik cold zone, arctic

Spain E I hadrid moderate zone. urban
E 2 El Pardo moderate zone. urban
E 3 Lagoas - Vigo moderate zone, industrial
E 4 Baracaldo. Vizcaya moderate zone. urban

Sweden S I Stockholm-Vanadis moderate zone, urban
S 2 Bohus flalmon, Kattesand moderate zone. marine
S 3 Bohus hali6n, Kvarnvik moderate zone. marine - splach

Up. UK 1 Stratford, East London moderate zone. industrial
UK 2 Crovthorne, Berkshire moderate zone. rural
UK 3 Rye. East Sussex moderate zone. marine
UK 4 Fleet Hall moderate zone, urban

USA US I Cure Beach, U. Carolina moderate zone.eastern marine
US 2 Nevark-Kerney. Mev Jersey moderate zone, industrial
US 3 Panama Canal - zone tropical zone, marine - splach
US 4 Research Triangle Park N Carolina moderate zone. urban
US 5 Point Reyes California moderate zone western marine
US 6 Los Angeles California moderate zone marine urban

USSR SU I Murmanse cold zone marine - rura!
SU 2 Batumi subtropical marine urbai
SU 3 Vladivostok far-east marine urýýar
SU 4 Oimiakon extremely cold
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Table 2. Means of mean yearly values of classification criteria

corrosion loss (9.$ 2 a-) environmental
site characteristic
code flat helix

TOY S02 Cl

Fe Zn CU Al Fe Zn Cu Al (hrs) (lpq/g3)(b/I'2)

ARG 5.8 1.6 0.8 0.05 5680
ARG 2 36 8 1.3 2.2 0.19 6088
kRG 3 16.2 1.0 0.6 0.05 4645
ARG 4 4.6 0.2 0 2 0.03 855
ARG 5 36.6 1.9 2.0 131 2693
CID 1 23 2 1 4 1.1 0.40 27.5 2.0 1.3 0.4 1396 15.9 59.0

CS 1 26.0 1.9 2.0 0.50 47 6 2.2 2,6 0.3 3206 17.1
CS 2 47.4 2.8 1.3 0.60 68.4 3.3 1.9 0.5 2991 67.5

CS 3 70.7 3.5 3.3 0.70 108.0 4.8 4.2 0.7 2444 89.9
D 1 36.2 1.6 0.6 0.30 52.1 1.8 0.8 0.6 4267 18.0

SF 1 33.3 1.3 0.7 0.30 42 7 2.6 1.3 0.5 3578 18.9 3.7
SF 2 25 6 0.9 0.8 0.10 37 8 1.8 1 5 0.3 3256 15.3 2.5
SF 3 12.8 0 7 0.7 0.10 16 1 1.2 1.1 0.5 3105 4.1

F 1 37.2 1 5 1.2 1.20 49.6 3.6 2.8 2.1 4268 49.6 27.8
F 2 72.4 2.6 2.7 1.00 126.0 13.4 9.7 13.5 3846 87.0 241.0
F 3 16.1 0.9 1.4 0.30 22.8 2.2 2.0 0.5 4171 9.1 6.5
F 4 44.1 1.5 1.8 0.70 94.7 4.2 5.3 1.5 6310 30.3 378.0

F 5 73.0 4.6 3.2 0.70 132.0 5.7 5.3 2.8 3311 20.0 184.0
F 6 99.3 5.1 3.1 1.50 130.0 10.6 3.5 3.3 6083 24.0 173.0

F 7 41.7 3.0 1.4 0.90 51.7 2.8 2.6 1.2 318Q 53.4
F 8 106.0 5.6 1.9 1.70 145.0 8.5 2.4 3.8 4571 188.0 16.0

F 9 87.2 4.3 3.7 1.20 67.9 8.2 4.5 2.4 193.0
JAP 1 43.3 1.4 1.4 0.33 93.7 2.8 2 3 0.7 5704 7.7 66.8
JAP 2 39.5 1.5 0.7 0.54 39.1 1.5 1.1 0.4 2173 14.6 4.4

JAP 3 75.2 3.4 2.1 0.26 109.0 8.8 4.3 1.0 3852 I1.1 130.0
AIZ 19.3 0.7 1.4 0.06 36.3 1.2 1.6 0.4

1 25.2 1.3 0.6 0.20 35.0 1.8 0.9 0.2 2641 13.8 2.1
1 61.7 3.8 1.4 0.60 90.9 5.7 2.7 1.7 3339 44.2 8.2

S33 19.7 2.3 1.3 0.10 27.0 2.0 1.3 0.1 4138 1.2
1 4 59.6 3.0 1.9 0.60 74.1 3.3 3.2 0.9 4583 4.0 321.0

I15 27.9 2.1 1 0 0.10 32.8 2.2 1.1 0.3 4439 8.6 7.1
1 6 20.2 0.8 0.8 0.10 29.0 1.4 1.0 0.2 2605 16.7 1.0

27.7 0.6 0.5 0.07 29.3 1.6 0.8 0.2 2060 44.2

E 2 t5.5 0.5 ,.I 0.05 21.6 1.2 1.2 0.1 3223 4.9
E3 26.9 1.0 1.0 0.20 35.9 2.5 1.2 0.3 2840 48.7 21,2
E 4 4.9 1.2 1.2 0.20 56.0 2.6 1.5 0.3 4375 32.1 29.2

S 1 24.4 0.6 0.6 0.20 41.5 1.5 1.1 0.4 9.8
S 2 35.2 1 5 1.7 0 40 60.8 2.8 2.3 0.9 5.0 85.5

S 3 61.6 18 2.8 0.60 67 7 3.5 4.9 1.5 5.0 667.0
UK I 38.7 1.7 1.1 0.29 50.3 1.5 1.4 0.2 5783 19.9 15.1

UK 2 37.4 1.1 1.1 0.12 57.9 1.2 1.4 0.2
UK 3 58.5 2.5 1.9 0.42 92.5 2.0 4.2 0.5 21.2 300.0
01 4 39.0 1.3 0.9 0.36 56.9 2.3 1.6 0.4
uS I 37.9 2.0 2.9 0.29 81.8 3.9 4.6 0.9 4289 9.6 184.0
us 2 264 2.0 1.4 0.28 27.3 2.2 1.9 0.6
US 3 373.0 17.5 55 057 297.0 7.6 116 1.7 7598 51 5 619.0
US 4 23.1 0.8 2.4 0.11
US 5 40 1 1 7 2 4 0.22 147 0 3 5 44 1.3
US 6 21 4 1 1 12 0 56 19.2 1 8 2.0 1.5 4003 20.0
SU I 30 8 11 1 7 0.80 51 7 2.1 28 18 3227 5.0 19.9

SU 2 287 1.6 1 0 0.10 28.7 20 19 0.3 3216 258 1.0
SU 3 25.9 2.3 4 0.30 668 3 1 2.4 0.7 3920 28 6 184

SU 4 0.8 0.4 0 1 007 1.9 06 0.1 0.1 381 5 0
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Table 3. Linear regression of corrosion and environmental data
using the equation

Corr - a + bxSOz + cxTOW + dxC]

(one-year exposure)

Regression coefficient luaber
fletal specimen a b c d Correl. of data

steel flat 30.20 0.410 0.39 211
-10.90 0.440 0.011 0.56 183
- 3.80 0.370 7.6 .10-3 0.13 0.59 85
39.50 0.10 0.43 117

helix 44.20 0.640 0.47 204
-23.20 0.670 0.018 0.69 176

3.35 0.520 0.011 0.16 0.72 81
59.30 0.08 0.35 111

z2nc flat 1.45 0,024 0.34 212
0.97 0.024 6.7 .10-4 0.49 184
0.39 0.022 3.7 .10.4 8.4 .10.3 0.56 86

1.81 7.0 .O 3 0.43 119
helix 2.04 0.045 0.51 201

0.58 0.046 7.3 .O"4 0.59 174
1.98 0.046 1.1 .10"4 70 .10-3 0.60 79
3.49 3.9 10.3 0.23 111

copper flat 1.33 7.0 .10,3 2.9 .10-4 0.23 209
0.24 7.7 .103 8.8 .0- 0.47 181
0.91 1,9 .0.3 4.4 .103 0.69 84
1.38 4.0 .103 0.65 118

helix 2.09 0.017 7.0 .10.4 0.22 203
0.57 0,019 -6.9 .10. 0.42 176
1.86 0.012 0.012 0.55 81
2.14 6.5 .10-3 0,45 111

aluminium flat 0.25 6.5 .103 0.54 205
0.53 2.2 .104 0.10 115
0.27 0.033 0.43 195
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Table 4. Correlation/regression analysis of corrosion data,
comparison of flat and helix specimens
(equation Y - b.X)

Variables Regression/Correlation
X (independent) Y (dependent) b r

steel flat steel helix 1.250 0.67
zinc flat zinc helix 1.270 0.36
copper flat copper helix 1.630 0.66
aluminium flat aluminium helix 2.580 0.53
steel flat zinc flat 0.049 0.86

copper flat 0.030 0.45
aluminium flat 0.001 0.47

steel helix zinc helix 0.056 0.75
copper helix 0.039 0.61
aluminium helix 0.022 0.50

zinc flat copper flat 0.754 0.64
aluminium flat 0.174 0.28

zinc helix copper helix 0.880 0.51
aluminium helix 0.438 0.73

copper flat aluminium flat 0.282 0.46[ copper helix aluminium helix 0.540 0.62

5, 3 U

01

Figure 1. tiap showing location of exposure sates
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Figure 2. Unalloyed steel - corrosion of flat and helix specimens
Comparison of corrosion rates for one-year exposure
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Figure 3. Copper corrosion of flat and helix, specimens
Comparison of corrosion rates for one-year exposure
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Figure 4. Corrosion rates of unalloyed steel (one year
of exposure, flat, specimens) as function of
the SOz concentration with distinguished
deposition rate of Hadl
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rate of NaCI

~Panama CZ:(20)

P2 P

2 2
2

D~ : 2

C2

C 32
14 3

p1  2 1
u 3

3: 2: 3

A 122 -5 - 100

j~ II3 100 - 500

0 50 1 Of 150 20025
S02 pollution uq/m3

572



Figure 6. Corrosion rates of copper (one year of exposure.
flat specimens) as function of the SO?,
concentration with distinguished deposition rate
of NaCI
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Abstract

The purpose of this work was to compare results of evaluation techniques
applied to plain C steel, Zn, Cu and Al submited to atmospheric corrosion
after exposures in different test sites with known ambient conditions.
Electrochemical dc and ac techniques were applied to determine the
protectivenesses of the films developed on the distinct metals and
environments. Weight losses after different outdoor exposition periods were
compared to the polarization resistence (Rp) measured through
electrochemical pulses and impedance spectroscopy (EIS) in aereated static
solutions of 0.1 M NazS04, on the exposed face of the test samples. SEM-EDAX
of the rusts provided information about the structure and the presence of
pollutants in the rusts.

Key terms: Atmospheric corrosion, techniques, protectiveness of rusts.

Introduccion

This work was performed in the frame of the cooperative CYTED-D program
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sponsored by Spain, to characterize the protective properties of the
atmospheric corrosion products and to elucidate unknown aspects of the
mechanisms involved. The metallic materials used were low carbon steel, Zn,
Cu and Al weathered in different ambient conditions of the Iberoamerican
network of Outdoor Test Stations.

A good correlation was not always ohtained among weigth losses and Rp
determined by different dc or ac electrochemical techniques.
From previous worki polarization curves were discarded as a useful tool to
compare protectiveness of rusts formed in distinct environments and the
corrosion rate of the respective metal, measured through weigth loss during
the same exposition period in well defined meteorological and pollution
conditions.

2
However the electrochemical nature of the atmospheric corrosion suggests the
usefulness of a such technique to evaluate the controlling factors in its
occurrence.

The application of an anodic or cathodic polarization step after distinct
immersion times and measurements of the current decay produced, gave high
dispersive results.
EIS data were not always reproducible, depending of the metal, test period
and selected area of the sample considered.

Experimental

Samples of low carbon steel, aluminum, copper, and zinc (Table i) were
exposed for different periods of one year at several locations in
lberoamerica covering rural, urban, marine, and industrial atmospheric
conditions. The environmental factors prevailing in the outdoor test
stations were well monitored in order to study their influence on the
atmospheric corrosion process. The corrosion products thus formed were
removed to determine corrosion rates of the metals while rusted samples were
characterized by using electrochemical dc and ac measurements, SEN
observations, and surface chemical analysis (EDAX).
ISO norms were followed for the outdoor expositions ambient characterization
of the test sites and pickling of the rusted samples to determine weight1o
loss.

The electrochemical experiments were performed in 0.1 M NazSO, at 200C. The
electrolyte solution was prepared from analytical grade (p.a. Merck)
reagents and triply distilled water purified in a Milli-Q reagent grade
system. A three-compartment electrolysis Pyrex cell was employed. Potentials
were measured and referred to in the text, against a SCE reference electrode
properly shielded. A large-area Pt plate was used as counter electrode.

The dc elLctrochemical tests consisted on anodic and cathodic steps of 15
minutes duration and 20 mV after 1, 24 and 48 hs. of immersion and
determination of the current decay attaint. The results obtained are
summarized in Table II and compared with the respective corrosion rates
determined from weight losses.

For impedance measurements an activated platinum probe was coupled to the
reference electrode through a 10 ýF capacitor to reduce phace shift errors
at high frequencies. A detailed description of both hardware arrangement and

data processing have been given elsewhere [6-9J. Impedance spectra were
obtained at the corrosion potential in the frequency range 10- Hz < f : 50
kHz using a frequency response analyser (Solartron FRA 1250) and an
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electrochemical interphase (Solartron El 1186), which were integrated with
both an Apple lie computer and a PC compatible system. Geometrical area of

2
the working electrodes was 1.13 cm

The SEM observations were made using a Philips 515 microscope, which was
coupled to a 9100 EDAX for the surface analysis. The test samples were
metallized with Al, previous to the SEM observation. Accordingly, data
obtained from SEM and EDAX were used to characterize the morphology and
chemical heterogeneites of the corrosion products.

Results and Discussion

SEM analysis allowed us to partly understand the uneven behavior detected
through the electrochemical techniques used on the basis of the very
heterogeneous morphology of the films grown on the distinct substrata and
ambients. From the compact, homogeneous and thin films formed on Al in
several ambients to the cracked, heterogeneous and thick rusts of steel in
marine environments, the great variety of morphologies observed could
justify the scatered results obtained for the different metals weathered in
the distinct conditions analyzed, as can be seen in Fig. I for rusts formed
on steel in an Antartic and a very dry and hot test site.

The uneven afinity of the metallic surfaces and of the corrosion products
formed, for the marine, industrial and solid pollutants detected by EDAX,
suggested that other factors than the morphology could also influence the Rp
results. In Fig. 2 SEM of corrosion products of Zn, Cu and Al and the
respective EDAX after two year at Jubany Base in the Antartics. SEM-EDAX of
the cross sections of the 4 metals weathered during the same period in the
last Test site are given in Fig. 3. Caves are observed in all of them in
connection with pollutants accumulation.

The condition to establish a useful technique for the samples of the 4
metals after exposition to the different environmental conditions of the
Iberoamerican Region and outdoor test periods makes difficult to get one
that provided the expected good correlation.

In fact, while in a very dry ambient with short duration wet periods the rust
formed on a given metal will be enougth protective to produce a low weight
loss, the same metal exposed to long wetting times will suffer a high weight
loss. This demostrates that the rusts formed in environments producing long
times of wettness of the metals have a lower protective character than those
formed in a dry ambient.

The Rp or the decay current attaint after application of a pulse is also
dependent of the immersion time in the solution previous to the
electrochemical measurement, for times shorter than the necessary to
saturate all the existing diffusional ways for water and oxygen in the film,
as can be seen in Table li.Once embebed, the measurement of the Rp would only
be dependent of the protectiveness of that rust reproducing during the
electrochemical measurement the condition of a long duration wet period that
generally occurred during the outdoor test. This long immersion time could
differently affect the protectiveness of the films formed in environments with
short and long wet periods.

Impedance spectra for the different tested electrode materials are depicted
in Figs. 4 to 7. Data analysis through non-linear complex fit routines were
performed in order to obtain the polarization resistance (Rp) values defined
by: Rp = lia Z(s)
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were Z(s) is the electrode impedance corrected for the ohmic resistance
contribution and s the complex variable Is = jc) for a sinusoidal small
signal perturbation.

Impedance measurments in the low-frequency region required special
precautions to obtain reliable data since even at frequencies in the
vicinity of 10-9 Hz, some experimental spectra displayed a reactive
impedance. In those cases where considerable extrapolation is required to
estimate the value of Rp, the corresponding data are no informed in this
paper. However, computer analysis of impedance spectra with multiple
time-constants can be performed to derive Rp even if less than a full
semicircle in the low frequency range is determined and/or the semicircle is
depressed with its center below the real axis.

It is interesting to note that this simple analysis of the corrosion
behaviour, based on Rp values represents an initial approach to determine
whefher impedance techniques can prove usefull to compare the relative
corrosiveness of different atmospheric conditions. Further work is required
for deriving mechanistic and kinetic information for processes occuring at
the corroding interface.

The corrosion rates of metals determined from weight-loss measurements are
presented in Table III, whereas data obtained from EIS are summarized in
Tables IV. Comparing the corrosion rates shown in Table 1il, in terms of
weight-loss of metals, the best correlation with electrochemical results was
achieved for Cu using EIS measurements.

Further works to introduce system models based on theoretical transfer
function to simulate impedance spectra as well as the use of IR, X-ray, and
tissbauer spectroscopies to determine the chemical composition of corrosion
products are in progress.
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Table I. Chemical Composition of The Exposed Metals (% u/w)

STEEL C 0.076 S 0.010 Cu 0.03
Mn 0.39 Cr 0.03 Sn 0.003
Si 0.065 Ni 0.04 Al 0.057
P 0.015 Mo 0.001 Ti 0.003

COPPER Pb 0.0C5 Ni 0.01 P 0.0067 (Sn vestiges)

ZINC Pb 0.0063 Cu 0.0004 Sn ( 0.0005
Cd 0.0009 Fe 0.0007 Al < 0.0008

ALUMINUM Si 0.06 Mn 0.002 Cr 0.002
Fe 0.12 Mg 0.001 Zn 0.003
Cu 0.003 Ti 0.007 B 0.001
Pb 0.001
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TABLE Ill: Corrosion Rates of the 4 Metals at the 6 Argentine Outdoor
Test Stations

Station San Juan lguaz6

Exposition Corrosion Rateigh/y ) Corrosion Rate(pu/ y.
Periods

St. Zn Cu Al St. Zn Cu Al

1 Year 1.1. 4.62 0.26 0.19 0.015 5.74 2.39 0.99 0.03

1.2. 4.55 0.13 0.16 0.057 5.76 1.17 0.81 0.08

' 1.3. 5.57 0.22 0.17 0.015 5.46 1.18 0.76 0.10

2 Years 2.1. 3.09 0.15 0.15 0.012 5.04 1.74 0.91 0.06

3 Years 3.1. 0.11 0.15 0.005 3.64 1.24 0.86 0.02

Station Camet M. Martelli

Exposition Corrosion Rate(#m/:Y.) Corrosion . '-(*/ y)
Periods ------------------

St. Zn Cu Al St. Zn Cu Al

1 Year 1.1. 24.90 1.30 2.41 0.14 1.12 0.81 0.05

1.2. 54.80 1.17 2.00 0.21 16.1 1.05 0.63 0.03

' 1.3. 2.37 2.26 0.29 12.4 1.41 0.93 0.06

2 Years 2.1. 23.1 1.28 1.65 0.13 13.3 0.87 0.53 0.02

3 Years 3.1. 28.9 1.15 1.30 0.08 0.90 0.52 0.03
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Station Base Jubany CIDEPINT - La Plata

Exposition Corrosion Rate(jiu p ) Corrosion RateoI/.y )
P e r io d s ------------. .- ------.. . . . . .

St. Zn Cu Al St. Zn Cu Al
--------- -------.i----------------------------------

1 Year 1.1. 37.29 1.98 1.98 1.54 25.30 0.77 1.32 0.049

' 1.2. 35.92 2.48 2.10 1.07

1.3.

2 Years 2.1. 24.99 1.07 1.17 1.19

3 Years 3.1.

TABLE IV: Polarization Resistance Data Calculated From
Impedance Spectra (Rp/ MEW.

Test Station Al Cu Zn

Camet I Year 33.78 0.060 0.062
2 years 8.23 --- 0.100

Iguaz6 1 Year 4.60 0.616 0.014
1 2 years 2.02 --- 0.007

San Juan I Year 56.00 0.710 0.002
9 2 years 3.11 --- 0.003

V. Martelli 1 Year 8.27 0.620 0.021
2 years 5.10 --- 0.020

Jubany I Year 2.14 0.120 0.003
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Fig. 1 SEM, EDAX and Weight Loss of the Steel Weathered 2 Years in Very

Different Ambient Conditions

a) JUBANY BASE - Antartics
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Ambient Conditions JUBANY BASE Test Station Corrosion Rate
(mg/m- 2 d) (p.mr.year-l)

T (°C) Hr (%) (hs)

Mean Max. Min. Mean Max. Min. TOW [Cl-I Steel

Year 1 -2.0 0.3 -4.3 84 91 76 2693 12 37.3

Year 2 -3.1 -1.1 -9.1 84 91 77 2425 18 25.0
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Fig. 1 Cont.

b) SAN JUAN Test Station

X 100 X 1000

EDAX X 100:

Element Weight Z

Si 1.39

S 1.46

Cl 4.64

Fe 92.51

100.00

Ambient Conditions SAN JUAN Test Station Corrosion Rate

T (OC) Hr (%) (hs) (V-m.year-1)
Mean Max.Min. Mean Max.Min TOW Steel

Year 1 i8 26 10 51 72 29 1002 5.6
Year 2 20 28 12 49 71 28 847 3.1
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Fig. 2 SEM, EDAX and Weight Loss of Zn, Cu and Al Weathered 2 Years in the

JUBANY BASE Test Station
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Fig. 2 Cont.

b) Cu
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Fig. 2 Cont .

c) Al
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Fig. 3 SEll and EDAX in Gross Sections of the 4 Metals Weathered 2 Years

in JUBANY BASE Test Station
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Fig. 4 Impedance Spectra of Al Weathered 1 and 2 years in SAN JUAN Test
Station. Typical Capaciteve Response of Passive Layers Formed on Low
Corrosive Ambient Conditions.
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Fig. 6 Impedance Spectra of Cu Weathered I year in IGUAZU Test Station.
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Indoor Gaseous Sulfide and Chloride Pollutants
and Their Reaction with Silver

Leo Volpe
IBM ADS7FAR
5600 Cottlc Road
San .Jose, California 95193 U.S.A.

Phillip .J. Peterson
IBM ADSTAR
5600 Cottle Road
San Josc, California 95193 U.S.A.

ABSTRACT

Data on airborne reduced sulfur and acidic chlorine gases at 28 indoor locations are presented and com-
pared with data on sulide and chloride corrosion products.formed on 1,992 silver foils. The field data were
collected inside or near computer rooms in the US and other industrialized countries. These are by far the
largest databases on volatile sulfide and chloride ever reported.

In one field program, reduced sulfur and acidic chlorine gases were monitored for over two years with an air
sampler. Monthly average concentrations were found to range from 5x /0 to 10 jig m 3 forsulJii gases
and from .5x 10 3-to-/ lig in 3for chlorine gases. These ranges encompass most of the previously reported
values, from background levels in remote locations to high levels near localized sources. The values followed
lognormal distributions, except at the highest and lowest concentrations. The mean values for S and Cl games
were 0.449 and 0. 181 pig in -3, respectively. The sulfide and chloride at the same field sites were uncorre-
lated, which means that their sources are mostly unrelated. Locations with simultaneously high levels of both
corrodents are therefore not particularly common.

In another field program, silver foils were exposed in computer rooms./or one year and then analyzed for
corrosion pmoduct . The Ag2S and AgCI amounts were found to be distr ibuted much like the sulfur and
chlorine gas concentrations measured in the air-sampling program. A relation between metal tarnishing and
corrodent level was established with a mathematical model based on the fact that Ag corrosion is limited by
mass tI anifer of 112S and IIfI from ambient air to the foil surface. With this model, airborne concentrations
calculated from the foil data are in reasonable agreement with the air-sampler data.

These data are suitable fim evaluating the corrosion resistance of electronic office prohucts. The fact that the
sulfide and chloride diqtributions are so wide means that no corrosion reliabilit" assesmnent can reh, on mean
concentration voluhw. The entire distribution muvt be taken into account.

Key Terms; atmnoiphicric corrosion. silver, •s•tfde, chloride, air pollution, corrorion rcliability
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I N'iRomIJCTION

It is universally recognized Ihat air pollutants arc key contributors to atmospheric corrosion. Together with
airborne moisture, they take part in corrosive attack by providing ionic electrolyte, breaking down
passivation. and reacting with the metal. ilie corrosivity of air largely depends on the type and amount of
corrosive contaminants. Among the more important airborne corrodents are certain gases containing sulfur
and chlorine. Due to high strface reactivity of sulfide and chloride, cven minute concentrations of those
gases can cause much damage. The literature contains an abundance of data on many corrosive air
pollutants. Reports on sulfide- and chloride-forming gases are relatively few, however, because of their
extremely low airborne concentrations and because of experimental complications.

The most important reduced sulfur gases are 112S and OCS, while other compounds, such as CS 2 and
mercaptans, are both less abundant and less corrosive./ For 112S, the background concentrations are 7 to
70i ng m in remote marine atmosphere2 and < 0.1 to 0.5 ig m I in rural inland areas.' The concen-
trations in urban and industrial areas range from 0.02 to 7 jig m 1.4 Near localized sources, peak values on
the order of I mg In 3 and average values of as high as 32 pg in 3 were reported. 5 Concentrations of
carbonyl sulfide were measured to be in a narrow range from 1.0 to 1.2 jig m 3 in remote and urban areas
alik e.6.7

Among chlorine-containing gases, IICI and (.12 are by far the most aggressive. It has long been accepted
that in the atmosphere I [CI accounts for most of the corrosive chlorine gas, and (712 contributes relatively
little.8 Reported values of outdoor I I(1 concentration range from 0.1 pig m 3 over the ocean 9 to
12 jig m -3 in residential Tokyo.' 0 Tl'he mean literature value is I jig m 3.1/

Almost all reported data on sulfur and chlorine gases are from outdoor studies. The only exception was an
earlier report from this laboratory covering six office buildings in major U.S. cities.1 2 It gave concen-
trations of reduced sulfur gases from 0.2 to 100 jig m 3, and concentrations of chlorine gases from 0.03 to
0.57 ptg in 3. Comparison of those values with outdoor concentration at the same locations yielded
indoor-to-outdoor ratios of I and 0.13 for S and Cl gases, respectively. That study generally emphasized
that the pollutant sources and concentrations indoors can be quite different from those outdoors.

[he present work is concerned with indoor S and (C gases at locations where large computers and other
types of electronic equipment are used. It reports data from two worldwide field programs, one on air-
borne sulfur and chlorine at 28 sites and another on sulfide and chloride corrosion products formed on
I,992 silver samples exposed inside computer rooms. Both programs were aimed at obtaining data useful
to determine field reliabiliIt of clectronic products.

I1 X PI RIM M I;NTA I

I lie data were collected in two separate field programns. J he first program monitored the indoor concen-
tration of airborne sulfide, chloride, and other corrosive gases. This paper addresses sulfide and chloride; it
does not report on the other pollutants' The second program exposed silver and other metal coupons to
flowing air. Only the corvosion response of the silver coupons is reported here.

"[he concentration of airborne corrodents was obtained with an air sampler. The design, operation, and
capabilities of this instrument were previously described. 1 Briefly, the air sampler is a compact, inexpen-
sive device for simultaneous monitoring of airborne dust, acidic chlorine gases, sulfiding gases, ammonia,
sulfur dioxide and nitrogen dioxide. I lhe instrlmcrit is desigmied for continuous unattended sampling of
large air vowlincs for up to thicc months. Its flow system contists of a removable filter cartridge to collect
the corrodctnts, I a ;auunl pump to driw air through the cartridge, and a critical orifice to control the flow
rate. Also iiioludcd arc a vacuum gauge to indicate proper operation of fhe flow system, a clock to
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monitor finning time, and a fail for cooling the pump. The entire apparatus is housed in a small case
with a door through which the filter cartridge can be removed.

The cartridge consists of a stack of filter holders and spacers supporting several pollutant filters. The first
filter is used to remove airborne dust. It is made of fiberglass treated with silane to minimize adsorption of
corrosive gases. The second anrd third filters are used to collect gaseous corrodents containing reduced
sulfur (0 12S, OCS) and chlorine (1101, C12). They are made of surface-oxidized silver in the form of porous
membrane (Ilytrex Ibilter D)ivision of Osmonics, Inc., 2.5-cm diameter, 1.2 jim porosity). The S- and
Cl-containing gases convert nearly quantitatively forming Ag2S and AgCI, respectively. The Ag filters will
also react with other halogen-containing gases (I Br, Br 2, II, 12). The reaction products can be reliably
identified and quantified by coulometric reduction."-' 6 l)ownstream from the silver-membrane filters, the
cartridge contains other filters designed to collect Nil,, NO 2 , and SO 2. In the end of thie sampling
interval, the cartridge is removed from the case and shipped for laboratory analysis.

The analysis accuracy and collection efficiency for the silver filter were determined with gas-pcrmeation
devices. The detection limits for S2 and (C1 were 2 and 4 jig, respectively. Interaction with other
corrodents and water vapor was checked with a well-characterized mixed flowing gas chamber representing
a mildly polluted environment.17 No interactions were observed, except the presence of large amounts of
reduced sulfur and nitrogen dioxide gases decreased the chloride sensitivity. The collection efficiency, with
the two silver membranes, exceeded 95% at all test conditions.

The air-sampler data are due to a two-year monitoring program conducted in the mid- 1980s. The samplers
were used to monitor pollutant levels at 28 worldwide sites in or near IBM high-end computer rooms. The
sites were selected by field engineers, with a bias toward locations suspected to have high pollutant concen-
trations. Although the extent of this bias cannot be assessed, these monitoring sites could be regarded as
relatively polluted computer installations. The air sampling at each site lasted ca. one month, and so the
concentration data represent one-month averages.

The other field program involved exposure of metal foils to indoor air. The samples were 2.54x2.54-cm
coupons of silver (Western Gold and Platinum Company, 99.9%, thickness 25 jim), as well as of copper
and Permalloy. The coupons wcre parallel and adjacent to cach other, 0.32 cm apart, mounted inside a
polycarbonate holder open on two sides perpendicular to the foils. The Ag coupon had the Cu coupon
on one side and the NiFec coupon on the other. The holder with the coupons was placed insidce the air-
intake port of an IBM high-end disk drive. The drive used a constant flow of surrounding air for cooling
during operation. As a result, ambient air was flowed past the foils parallel to the surface. The average
flow velocily through the holder was 25 cm s I, as measured with a hot-wire anemometer.

I lie metal coupons were placed inside disk drives shipped in the mid- 1970s to customer sites worldwide.
The field consisted of 1,992 samples, 1, 104 of which were located inside high-end computer rooms in the
I Initcd Slates anrd 888 in other countries of the industrialized world. Thus, the program represented a pop-
ulation of large computer users. After the drives were installed and operated continuously for ca. I year,
the coupons were returned for laboratory analysis. Then the Ag coupons were analyzed for Ag 2S and AgCI
by coulometric reduction exactly the same way as the Ag membranes from the air-sampler program.

RESUILIT'S AND I)ISCIJSSION

I igure I shows the results of the field program using air sampling. It gives the sulfide and chloride data
points on a lognormal probability plot, which is a common and convenient means of visualizing pollutant
data. [he abscissa is the measured concentration on the logarithmic scale, and the ordinate is the
percentile, or cumulative frequency in %, scaled for the normal distribution. The ordinate value can be
viewecd as the likelihood that the pollutant concentration is lower than the corresponding abscissa value.
fhe data indicate that the levels of 112S and other redluced sulfur gases are between 5xIt 3 and 10 pg m
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For IICI and other acidic chlorine gases, the range is between 5x10 -3 and I pg m- .1. The sulfur gases are
clearly more abundant that the chlorine gases. These corrodent distributions encompass most of the
sulfide and chloride levels reported in previous studies, from background concentrations in remote outdoor
locations to high concentrations near localized sources.

Most of the sulfide data and about half of the chloride data in Fig. I follow the straight lines drawn
through the points. In these coordinates, a straight line corresponds to lognormal functional dependency.
The lognonnal probability density function is

Aix)- (2r)1/2 x exp ----2L2 (I)

where x is the argument (concentration), p. is the hi of the mean or 50th percentile value of x, and a is the
shape parameter. Table I gives the values of mean concentration and a for the straight lines in Fig. I. Also
tabulated are concentration values for the 90th percentile. The values of ;, indicating the distribution
width, are similar for the two corrodents.

The lognormal shape is encountered in the environment and is supposed to be a good approximation for
randomly distributed polhltant data./,. 19 This shape is not universal, however; some literature data can be
better fitted with other distribution functions, such as Weibull, gamma, and beta.5 An attempt was made
to apply those other distributions to the data in Fig. I, but it produced poorer fits than the lognormal
distribution.

The data deviate from the lognormal straight lines. At high concentrations the sulfide data have downward
curvature, and at low concentrations both corrodents have upward curvature, especially pronounced in the
case of chloride. D)ownward curvature at the high end agrees with common sense because, in general, the
highest concentration measured cannot exceed the level emitted at the most potent source.1 9 Another
general argument can be applied to account for upward curvature at the low end, i.e., the lowest concen-
tration cannot fall below the background level. It can also be argued that low end deviations should be
particularly pronounced for these air-sampler data because the field sites are biased toward locations with
high pollutant levels, and sites with the lowest concentrations are underrepresented.

Figure 2 plots the sulfide vs. chloride concentration at the same air sampling location. The comparison
clearly indicates that the two corrodcents are uncorrelated. Good correlation is expected when pollutants
have common sources. The absence of correlation means that the sources of sulfide and chloride arc unre-
lated.

The data from the field program involving exposure of silver foils are presented in Fig. 3. The amounts of
sulfide and chloride in the larnish films formed on the foil samples at locations in the I IS (Fig. 3a) anld in
other countries (Fig. 3b) are shown as lognormal plots. The US and non-IJS data are virtually indistin-
guishable. Comparison of Ag 2S and AgCI amounts formed on the foils shows that the former is signif-
icantly higher. The vast majority of the points fall on the straight lines providing lognormal fits to the
data. For the highest and lowest tarnish amounts, the data deviate from lognormality, as did the concen-
tration data frown the air-sampling program, but the extent of those downward and upward deviations is
far smaller.

Table 2 lists the values of 50th and 90th percentiles and of a for all the distributions. The distilolIons ot
both corrosion products span ca. 3 orders of magnitude, much like those of sulfur and chlorine gases from
the air-sampling program. For the foils, the calculated distribution widths for Ag 2S and Ag(Ci are nearly
the same. The values of a in Table 2 are only slightly higher than those in Table 1.
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It is interesting to relate the data on Ag tarnish to the levels of airborne sulfide and chloride. One can
reasonably assume that the Ag 2S and Ag('l films on the foils are produced by silver reaction with ambicnt
reduced sulfur gases and acidic chlorine gases, respectively. With regard to surface reactivity, the silver foils
are identical to the silver membranes used to collect 112S and ICI1 in the air-sampling program. What is
different is the relationship between the tarnish amount and the ambient concentration. With the mem-
branes, the concentration is simply equal to the ratio of the tarnish amount and the air volume passed
through the air sampler, both of which are experimentally determined. With the foils, the relation is con-
siderably more complicated. The corrosion process is generally a function of both the kinetics of interfacial
reaction between the corrosive gas and the metal and of the mass .transfer of that gas from the air to the
foil surface. For atmospheric sulfidation of silver foils, the surface kinetics is relatively fast, and the overall
tarnish rate is totally governed by mass transfer.20 This fact is due to a combination of high Ag reactivity,
low ambient concentration of 112S, and its slow diffusion in air. Silver chloride formation is probably also
controlled by mass transfer, viz., the delivery of IIC1 from the air to the foil surface, but, since Ag
chlorination is not as fast as sulfidation, the interfacial kinetics may also play a noticeable role.

It is possible to d( duce the connection between the foil tarnish products and ambient pollutant levels, if
the following simplifying assumption are made. First, air movement between the foils in the sample
holder is treated as flow in a channel between two parallel plates. T[he plates can be regarded as infinite
xcau,,,. Lie loil width perpendicular to the flow (IV =2.54 cm) is almost an order of magnitude larger than

the interfoil distance (2h =0.32 cm). This means that hydrodynamic deviations at the foil edges are disrE-
garded. The flow regime between infinite plates is characterized by the Reynolds number,

Re= 2h u (2)
V

where u = 25cm s I is the average nlow velocity, and v = 0.143 cmis I is the kinematic viscosity of air.
The flow is laminar if Re < 2000. In this case, Re =56. Hlow between parallel plates has a parabolic
velocity profile, except at the channel entrance where it changes from flat to parabolic. The parabolic
profile begins to develop immediately at the foil leading edge and is fully formed after the air passes the
entrance length 2'

L"e = 0.09 h Re (3)

In the present situation, !_ =0.72 cm. TIhis corresponds to more than a quarter of the total foil length
(1. =2.54 cm), but for simplicity the inlet effects will be ignored, and the flow will be treated as parabolic
starting at the entrance. Next, one can reasonably argue that the sulfidation and chlorination arc totally
limited by the d(elivey of airborne I i 2S and I WlI to the Ag sample. Mathematically, this means that the
gas concentrations at the foil surface are zero, or at least negligibly small compared to the bulk levels in
the surrounding environment. An equally high corrodent scavenging effectiveness is assumed for the Cu
and Nile coupons in the sample holder on either side of the Ag foil. '[his is probably valid for Cu
reactions with both gases and for NiFe reaction with I (I but not with 112S. At any rate, the pollutant
mass transfer in the air flowing between the parallel plates is treated as symmetric ýibout the plane that is
parallel to, and equidistant from, the coupons. Finally, the rate of longitudinal mass transfer due to the
flow is assumed to be significantly greater than that duc to diffusion. Diffusive transfer depends on the gas
diffusivity ) in air, "hich is 0.16 cmn2s I for 112S and slightly higher for II('1.2? LIongitudinal diffusion can
be neglected if the P1clet number

PC --h_ (4)I)

l'his condition was anal.\ /d ror similar heat-htansfer problem in pipes 22 Since in this casc PC =25. the
approximation is 11mstified.
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These assumptions make the Ag tarnish process analogous to the classic problem of particle deposition
from laminar flow onto the walls of a parallel plate channel. Its solution is given as the ratio pollutant
concentrations (-f) at the oullct and ilie inlet of the channel2 3

= 0.0 149 c- 1.88S51 + 0.0592 - 22 .•, + 0.0258 C 151.R/ (5)

where

I )I. - (6)
2

With the present values of parameters, Fq. 5 yields ex =0.272. A mass balance directly relates the ambient
corrodent concentration C to tv and the tarnish film thickness

C = 2h Al - (7)2h u 141 (1 - T.)

where n is the molar amount of corrosion product on the Ag foil, Al is the molecular weight of the corro-
sive gas, and I= I year is the exposure time.

The last two columns of Table 2 list values of C, calculated with Eq. 7, from the amounts of Ag 2S and
AgCI formed on the foils at the 50th and 90th percentiles of the distribution. These values can be com-
pared with the corrodeit concentrations from the air-sampler program in Table I. The concentrations
deduced friom the foil exposure are I '/2-2 times lower for 112S and 5-6 times lower for IlCI. For the
sulfide, the agreement is very good considering the difference in the data bases and the crudeness of the
model. For chloride, the agreement is only fair. The reason for the larger difference is not entirely clear,
but it may be partly due to corrodent scavenging by surfaces of components surrounding the coupon
holder, as most materials getter IC1( more readily than 112S.

F:igurc 4 compares the sulfide and chloride amounts formed on the same silver foil. The comparison for
I IS and non- I S locations is shown in Figs. 4a and 4b, respectively. There is clearly no correlation at all
belween the Ag 2S and AgCI levels. Iherefore. the sulfide and chloride sources are unrelated. This is con-
sistcnt with absence of correlation between airborne I llS and IICI for the air-sampling program.

'I lie fact that ambient sulfide and chloride are uncorrelated has an important implication for corrosion
testing and cvaluation. I aboratoiy corrosion tests usually combine high levels of several corrodents to
achieve an acceleration factor. Since in the field simultaneous encounter with high sulfide and chloride
concentrations is not a particularly common occurcnce, the results of such tests can be misleading. Specif-
ically, the silver samples exposed in this field program were found to form both Ag2 S and AgCI. In
mixed-flowing-gas chambers containing relatively high concentrations of both 112S and IICI (or (712),
however, almost all the tarnish product is silver sulfide, and silver chloride is barely observable./' This is
because in the chamber the corrodcnt delivery to the metal surface is iclatively fast, the 112S reaction com-
petcs with the 1!(71 reaction, and with Ag the sulfidation reaction prevails. 2" In the field, silver tarnishing is
governed by ma- - trnnfer of airborne corrodents to the metal, 112S and I I(1 do not have to compete at
the surface, and chlorination is not suppressed.
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CONCIUSION

Fivaluation of corrosion reliability requires information on the distribution of corrosive gases in the field
environment. Assessment that is based on a mean or "typical" concentration value overestimates the
degree of corrosion resistance, especially if the field distribution is broad. For electronic products requiring
high reliability levels, the high end of the distribution is far more relevant.

The two field programs described in this paper provide solid input for the assessment of corrosion associ-
ated with two of the more damaging types of atmospheric pollutants. The first program provides distrib-
utions of corrosive gases containing reduced sulfur and acidic chlorine. The second program gives the
distribution of data on silver corrosion and deduces the corresponding concentrations of gaseous sulfide
and chloride in ambient air. The population covers worldwide indoor locations where powerful computers
and other office electronics are used. Together these programs comprise by far the largest database on vol-
atile sulfur and chlorine ever reported. Analysis of the data allows one to reach these conclusions:

"* Indoor conccntrations, for both corrodent types, are distributed over three orders of magnitude, span-
ning most of the range of previously reported values, from background levels in remote areas to high
levels near localized sources.

"• Overall, sulfide is at least twice as abundant as chloride.
"* lognormal distributions provide good fits to most of the data, except at the highest and lowest con-

centrations.
"* Sulfur and chlorine gases at the same locations are uncorrelated, implying that simultaneous encounter

with high levels of both corrodents is not particularly common.
"* The sulfide and chloride distributions in the US are virtually indistinguishable from those in a combi-

nation of other industrialized countries.
"* In the field, silver tarnishing is limited by mass transfer of the corrosive gases to the metal surface from

surrounding air, while the interfacial kinetics of Ag2S and AgCI formatiorn are relatively fast.
"' The distributions of sulfur and chlorine gases are suitable for evaluating the corrosion resistance of

computers and other kinds of electronic office equipment.

A CKNO WIEDGEMENS." K. F. Sommers performed analytical work for the field program on air sam-
pling, IK. Y. Lieu designed the program on foil exposure, C. R. Goetz tracked the field samples, and D.
Tappa analyzed foil corrosion products.

596



REFER17 NCES

I. T. E. Graedel, G. W. Kainmlott, .. P. Franey, Science, 212 (19RI): p. 663.

2. 3. .1. Slatt, 1). F. S. Natusch, J. M. Prospero, [). L. Savoie, Atmos. Environ., 12 (1978): p. 981.

3. R. .1. Breeding, J. P. Lodge, .1. 13. Pate, I). C. Sheesley, II. B. Klonis, B. Fogle, .1. A. Anderson, T. R
Fnglert, P. L. I laagenson, R. B. McBeth, A. L,. Morris, R. Pogue, A. F. Wartburg, .1. Cleophys. Rcs..
78 (1973): p. 7057.

4. T. F. Graedel, in Handbook of Environmental Chemistry, (0. llutzinger, Fd., IHeidelberg: Springer,
1980), vol. 2, part A, p. 107.

5. T. 1. (iraedel, 13. Klcincr, C. C. Patterson, .1. (Gcophys. Res., 79 (1974): p. 4467.

6. F. .1. Sandalls, S. A. 'einkett, Atmos. Environ., 11 (1977): p. 197.

7. P. .1. Maroulis, A. IL. Torres, A. R. Bandy, Geophys. Res. L,ctt, 4 (1977): p. 510.

8. T. F. (Oraedel, N. Schwartz, Mater. Perf., 16 (1977): p. 17.

9. B. Vierkorn-Rudolph, K. Bachmann, B. Schwartz, F. X. Meixner, .I. Atmos. Chem., 2 (1984): p. 47.

10. T1. Okita, K. Kaneda, T. Yanaka, R. Sugai, Atmos. i'nviron., 8 (1974): p. 927.

II. i). (,rosican, Environ Sci. Technol., 24 (1990): p. 77.

12. 1). W. Rice, R. .J. Cappell, W. Kinsolving, ... I. i ,askowski, .1. F, lectrochemn. Soc., 127 (1980): p. 991.

13. P. .1. Peterson, R. .1. Cappell, "An Integrating Air Sampler," CORROSION/83, paper no. 235
(iHouston, TX: National Association of Corrosion Engineers, 1983).

14. W. F. Campbell, 1I. B. Thomas, Trans. F, ectrochem. Soc., 76 (1939): p. 303.

15. L,. F. Price, G. .1. Thomas, Trans. Ellectrochem. Soc., 76 (1939): p. 329.

16. R. If. I,ambert, I). .1. Trcvoy, .1. l;lectrochcm. Soc., 105 (1958): p. 18.

17. 1). W. Rice, P. .1. Peterson, FI,. B3. Rigby, P. B3. P. Phipps, R. .1. Cappell and R. Tremoureux, .1.
liectrochcm. Soc., 128 (1981): p. 275.

18. R. I. I.,irscn, .1. Air Pollut. Control Assoc., 19 (1969): p. 24.

19. W. R. Ott, .1. Air Waslc Manage. Assoc., 40 (1990): p. 1378.

20. 1.. Volpe, 1) .1. Peterson, Corros. Sci., 29 (1989): p. 1179.

21. II. Schlichting, Boundary-layer Theory, (7th I'd., New York: Mc(iraw-iHill, 1979), p. 186.

22. S. N. Singh, Appl. Sci. Res, A7 (1959): p. 325.

23. W. D)cMarcus, .1. Ihomas, U.S. Atom. Comiss., ORNI,- 1413 (1952).

597



Table I. Analysis of gascoous sulfur and chlorine (1tisijutjois in air

Concentration (jig m 3) Shapc

50th percentile 90th percentile pauameter

Sulfide 0.449 1.252 0.80

Chloride 0.181 0.599 0.94

Table 2. Analysis of Ag 2S and AgCI distributions on silver foils

Yearly tarnish amount (pmol) Shape Deduced concentration (pig m 3)

50th percentilc 90th percentile parameter 50th percentile 90th perccntile

Sulfide
I JS sites 3.06 12.53 1.10 0.229 0.941
non-US sites 2.87 11.88 1.11 0.215 0.892

Chloride
US sites 0.338 1.32S 1.07 0.0273 0. 107
non-US sites 0.373 1.695 1.18 0.0302 0.137
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Abstract

The last two decades or so have seen a rapid development of new analytical
methods and today there exists a large number of different techniques, which are
able to probe different properties of corrosion products. Based on experience
from the authors laboratory, the aim of this work is to present selected results
from various research programs involving multianalytical characterisation of
corrosion products formed in natural atmospheric environments. This presentation
includes some analytical techniques, which so far have found very little use in
corrosion science, such as diffuse reflectance infrared fourier transform
spectroscopy for phase identification and ion chromatography for quantitative
analysis of water dissolved ionic species. In combination with more commonly used
analytical techniques, such as x-ray powder diffraction, scanning electron
microscopy with x-ray microanalysis, x-ray photoelectron spectroscopy and
electrolytic cathodic reduction they have provided new insight into the complex
growth of corrosion products on nickel, zinc, and silver exposed to a variety of
different natural atmospheric environments.

Key terms: atmospheric corrosion, deposition, field exposure, nickel, zinc, silver,
diffuse reflectance infrared fourier transform spectroscopy, ion chromatography,
x-ray powder diffraction, scanning electron microscopy with x-ray microanalysis, x-
ray photoelectron spectroscopy, electrolytic cathodic reduction
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I. Introduction

By far the most common procedure to evaluate metallic samples exposed to a
natural atmospheric environment is by means of weight loss measurements after
removal of corrosion products. This procedure has resulted in a large body of
weight loss data e.g. for performing environmental classification, determining
historical trends in corrosivity variations or exploring the applicability of a material
in a given environment.

Only a relatively small fraction of all weight loss determinations have been preceded
by some chemical analysis of the corrosion products formed. For a deeper
unders'anding of atmospheric corrosion phenomena it is evidently insufficient to
rely solely on weight loss data and over the years it has become obvious that a
detailed characterisation of corrosion products not only may improve the basic
knowledge of atmospheric corrosion phenomena but also may aid in interpreting
weight loss data from field exposure programs. Due to rapid developments over
the last two decades or so new analytical methods are available which are able to
probe different properties of corrosion products. A complete survey of analytical
techniques for corrosion studies is far beyond the present context and the reader
is referred to text-books given elsewhere 1 ,2.

The aim of this work is to present experience from the use of a variety of
complementary techniques for characterisation of corrosion products formed
during atmospheric corrosion. Some of the techniques used have so far found only
limited use, such as diffuse reflectance infrared fourier transform spectroscopy for
analysis of both crystalline and non-crystalline phases and ion chromatography for
quantitative analysis of water soluble ionic species in corrosion products. Other
analytical techniques used are x-ray powder diffraction (identification of crystalline
phases), scanning electron microscopy with x-ray microanalysis (morphology,
quantitative and qualitative bulk elemental analysis), x-ray photoelectron
spectroscopy (elemental surface analysis) and electrolytic cathodic reduction
(corrosion film thickness and composition). In combination with information on
atmospheric pollutant levels and climatic parameters this multianalytical approach
is shown to provide new insight into the complex growth of corrosion products on
nickel, zinc, and silver exposed to a variety of different natural atmospheric
environments.

II. Studies of the initial atmospheric corrosion of zinc

Field exposure programs are mostly long term experiments where fully developed
corrosion films are analysed after months or years of exposure. From this follows
that very little information is available on the initial stages of atmospheric
corrosion. In the case of zinc there are several observations that suggest a
strong influence of initial weathering conditions on the subsequent atmospheric
corrosion rate 3 . A field exposure program was designed with the main purpose to
study the initial weathering conditions over the first days, weeks and months of
exposure and the simultaneous formation of initially formed corrosion products
and their further growth to fully developed corrosion films. To achieve this, a

601



multianalytical approach was used ranging from environmental characterisation
(S02, N02, temperature, relative humidity and precipitation chemistry) over dry
deposition measurements (S042, CI-, N03) to corrosion product characterisation
including x-ray photoelectron spectroscopy (XPS), scanning electron microscopy
with x-ray microanalysis (SEM/EDS), ion chromatography (IC) and x-ray powder
diffraction (XRD).

A way to trace the origin of air pollutants that are transported to and
incorporated into the exposed zinc surfaces is to combine dry deposition data
with IC data4 . It is then necessary to assume that all water soluble anions in the
corrosion products are dissolved in the water extracts for IC analysis. In the field
exposure program the filters for dry deposition measurements are placed
horizontally up side down, from which follows that they mainly monitor deposition
from suspended pollutants such as gases and most aerosols. The exposed zinc
surfaces, on the other hand, are able to collect not only gases and aerosols but
also pollutants in particulate form. Hence, if the ratio between the amount of any
water soluble ion (IC data) and the amount of dry deposition of the same anion is
larger than one, it is an indication that the deposited anion originates not only from
suspended form but also from particulate form. On the other hand, if the ratio is
less than one, the deposited anion mainly originates from gases and aerosols. An
example is given in figure 1, where this ratio is plotted versus the logarithm of time
for zinc exposed in a marine atmosphere under sheltered conditions. The low ratios
seen in the figure indicate that the anions of the surface have been captured as
gases and/or aerosols. Together with low concentrations of measured S02 and
N02 the results suggest that the main source for the anions studied most likely
are aerosols.

A powerful method to study the formation of different corrosion products as well
as their growth and transformation into other compounds is by means of
SEM/EDS. A prerequisite is that the thickness of the corrosion layer is sufficient (>
1 gm) and XPS can be used as an alternative technique if this is not the case. A
quantitative x-ray microanalytical procedure has been developed which enables
SEM/EDS to be used in order to follow the growth and transformation process
from one phase in the corrosion product into other phases 5 . This approach is
shown in figure 2a-c where the chlorine, sulfur and sodium content of the corrosion
products are given in ternary diagrams after different exposure times. The given
example is from the field exposure program performed in the marine atmosphere
in which the corrosion products occur as islands with layered structures. Studies
by means of XRD have identified two structurally related phases in the islands,
namely Zn5(OH)8Cl2"H20 and NaZn4CI(OH)6SO4"6H20. The results of quantitative
x-ray microanalysis are presented as average values, in atomic percent, from
investigated islands and each point in the ternary diagram represents an
independent measurement. Hence, a point positioned in the chlorine corner
corresponds to an island with a composition corresponding to
chlorine:sulfur:sodium ratios of 1:0:0. The chlorine corner is in these diagrams
equivalent with the composition of Zn5(OH)8Cl2"H20. The filled circle in the middle
of the diagram corresponds to a chlorine:sulfur:sodium ratio equivalent to
NaZn4CI(OH)6SO4.6H20. Figure 2a exhibits the compositional range of islands
after two days of exposure. The islands seems to consist of pure

602



Zn5(OH)8CI2.H 2 0 or of Zn5(OH)8CI2.H 2 0 with small amounts of sulfur. After 5
days of exposure, figure 2b, the amount of incorporated sulfur has increased and
there are also a few islands with small amounts of sodium. After 30 days of
exposure, figure 2c, the composition of some islands is approaching the theoretical
composition of NaZn4CI(OH)6SO4.6H20. The diagrams clearly illustrate the initial
formation of Zn5(OH)8Cl2.H20, the subsequent incorporation of first sulfur and
then sodium in the gradua, transformation of Zn5(OH)8Cl2"H20 into
NaZn4CI(OH)6SO4"6H20.

These results are in close agreement with the deposition studies, figure 1, where a
high deposition rate of chloride ions during the first day of exposure can be
connected with a rapid formation of Zn5(OH)8Cl2"H20, and where an increase in
the amount of deposited sulfate after 5 days of exposure can be connected with
the initial formation of NaZn4CI(OH)6SO4"6H20.

By combining these results with identification of crystalline phases using XRD a
complete picture of different reaction path sequences is revealed which involves the
initial formation of a basic zinc carbonate. Depending on the type of environment
with its specific chloride and sulfate deposition rates the sequence continues with
either basic zinc chloride or basic zinc sulfate and may eventually end with some
basic zinc chlorosulfate. It appears that the multitude of structurally related
phases of corrosion products of zinc formed in marine, urban, rural and industrial
environments and their correlation to variation in deposited amounts of chloride
and sulfate are key ingredients for the understanding of the influence of initial
weathering conditions on the atmospheric corrosion of zinc.

Ill. Analysis of crystalline and non-crystalline corrosion products

In September 1987 an international exposure program was implemented within the
United Nations Economic Commission for Europe (UN ECE) with the general aim to
quantify acidification effects on the atmospheric corrosion of different kind of
materials. 39 different test sites were selected in 12 European countries, United
States and Canada where acidifying pollutants were expected to be the major
anthropogenic emissions. Materials investigated in the program have been exposed
for 1, 2, and 4 years and a longer time not yet decided, and include structural
metals, stone materials, paint coatings, and electric contact materials 6 .

As a part of the program corrosion effects were analysed on nickel, which belongs
to the electric contact materials group 7 . Introductory studies by XRD revealed
that the corrosion products formed on nickel after 1 and 2 years of rain sheltered
exposure were both crystalline and non-crystalline. Efforts to identify the crystalline
phase were unsuccessful. In order to obtain more information on the chemical
composition of the corrosion products formed it was decided to undertake a
characterisation based on diffuse reflectance infrared fourier transform
spectroscopy (DRIFT) complemented by XPS and elemental analysis.

As a tool for characterisation of corrosion products infrared spectroscopy has

several advantages. It can analyse a broad range of samples using different
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transmission and reflection techniques, requires little material and can identify both
crystalline and amorphous phases if reference spectra are available. Even if
reference data are absent, comparisons and correlations with spectra of similar
compounds can be used to characterise unknown corrosion products. The
technique of diffuse reflectance for infrared spectroscopy became feasible with the
development of fourier transform spectrometers and effective diffuse reflectance
accessories 8 . It enables, among others, to overcome several of the disadvantages
of traditional sampling in transmission infrared techniques, such as reduced sample
preparation time and reduced ion exchange with the KBr matrix.

Altogether 58 samples, exposed for 1 or 2 years and selected from the 39 test
sites, were analysed by means of DRIFT. It was found that all DRIFT spectra exhibit
similar features, namely strong bands around 600 and 1100 cm- 1 due to sulfate
ions and several peaks due to water and hydroxyl groups in the region from 3000

to 3600 cm- 1 . Bands at 1600 and 1400 cm- 1 were also seen, the former due to
water and the latter assigned to carbonate. The spectra could be classified into
two groups. Spectra of type I are characterised by well resolved components of
the asymmetric stretching mode of sulfate at 1100 cm- 1 and three distinct peaks
due to the stretching modes of hydroxyl groups just around 3600 cm- 1 . Spectra
of type II have poorly resolved components of the asymmetric stretching mode of
sulfate with broad bands at slightly different positions compared to type I and a
broad unresolved band below 3600 cm- 1 due to hydroxyl groups. The spectra of
type II exhibit in general stronger bands due to carbonate and water than spectra
of type I. Spectra representative of the two types are presented in figure 3. A
closer examination of the number of spectra of each type that were found after 1
and 2 years of exposure shows that the relative proportion of spectra of type II
decreases with increasing exposure time and that many samples with spectra of
type II after one year are of type I after two years.

Complementary information of the two types of corrosion products where
obtained by XRD and elemental analysis. The results of XRD show that the spectra
of type II correspond to an amorphous phase whereas spectra of type I
correspond to a well defined diffraction pattern unknown in the literature. By
elemental analysis it was shown that the most abundant elements in the corrosion
products were oxygen, nickel, sulfur and hydrogen, small amounts of carbon were
also found but nitrogen was not detected. These data are consistent with the
assignments of the DRIFT data, namely that the spectra are dominated by bands
due to sulfate, hydroxyl groups and water and that small bands due to carbonate
groups can be seen. The non-crystallinity of type II corrosion products is reflected
in the broad and unresolved sulfate and hydroxyl bands and this together with the
observation that type II seems to be transformed into type I after two years of
exposure suggest that type II is an intermediate state in the development of the
more stable type I. The XPS measurements show only minor variations between the
different sites manifesting that sulfate is the main component in the corrosion
product with small amounts of chloride present on several samples. The
observations suggest that both types of spectra correspond to basic nickel
sulfates of different types. Type II is probably a relatively well defined but
disordered basic nickel sulfate phase with intercalated carbonate ions and water
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molecules and type I represents a stable and crystalline phase with less
intercalated water and carbonate.

Attempts to correlate weight increase and environmental data with DRIFT spectra
were made and showed that samples with DRIFT spectra of type II after one year
exhibited higher weight increase during the second year than samples with DRIFT
spectra of type I after one year, see figure 4. This is in agreement with the
observation that type II spectra originate from corrosion products of lower
stability than type I spectra. Efforts were also made to correlate the results from
characterisation of corrosion products with environmental data. Figure 5 displays
the occurrence of spectra of type I and II after 2 years of exposure plotted
against average values of temperature of the exposure sites. It can be seen that
type II is found at sites with high temperature.

From the experimental results and from information available in the literature a
reaction sequence was proposed, which starts with the instant formation of
monomolecular thick layers of NiO/(Ni(OH)2, continues with the growth of a
layered structure with intercalated water, carbonate, and sulfate ions eventually
forming a basic nickel sulfate of type II, which later crystallizes into the more
stable basic nickel sulfate of type 17. Further investigations have been made on
samples exposed for 4 years, and the results of DRIFT analysis of selected
samples show that all samples that exhibited spectra of type II after two years
exhibit spectra of type I after 4 years 9 . This confirms the results obtained for
samples exposed 1 and 2 years.

IV. Interpretation of empirically derived damage functions

The main task of the UN ECE program is to produce damage functions, linking the
amount of corrosion of materials to environmental characteristics measured
simultaneously at the test sites. These measurements include climatic parameters
(temperature, relative humidity, time of wetness, and sunshine hours), gaseous
pollutants (S02, N02, and 03), and precipitation (mm, conductivity, pH, S042-,
N03-, C1-, NH4+, Na+, Ca 2 +, Mg2 +, and K+). Enormous amounts of data are
produced within the project and the task of developing usable damage functions
can be insurmountable if not a clear strategy is applied.

The evaluation of silver after 4 years of exposure will serve as an example of the
use of surface analysis of corrosion products as a complement to the statistical
analysis10. Similar to nickel, silver belongs to the electric contact materials group
of the UN ECE program. It is known to be more sensitive to reduced sulfur
compounds such as H2S than to acidifying pollutants 1 1,12. These compounds are
not measured within the program because they are thought to be a minor part of
the pollutants on most of the test sites.

When applying statistical analysis of corrosion effects of silver and of climatic
parameters, the following equation was obtained,
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r = 5.8[SO2] 0 .2 0 [NH4+] 0 .3 8  R2 = 0.59

where r is the average weight increase rate of silver in gigcm- 2 yr-1 during the first
4 years of exposure, [S02] is the average concentration in pggm- 3 and [NH4+] the
average concentration measured as nitrogen in mgl-1 .

In order to interpret the equation, samples from selected sites were analysed with
XPS. This technique should be able to tell whether sulfur on the silver surface was in
the form of sulfide or sulfate. In fact, both sulfide and sulfate were detected at
comparable levels on all silver samples investigated. Chloride and ammonium was
also found, however not on all samples. Ammonium was weakly correlated to
sulfate and also detected when the ammonium and chloride concentrations in
precipitation both were at elevated levels.

When electrolytic cathodic reduction was applied to detect the nature and amount
of the corrosion products only Ag2S was found. In combination with previous XPS
results this indicates that particulate ammonium sulfate had been deposited on the
surface. Furthermore, when replacing the total weight increase in the statistical
analysis with the weight increase due to Ag2S formation, the correlation with S02
was improved but the correlation with NH 4 + was changed for the worse.

It seems unlikely that S02 would eventually form a silver sulfide even though this
reduction path has been considered 1 3 . However, the mechanism was proposed for
copper and iron at much higher S02 levels than under present exposure condition.
A more probable explanation for the correlation between S02 and sulfide
formation would be the mutual correlation of S02 to reduced sulfur compounds.

To conclude, a damage function for the weight increase of silver was obtained

using gaseous S02 and NH4+ in precipitation as explanatory variables. The
physical meaning of these parameters was elucidated by examining the corrosion
products by XPS and electrolytic cathodic reduction. It was shown that the origin
of ammonium could be explained by deposition of particulate ammonium sulfate,
probably as (NH4)2SO4. Correlation with S02 and weight increase could also
partly be explained by the presence of ammonium sulfate but to a larger extent by
a possible correlation between S02 and H2S resulting in the formation of Ag2S.

V. Concluding remarks

The examples given have shown that significantly new information can be gained if
a combination of suitable techniques are used for characterisation of corrosion
products. A most useful approach is to involve different methods for surface and
bulk analysis of corrosion products together with measurements of climatic
parameters and deposition rates of the most important corrosion stimulating
atmospheric constituents. Using such a multianalytical approach it has been
possible to identify new reaction sequences in the atmospheric corrosion of zinc
and relate these to actual deposition rates.
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In particular zinc, but to a lesser extent also nickel, seem to be metals that exhibit
a variety of different reaction sequences which involve the instant formation of thin
layers of hydroxide (both metals), basic carbonates (both metals), basic sulfates
(both metals), basic chloride (zinc) and basic chlorosulfates (zinc). The phases
formed can be both crystalline and non-crystalline. They possess different
protective abilities and, as a consequence, it is anticipated that their formation has
a significant influence on atmospheric corrosion kinetics.

Analysis of corrosion products also aids in interpreting empirically derived damage
functions. In the example given a statistical analysis resulted in an equation
involving certain atmospheric parameters without any obvious connection to real
corrosion effects of silver. Only by applying surface analysis it could be concluded
that the mass gain of silver was the combined effect of silver sulfide formation and
deposition of ammonium sulfate.
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Abstract

The structure of rust layer formed on a weathering steel by atmospheric
corrosion in an industrial atmosphere for a quarter of a century has been
investigated using various analytical techniques. It is elucidated that the
inner stable and protective rust layer formed on the weathering steel mainly
consists of fine-particle a -FeOOH containing a considerable amount of Cr.

The relative change In the amount of rust constituents for low-alloy steels
supports well that a newly proposed schematic progress of long-term
alteration In rust layer formed on a weathering steel in an industrial
environment. That is, the 7 -FeOOH, as an initial rust layer, is transformed
into a final stable rust layer of a -FeOOH, via amorphous oxyhydroxide
substance, during the long-term atmospheric corrosion of a weathering
steel.

Key terms: atmospheric corrosion, weathering steel, oxyhydroxide,
protective rust

Introduction

The main products of rusts formed on steels corroded in the atmosphere
under the repeated condition of wet by very thin electrolyte layer and its
drying out are a -FeOOH, 7 -FeOOH, Fe3O4  and X-ray amorphous
substance"'-". The processes of rusting and phase transformation of iron
oxides and oxyhydroxidc-E have been reported by Misawa 7,, as shown in Fig. 1.

It has been well recognized that the rust layer formed on a weathering
steel which contains a small amount of Cr, P and Cu gives certain beneficial
effects for protection of the steel against atmospheric corrosion. The
protective ability of the rust layer emerges after a few years exposure; the
stable rust Is composed of two layers of the Inner and outer ones. It has
been pointed out by Okada et al.' that the Inner layer responsible for the
protection from atmospheric corrosion consists of X-ray amorphous spinel
type iron oxide containing some effective elements such as Cr, Cu and P.
M1isawa et al."' reported that amorphous ferric oxyhydroxide containing a
significant amount of water acts as a protective barrier against atmospheric
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rusting, by means of infra-red spectrometry. The present authors pointed

out that the protective rust layer is finally transformed into stable rust

matter of a -FeOOH-.

It recently becomes possible to examine the protective rust layers

formed by the exposure of weathering steels to the weather for decades. ]n

the present study, the corrosion products formed on the weathering steel

exposed to an industrial environment for 26 years are characterized.

especially focusing on the Inner protective layer, and a process of

long-term growth of the protective rust layer Is newly proposed.

Experimental

I . Specimens

A. Atmospheric Rusting
Plates of weathering (60 x 100 x 4mm•) and mild steels (60 x 100 x 3mm-) were

exposed to an industrial atmosphere at an angle of 300 facing south for 26

years. This exposure period is considered to be long enough to form

sufficiently stable and protective rust layer on the weathering steel. The

chemical compositions of the steels used for the long-term exposure test are

listed in Table 1. The amount of corrosion of steel was evaluated in terms of

the decrease in thickness obtained from a loss in weight.

B. Preparation of Specimens

The corrosion products formed on the steel surfaces were removed by a
razor until the steel surfaces appeared, and then ground into powder. The

powdered rust samples were desiccated for a week in advance of the
subsequent analyses.

Following the reinforcement employing a vapour deposited Au and an

electrodeposited Ni on the rusted surfaces of the steel plates, the

specimens, employed for the examination of the cross-sections of the rust

layers, were cut and fixed by an epoxy resin. The cross-sections of the

fixed specimens were mechanically polished on emery papers and then with a

diamond paste.

II .Analysis
A. Analysis of the Powdered Rust

The powdered samples were characterized by means of infrared

transmission spectroscopy and X-ray diffraction method.

A Japan BIO-RAD Laboratories Model FTS-65A infrared spectrophotometer

was used to measure spectra of the powdered samples which were pressed into

a KBr matrix by scanning in the range of 400 and 4000 cm-' for 10000 times
within an accuracy of better than 8 cm-'.

The X-ray diffraction measurements were carried out by using a

Rigaku-Denki Model RU200 dlffractometer employing Co target under the

condition of 3OkV-lOOmA and a scanning speed of 2 deg-min-'. The

quantitative determination of a - and - -FeOOH's and the remainder

substance mainly containing an amorphous substance, was carried out by

measuring the diffraction intensities. The diffraction intensities of (011)

reflection of a -FeOOH and (020) reflection of Y -FeOOH were measured and

referred to (200) reflection of KC1 powder which had been mixed with rust

samples as an Internal standard"'.
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B. Analysis of the Rust Layer
The cross-sections of the rust layers were characterized by means of

observation of the reflection behaviour of polarized light in an optical
microscope, scanning electron microscopy, Raman spectroscopy and electron
probe microanalysis.

Raman spectra were measured using a Japan Spectroscopic Model NR-1100.
The ArW laser with the 514.5,,m wave length was used as the excitation source.
The beam diameter was approximately 2 u m and the power was controlled
lower than 0.1 mW at the sample surface in order to avoid the rise in
temperature.

The distribution of several important elements in the rust layers was
investigated using a Shimadzu Model EPM810 electron probe microanalyzer
under the conditions of 15kV In accelerated voltage and 0.1 g A in the sample
current.

Results and Discussion

I .Characteristics of Stable and Protective Rust Layer
A. Observation of Rust Layer

The surface of the weathering steel Is covered with dark-brown rust,
while that of the mild steel red brown one. The corrosion losses of the
weathering and the mild steels are 355 g m and 1025 g m in the thickness,
respectively. This clearly demonstrates that the protective ability of the
rust layer formed on the weathering steel is decidedly superior to that on
the mild steel.

It was found by the microscopic observation using reflected polarized
light and crossed nicols that the rust layer formed on the weathering steel
exposed for 26 years can be divided into two layers; one corresponds to the
outer layer which is optically active (illuminated) and the other is the inner
layer which is optically Isotropic (darkened). On the other hand, the
surface rust formed on the mild steel is composed of the mottled structure
consisting of the optically active and isotropic corrosion products. Okada
et al.") pointed out that the inner optically Isotropic layers of the
surface rusts formed on weathering steels exposed for a few years are
composed of X-ray amorphous spinel type iron oxide which can protect the
steel matrix.

It was observed by the scanning electron microscopy that the component
particles whose mean diameter Is approximately u.5g m In the outer layer of
the weathering steel loosely aggregate, whereas the inner layer is composed
of densely packed fine particles which form the larger secondary-particles.
The corrosion Iroduct formed on the mild steel contains a number of voids
and micro-cracks.
B. Constituent Compounds of Rust

It becomes evident by examining the X-ray diffraction patterns and the
infrared absorpt!on bands that both of the rust layers formed on the
weathering and mild steels are mainly composed of a -FeOOII and 7 -FeOOII as
crystalline constituents. Th,Ž presence of a little Fe=O• can also be
detected.

The outer and Inner layers of the rust formed on the weathering steel
are characterized by examining the Raman spectra, which are shown in Fig.2.
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A Raman spectrum of the outer layer for the weathering steel is shown in
Fig.2(a). The major bands observed at the vicinities of 255, 380, 530 and 655
cm-1 are clearly due to the presence of 7 -FeOOH as the main constituent.
On the one hand, it should be noted in Fig.2(b) that the observed bands at
the vicinities of 245, 300, 397, 485, 550 and 685 cm-' in the spectrum of the
inner layer correspond to those of a -FeOOH. Raman spectra of several
different areas of the inner layer were almost identical, thus it is said that
the composition of the inner layer Is homogeneous. Based on the present
results, it can be said that the surface rust formed on the weathering steel
exposed for 26 years in an industrial region consists of the outer layer
which mainly comprises 7 -FeOOH and the inner layer mainly composed of
fine-particles of a -FeOOH.

On the other hand, the corrosion product formed on the mild steel is
composed of the mottled structure consisting of 7 - and a -FeOOH parts; the
former is illuminated under the observation of the reflected polarized light
and the latter corresponds to the darkened region, as shown in Fig.2 (c) and
(d).
C. Distribution of Several Elements in the Rust Layer

Most striking feature found in the distribution of several elements in
the present rust layers is the concentration of Cr observed only in the
inner layer on the weathering steel. This enrichment of Cr agrees with the
result reported by Okada et al. ",.' who pointed out that the inner layer of
the corrosion product on the weathering steel exposed for a few years
contains a considerable amount of Cr, Cu and P. However, neither Cu nor P
concentrates in the present 26-years corrosion product.

Another significant feature Is the existence of SI only in the outer
layer. It is considered that a cloud of dust in the air penetrated into and
accumulated in the outer layer. Nevertheless, the inner layer might be
compact enough to shut out the dust. In addition, S is detected both in the
outer and the inner layers, whereas Cl is scarcely present in the corrosion
products.

Although, Cr, P and Cu are naturally not present in the rust formed on
the mild steel, Si exists in almost whole of the mild steel rust layer. The
distribution of S and Cl in the rust on the mild steel is similar to that on
the weathering steel mentioned above.
D. Characteristic Features of Rust Layer

The characteristic features of the rust layers formed on the weathering
and the mild steels exposed for 26 years in an industrial atmosphere are
summarized in Table 2. As has been mentioned above, the rust formed on the
weathering steel consists of two layers; one is the outer layer which mainly
comprises 7 -FeOOH and the other corresponds to the inner layer mainly
composed of densely packed fine-particles of a -FeOOH. It can be said that
the densely aggregated Inner layer, which contains a considerable amount of
Cr and is free from Si penetration, possesses the superior ability for
protection of the weathering steel against the atmospheric corrosives. On
the contrary, the rust layer formed on the mild steel, which is composed of
the mottled structure consisting of 7 - and a -FeOOH parts, contains a
number of voids and micro-cracks. The most significant result clarified in
the present investigation is that the protective rust layer covering the
weathering steel surface mainly consists of a -FeOOH.
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Keiser et al.•', Stockbridge et al.'O' and Cohen and Hashimoto' " have
studied the electrochemical nature of various ferric oxyhydroxides. It was
demonstrated that a -FeOOH is resistant to electrochemical reduction,
whereas -1 -, 6 - and amorphous ferric oxyhydroxides can be reduced to
magnetite. The reduction of corrosion product which covers a steel surface
results in the cathodic reaction which balances the anodic dissolution of Fe.
If it is assumed that the surface rust layer Is compact enough to avoid the
penetration of water and oxygen into the steel surface and that the compact
rust layer is the final stable corrosion product resistant to
electrochemical reduction, like the densely aggregated flne-particles of
a -FeOOH rust matter, then it can be said that the surface rust layer
possesses an extremely high ability in the protection of the steel against
the atmospheric corrosion.

Therefore, it is concluded that the ferric oxyhydroxide of a -FeOOH is
the final stable corrosion product in an atmospheric environment. Once the
densely packed aggregate of fine-particle a -FeOOH, which is formed
associated with enrichment of Cr, covers the weathering steel surface,
formation of micro-cracks and voids due to the variation in volume as a
result of phase transformation can be avoidable. This a-FeOOH rust layer
exhibits a great ability in the protection against an atmospheric attack in
an industrial environment after the exposure for decades.

Another important fact obtained in the present investigation is that Cu
and P are not concentrated in the protective inner a -FeOOH layer, whereas
Cr is present at a relatively high concentration after the 26-years
exposure. However, the existence of Cu and P has been noted as beneficial
elements for the formation of protective rust layer formed on a weathering
steel exposed for a relatively short period" •), l). ,-) as will be
mentioned below. It is possible to consider that Cu and P play Important
roles on the formation of the uniform protective rust layer on the surface
of the weathering steel, especially at the early stage of atmospheric
corrosion, though the concentration of Cu and P in the corrosion product is
not confirmed in the present 26-years weathering steel.

Hn.Change of Rust Constituents with Exposure Period
In order to know the change of rust constituents with exposure period,

the quantitative fractions of a -FeOOH, 7 -FeOOH and the remainder
substance in the rust layers formed on the low-alloy steels which contain a
small amount of Cr, Cu and P exposed for 0.5-26 years2), including the
present 26-years sample, are investigated by examining the X-ray diffraction
intensities. All of the low-alloy steels were exposed in an industrial or a
rural (7 and 8 years exposure) environment.

The exposure-time dependence of the fractions of three constituents in
the rusts examined can be summarized In Fig.3. There exist three regions,
I.e. I ; 7 -FeOOH-rich region less than a few years, II ;
amorphous-oxyhydroxide-rich region at several years and Ill; a -FeOOH-rich
region after decades. It is concluded that the main constituent of the rust
layers formed on low-alloy steels Is altered from - -FeOOH (less than a few
years), via amorphous substance (several years), to a -FeOOH (decades).
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IM.Long-Term Growth of Stable and Protective Rust Layer
Following Misawa et al.4 ' 2 •2 •) who showed the process of rusting and

phase transformation of iron oxide and oxyhydroxide in an industrial region
with a slightly acidic aqueous environment, a rust formation process of a
weathering steel in an Industrial atmosphere is newly proposed on the basis
of the present results as follows;

l~eathering steel (Cr.P. Cu),

:dissolution in industrial
:atmosphere

_prciitao initial stage[Fe2' /FeOH'] ---- -- -t' -FeOOH or
outer layer

:dissolution

t

[Fe3'•,

Cr, P,Cu !precipitation

, V

amorphous final stage
oxyhydroxide _ nano-size of
FeO (0)"-X Cr a-FeOO inner laver

(meta-stable rust) (stable rust)

protective inner rust layer

(I).

Accordingly, a model of the progress of alteration in stable and
protective rust layer formed on a weathering steel In an industrial region
can be newly proposed, as schematically shown in Fig.4. As was mentioned in
equation (1), y -FeOOH is formed on the steel surfdce at the Initial stage of
atmospheric corrosion with a thin layer of slightly acidic electrolyte, as
shown in Fig.4(a). Then, the Inner portion of the initial corrosion product
may change to amorphous ferric oxyhydroxide, via the dissolution of
7 -FeOOH accelerated by acid rain and the precipitation of amorphous ferric
oxyhydroxide by wet-dry cycles In industrial atmosphere, as shown in
Fig.4(b). It is supposed that Cr, P and Cu dissolved out from the steel
matrix exert a favorable influence on the uniform formation of the
protective rust layer. Finally, during a long period exposure, the
amorphous inner layer can transform to densely packed aggregate of
fine-particle or nano-size a -FeOOH which is stable both electrochemically
and thermodynamically, as shown In Flg.4(c). The final stable corrosion
product, fine particle or nano-size a -FeOOH, which is formed associated with
enriched Cr In the inner layer, is the densely packed uniform rust layer. It
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is concluded that this final stable product of nano-size a -FeOOH rust
possesses an extremely high protective ability against atmospheric
corrosives.

Conclusion

The surface rusts formed on the weathering and mild steels by
atmospheric corrosion in an industrial region for 26 years were
characterized mainly by means of X-ray diffraction method, infrared
spectroscopy, Raman spectroscopy and electron probe microanalysis. The
quantitative change of the rust constituents of low-alloy steels with
exposure period was analyzed and the long-term growth of protective rust
layer on the weathering steel was discussed. The conclusions obtained are
summarized as follows;
(1)The surface rust formed on the weathering steel consists of two layers;

one is the outer layer which mainly comprises 1 -FeOOH and the other
corresponds to the Inner layer mainly composed of densely packed
fine-particles of a -FeOOH.

(2)The densely aggregated fine-particles of a -FeOOH, which are formed
associated with enriched Cr in the inner layer, is the stable and
protective uniform rust layer.

(3)The main constituent of the rust layers formed on low-alloy steels is
altered from i -FeOOH (less than a few years), via amorphous substance
(several years), to a -FeOOH (decades).

(4)It is proposed that the 7 -FeOOH, as an Initial rust layer of weathering
steel, is transformed into the final stable protective rust layer
consisting of fine-particle a -FeOOtt, via amorphous ferric oxyhydroxide,
during the long-period atmospheric corrosion.

(5)A rust formation process of a weathering steel in an industrial atmosphere
is presented, and a model of the progress of growth of the stable and
protective rust layer formed on a weathering steel is newly proposed.
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Table 1 Chemical compositions of the weathering and mild steels tested.(mass.%)

C Si Mn P S Cu Cr Ni

Weathering steel 0.12 0.49 0.50 0.149 0.020 0.57 1.19 0.49

Mild steel 0.12 0.01 0.09 0.018 0.026 0.01 0.01 0.01

Table 2 Characteristic features of the corrosion products formed on the weathering (W)

and mild (M) steels by atomospheric corrosion in an industrial environment for

26 years.

Observation X-ray Infrared Raman EPMA

by polarized diffraction spec- spectroscopy (Remarkable aggregative state

light troscopy chara'teristics)

Bright layer

(outer layer) a-FeOOH a-FeOOH 7-FeOOH Si storage. Loosely packed.

+ +

W 7 -FeOOH 7 -FeOOH

Dark layer Cr enrichment.

(inner compact >>FeB0 4  >>Fe30 4  a-FeOOH Little enrichment Densely packed

layer) of P and Cu. fine-particles.

Si free.

Bright a-FeOOH a-FeOOH 7-FeOOH

+ + Absence of Presence of voids

M + --- 7-FeOOH 7-FeOOH Cr,P and Cu. and cracks.

Dark a-FeOOH Widely penetrated

>>Fe30 4  >>Fes0 4  Si.
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and a rural regions. The fraction changes along an open arrow.
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Structure of Rust on Weathetring Steel in Rural and Industrial Environments

Herbert E. Townsend
Bethlehem Steel Corporation
Homer Research Laboratories
Bethlehem, Pa. 18016 USA

Theresa C. Simpson
Bethlehem Steel Corporation
Homer Research Laboratories
Bethlehem, Pa. 18016 USA

Gary L. Johnson
Air Products and Chemicals, Inc.
7201 Hamilton Boulevard
Allentown, Pa. 18195 USA

Abstract

Rust on weathering steels exposed for up to 11 years in industrial and rural
environments exhibits a spotty, non-uniform appearance owing to contrast between
light and dark areas on the surface. The area of the lighter regions increases with
exposure time as well as with increasing alloy content.

Microscopic examination of cross sections reveals that the dark regions have a porous
appearance. The light regions are similar except for the presence of a relatively thin,
smooth outer surface layer. Raman spectroscopy indicates that the dark, porous rust
is comprised of goethite and lepidocrocite, while the smooth outer layer on the light
areas is composed of hematite and magnetite. Electrochemical potential
measurements indicate that the lighter areas are more passive.

Overall, these results suggest that formation of the thin outer layer of hematite and
magnetite is an important part of the mechanism of protective rust formation on
weathering steels in these environments.

Key terms: electrochemical potential, industrial environment, Raman spectroscopy,

rural environment, rust, weathering steel, goethite, lepidocrocite, hematite, magnetite
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Introduction

The term, "weathering steels," describes a class of low-alloy steels with enhanced
resistance to atmospheric corrosion. Although the underlying mechanisms are not
completely understood, it is well known that alloying elements such as copper,
chromium, nickel, phosphorus, and silicon somehow promote formation of protective
rust layers during outdoor exposure. Weathering steels generally contain a
combination of these elements totaling less than about 3 w/o.

Owing to barrier protection imparted by the protective rust layers, weathering steels
are used outdoors without paint or other protective coatings. Corrosion testing of
weathering steel for up to 16 years in a variety of environments has been previously
reported1.

It should be noted that certain environmental conditions may be unfavorable for
development of protective rust on weathering steel. According to US guidelines 2, the
following conditions should be avoided: (1) high levels of salt (chloride greater than 0.5
mg /100 cm 2/day), (2) high time of wetness (average time of wetness greater than
60%), and (3) direct exposure to high levels of industrial pollutants (for example, sulfur
trioxide greater than 2.1 mg /100 cm 2/day). When these guidelines have been
adhered to, unpainted weathering steels have been successfully used in applications
such as bridges, utility towers, and highway guardrails.

In the course of conducting long-term corrosion tests, we have observed that the rust
layers on weathering steel exposed at rural and industrial test sites develop a spotty,
non-uniform appearance. After several years of exposure at these locations, the
rusted surfaces developed dark patches within a lighter background that give the
spotted appearance shown in Figures 1 to 3. Previous studies of the structure of
weathering-steel rusts do not provide an explanation for this phenomenon3-9.

The work described in this report was conducted in order to uncover the structural
differences between the dark and light rust regions. To this end, a series of laboratory
analyses, including X-ray diffraction, electron microprobe energy and scanning
electron microscope dispersive X-ray fluorescence, infrared, and laser Raman
spectroscopy, were performed to characterize the rust formed on samples selected
from a series of weathering steels exposed for up to 11 years at our outdoor corrosion
test sites.
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Experimental

Materials

The steels in this study were selected from a larger, ongoing program aimed at
determining the effects of composition and heat treatment on the atmospheric
corrosion resistance of weathering steels that will be reported elsewhere. Of particular
interest to this study are the steels with the compositions given in Table 1. These
include commercially produced plain carbon steel, copper-bearing steel, A588 and
A242 weathering steels, and nine laboratory-melted A588-like weathering steels with
varying amounts of silicon and nickel.

All steels were hot rolled to 2.5 mm in thickness and cut into 100- x 150-mm panels.
The panels were shot blasted to remove hot-rolling scale, stamped with identification
markings, degreased, and weighed prior to exposure.

Atmospheric Corrosion Tests

Test panels were exposed at three test locations in an acid-rain region where
precipitation has an average pH of about 4.310:

Rooftop site, Bethlehem, Pa. -- This site is located on the roof of an office building
in downtown Bethlehem, adjacent to the blast furnaces of an integrated steel plant.
This is considered to be an industrial environment of moderate severity.

" Mountaintop site, Bethlehem, Pa. -- This site is situated on the south slope of
South Mountain overlooking the steel plant's coke works which are about 3 km
away. This location is also considered to be a moderate industrial environment.

" Rural site, Saylorsburg, Pa. -- This site is located in the Pocono Mountains, about
50 km north of Bethlehem.

These materials were also exposed at a marine site at the Laque Center for Corrosion
Technology at Kure Beach, N. C.

250-meter lot -- Located 250 meters from the Atlantic Ocean, this site is a
moderate marine site.

Panels were exposed at 30 degrees from the horizontal and faced South. All
analytical results were determined on skyward surfaces.
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Metallography

Metallographic cross sections were prepared by cutting small pieces from the rusted
corrosion test specimens and mounting on edge in room-temperature curing epoxy.
The mounted cross sections were mechanically ground and polished with successively
finer grits. The final polish was done with 0.25 lim diamond grit.

To facilitate examination in the light microscope, contrast among constituents of the
rust layers was enhanced by use of Nomarski differential interference contrast11 . In
this method, split beams of polarized light are superimposed after being reflected from
the specimen surface. Because the combined image results from differences in the
path lengths of the two beams, small changes in surface elevation on the specimen
surface are highlighted, thus increasing differences in the surface texture among
phases.

Laser Raman Spectroscopy

Raman spectra were obtained with an Instruments SA S3000 microprobe spectro-
meter equipped with a 1-inch (1024 pixels) intensified diode array detector from
Princeton Instruments. An argon ion laser was used for excitation at 514.5 nm with 10
mW of power. Approximately 1 mW of laser power was directed onto the sample with
a 10% reflective beam splitter inside the microscope. The low laser power was
necessary to prevent thermal degradation of the rust structure. The laser was slightly
defocused onto the sample to further minimize the possibility of thermal damage. The
backscattered Raman signal was collected with an 80X long working distance
objective (Olympus MSPlan) and integrated for 64 seconds. The spectra were
recorded by co-adding up to 64 integrations.

A second Raman study was performed using a large area (1152 x 298 pixels) CCD
chip detector from Instruments SA. A krypton laser was used for excitation at 647.1
nm with 10 mW of power. The spectra were obtained by co-adding 10 integrations of
120 seconds.

Raman peaks were identified according to spectra for the various iron oxide and
hydroxide compounds from the references summarized in Table 2.

Corrosion Potentials

Small electrochemical cells were formed on the surface of weathered panels by gluing
rubber 0 rings (6 mm inside diameter) and adding several drops of 0.1 N Na2SO4
solution. The 0 rings were placed in such a way as to isolate areas of light or dark
rust. Corrosion potentials were measured against a platinum-wire reference electrode
by use of an EG&G Princeton Applied Research Model (PAR) 273 potentiostat
interfaced to a 386-SX compatible computer. PAR 342C or 352 electrochemical
software were used for data acquisition.
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Results and Discussion

Appearance of Corrosion-Test Panels

The skyward-surface appearances of corrosion-test specimens after exposure for 5
and 10-11 years are shown in Figures 1 and 2, respectively. The uniformity of surface
appearance varies according to steel composition and environment.

Considerable non-uniformity in surface appearance is evident at the rural and
industrial sites. For example, at the rural site, surfaces range from uniform dark brown
on plain carbon steel to spotted on A242. The spotted appearance results from
contrast between light and dark areas. At first glance the dark spots suggest the
presence of broad, shallow pits. However, upon removal of the rust layers for
determination of mass loss, it was clear that the dark regions were not related to any
features on the steel surface.

In general, the amount of the light-colored rust formed at the rural and industrial sites
increases with the alloy content of the steel. This suggests that the light rust is
somehow associated with greater corrosion resistance, since the corrosion rate of
these steels also decreases with alloy content1. Moreover, by comparison of Figures
1 and 2, a trend towards increasing amount of light rust with time is also apparent.
This effect is also consistent with a relationship between light rust and corrosion
resistance because it has been shown that the corrosion rates of these steels
decrease with time'.

The effect of alloy content on the relative amounts of light and dark rust is further
apparent in Figure 3. Increases in silicon and/or nickel content of A588 result in an
increase in the amount of light rust.

At the marine site, all rusted surfaces are relatively uniform, although the color of the
rust generally tends to be a darker brown as the alloy content of the steel increases.

Note that the plain carbon steel has perforated after 11 years at the marine location.

Metallography

Metallographic cross sections show a difference in the structures of the light and dark
rust layers, Figure 4. Dark areas are comprised of layers of rough, porous rust. Light
areas are similar except that they are covered by an additional layer that is relativl1y
thin, smooth and compact. Elemental analyses of the layers by use of an electron
microprobe or a scanning electron microscope did not reveal differences in chemical
composition between the light arid dark regions.
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Laser Raman Spectroscopy

Raman analyses of the rust cross sections showed three types of region, Figure 5.
In the case of both light E nd dark areas, the porous rust immediately adjacent to the
steel was identified as lepidocrocite, see Figure 5C. Above this area, the less porous
region was found to consist of a mixture of lepidocrocite (y-FeOOH) and goethite
(ax-FeOOH), see Figure 5B.

Finally, the smooth, dense layer found only on the light areas was identified as a
mixture of hematite (a-Fe2 03 ) and magnetite (Fe 30 4), Figure 5A.

Raman analyses conducted normal to the surface of the rust layers show that the light
rust consists of hematite, magnetite, and goethite, Figure 6A. This result agrees with
the above findings from analyses of cross sections if we accept that some goethite is
showing through from the underlying layers. Areas of dark rust, Figure 6B, showed
only goethite and lepidocrocite.

Corrosion Potentials

Corrosion potentials at areas of light rust were relatively stable with time for up to one
hour at -70 mv, see Figure 7. Potentials at the dark areas, although somewhat more
erratic are generally about 300 my more active.

The difference in potential suggests that the light areas are more stable and
protective. Previously, Legault et aL have reported that the corrosion potentials
measured on a series of steels exposed to an industrial environment become less
active with increasing alloy content and decreasing corrosion rate14. Pourbaix has also
shown that the potentials of more corrosion-resistant low-alloy steels are less active in
an accelerated laboratory test".

X-Ray Diffraction

X-ray diffraction (Cr K-alpha radiation) of rusted surfaces identified only two crystalline
corrosion products, namely goethite and lepidocrocite. No obvious differences in the
relative diffraction-peak intensities for these were noted a.cording to material or
exposure site. Moreover, because the 1- x 2-cm area analyzed by the X-ray
spectrometer is several times larger than the light and dark regions, it was not
possible to directly compare the two regions on a particular sample by use of this
method.

The absence of hematite or magnetite in the x-ray diffraction results can be attributed
to the relatively small amounts of these compounds in the thin surface layer, and the
difficulty in identifying low-intensity peaks within the complex spectra from larger
quantities of goethite and lepidocrocite.
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Infrared Analyses

Infrared analyses of rusts scraped from light and dark areas, were conducted
according to the method described by Misawa et a/08, and compared to reference
spectra given by Schwertmann and Cornell1 9. As shown in Figures 8 and 9, goethite
and lepidocrocite were the only oxides detected. Also, we were unable to detect
non-crystalline iron oxides of the type reported by Misawa et al.18.

Conclusions

Eleven-year outdoor corrosion tests and laboratory analyses of the rusted surfaces on
weathering steels lead us to the following conclusions:

1. During exposure to rural and industrial environments, weathering steels develop

areas of light and dark rust which give the surface a spotty appearance.

2. The extent of the light areas increases with time and with increasing alloy content.

3. Dark areas are composed of a porous mixture of goethite (a-FeOOH) and
lepidocrocite (y-FeOOH).

4. Light areas are similar to the dark areas except that they are covered with a thin,
additional layer comprised of a mixture of hematite (cz-Fe 20 3) and magnetite
(Fe 30 4).

5. Areas of light rust exhibit a more noble corrosion potential, thus indicating that the
light rust is more protective.

These results suggest that the decreasing rate of corrosion with time observed for
weathering steels is related to the lateral spread of the light-colored outer layer of
hematite and magnetite. From this it seems that the light layer has a key role in the
mechanism of corrosion resistance for weathering steels in industrial and rural
environments.
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Table 1. Compositions of Test Materials

Composition. w/o

.e C Mn P S Si Ni Cr Cu

Plain Carbon .18 .73 .007 .017 <.01 <.01 .02 .015

Cu-Bearing .0,4 .36 .006 .024 <.01 .01 .01 .26

A588 .14 1.07 .011 .022 .28 .32 .55 .28

A242 .09 .65 .110 .032 .29 .66 .52 .27

A588, low Si, .14 .98 .008 .025 .15 .01 .53 .37

variable Ni .18 1.01 .009 .014 .15 .16 .56 .34

.14 .97 .012 .016 .12 .31 .59 .35

A588, med Si, .18 1.00 .011 .020 .49 .02 .55 .32

variable Ni .13 1.01 .010 .017 .47 .17 .57 .34

.18 1.00 .010 .017 .49 .38 .58 .33

A588, high Si, .12 1.06 .006 .013 .77 .01 .59 .33

variable Ni .18 .97 .008 .020 .73 .16 .51 .35

.14 1.00 .009 .018 .75 .31 .57 .35

632



Table 2. Reported Raman Lines of Iron Corrosion Products

Corrosion Product Relative Wave Numbers. cmr1 Reference

Goethite, 298 39 414 474 550 [12]

a-FeOOH 248 303 M 485 554 680 [13]

250 300 3 470 560 [161
308 39Z 489 557 [16]

245 300 M 420 480 550 685 [17]

Hematite, 227 245 29 298 414 501 612 [12]

a-Fe2 0 3  225 247 299 412 500 613 [16]

M 245 2U 415 500 615 [17]

Lepidocrocite, 252 380 [12]
y-FeOOH 25 380 528 654 [13]

25 380 660 [16]

Magnetite, 616 663 [12]
Fe 3 0 4  298 319 418 550 us [13]

550 fin [16]
540 fi6 [17]

Largest peaks are underlined
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PLAIN CARBON CU-BEARING A588 A242

BETHLEHEM, PA.
MOUNTAINTOP SITE

BETHLEHEM, PA.
ROOFTOP SITE

SAYLORSBURG, PA.
RURAL SITE t

KURE BEACH, N.C.
250-M MARINE SITE

Figure 1. Appearance of Test Specimens After 5-year Exposure in Various
Environments.
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PLAIN CARBON CU-BEARING A588 A242

BETHLEHEM, PA. S
MOUNTAINTOP SITE

BETHLEHEM, PA.
ROOFTOP SITE

SAYLORSBURG, PA.
RURAL SITE

KURE BEACH, N.C
250-M MARINE SITE

Figure 2. Appearance of Test Specimens After 10- to 11-year Exposure in Various

Environments.
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0.15 Si /0.01 No 0.15 Si /0.16 Ni 0.12 SJ 0.31 N1

0.49 Si /0.02 Ni 0.47 Sl/ 0.17 Ni 0.49 SI / 0.38 Ni

p d

a 4k

0.77 Si / 0.01 Ni 0.73 Si / 0.16 No 0.75 SI/ 0.31 NI

Figure 3. Effect of Nickel and Siicon on Appearance of Test Specimens

After 11-year Exposure at Mountaintop Industrial Site.
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A - Light Area

B - Dark Area

Figure 4. Metallographic Cross Sections of Dark and Light Areas in Rust Layers.

A588 with 0.75%Si and 0.31%Ni. 11-year Exposure at Mountaintop

Industrial Site. X400.
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Figure 5. Raman Spectra of Rust-Layer Cross section in Light Area. A588 with

0.75% Si and 0.31%Ni. 11-yr Exposure at Mountaintop Industrial Site.
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Figure 6. Raman Spectra Normal to Rusted Surface. A588 with 0.75% Si and
0.31%Ni. 11-yr Exposure at Mountaintop Industrial Site.
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Effects of sea salt on corrosion attacks at 8 years' exposure of metals in
a small geographical area of the Swedish west coast.

Jan Gullman
Central Board of National Antiquities, Conservation Institute
Box 5405
S-114 84 Stockholm, Sweden.

Abstract

Standard uncoated metal samples have been freely exposed at 4 test sites
for 1, 2, 4 and 8 years. The test sites experience sodium, .chlcride
deposition rates of ca 50 - ca 1400 mg Cl/m2 .day. The chloride deposition
rates were measured as several years averages with the wet candle method.

The metals investigated were carbon steel, corten A, corten B, zinc, copper
and aluminium. Steel samples have also been exposed under rain-protected
conditions.

It was found that the corrosion attacks on freely exposed steel panels
could be well modelled by using mathematical models of the form:

K = (CA + C8 .Cl)@(1-exp(-t/C0 )) + (CE + CF.Cl)et

where CA, CB, CD, CE and C, are constants, characteristic for each kind of
steel and t is time of exposure in years and Cl is yearly average
deposition rate of chloride in mg/mn.day. For the other metals linear
expressions could be used. The following expressions give good fits to the
experimental data:

Zinc: K = 0.000507.Cl + 3.55 + (0.0049.Cl + 7.08).t

Copper: K = 0.0081.Cl + 6.52+ 4.70.t

Aluminium: K = 0.00026.Cl + 0.01+ (0.00009.Cl + 0.41).t

The results obtained are believed to serve as good approximations to the
magnitude of corrosion attacks on freely exposed metal surfaces in
environments which are close to the sea coast and where the SO, pollution
levels are low. The relations are probably good approximations for the
temperate climatic region.

The results of the present investigation are connected to a larger study
mainly in S02 affected environments (1,2). In that study also measurements

om two of the test sites in the present investigation were included.

Key words: Atmospheric corrosion, marine, steel, zinc, copper, aluminium,
rain protection, dose-response relations, corrosivity.

* T_-e results were obtained during the .eriod when the author was employed
in the Swedish Corrosion Institute.
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Introduction

During the last decade results from several years of out-door metal
exposures in different environments in Scandinavia and Czechoslovakia have
been published'-'. In these works influence of SO, pollution on the corrosion
rates have been studied. In reference 1 also influence of chloride in
marine test sites have been included in simple mathematical models.

As a complement to the above mentioned studies which deals mainly with So,
influence another field exposure was started in June 1979. It was designed
within a rather limited economic framework and had two main aims:

- To fill a gap of knowledge regarding technical dose-response
relationships between atmospheric corrosion rates on some technically
important metals and sea salt deposition measured with different methods.

- To obtain measures of corrosion attacks on steel alloys in marine
environments. This would be useful for estimating corrosion risks on
objects of weathering steels, including influence of rain protection.

Some results from the first year of exposure have been published ea.lier4 .
The present paper gives the results after 8 years of exposure.

Experimental

The investigation was performed as a field exposure on atmospheric test
sites. It was planned with removals of test specimens after 1, 2, 4 and 8
years. Since it was made in order to elucidate the magnitude of chloride
influence on atmospheric corrosion rates, efforts were made to minimize
effects of scatter in the data for other reasons than characterized
differences in exposure conditions.

The atmospheric test sites used were the following regular test sites of
the Swedish Corrosion Institute:

-Bohus Malmon Kvarnvik, marine with occasional salt
spray

-Bohus Malmbn Kattesand, moderately marine
-Ryda Kungsgard, rural

In the test site Kvarnvik two test racks at different distances from the
sea (about 30 respectively 60 m) were used. Kattesand is situated about 1
km from the sea. A temporary test site with lower marine influence : Bohus
Malmon Harbor on the mainland side of the island was also used (ca 3 kms
from the open sea). As background level, virtually without chloride
influence, the permanent test site Ryda Kungsgard (about 80 kms from
Stockholm) was chosen.

The different chloride levels of the test sites are given in Tab 1. - It
should be noted that the chloride level "0" of the test site Ryda KungsgArd
was not measured. The value is however reasonable in comparison to the
other test sites, since the test site is situated in inland Sweden.

Zinc, copper and aluminium samples were freely exposed at 450 inclination.
The steel samples were exposed in four different ways:

- Freely exposed 450
- Partially rain protected vertically
- Partially rain protected horizontally
- Rain protected vertically
- Rain protected horizontally

The rain protection was accomplished by simple roofs according to Fig 1.
The size of all metal samples used was 100x150 mm.
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It was later considered suitable to remove one set of rain-protected
samples after 1.25 years. In the rural site only steel samples were
exposed. The number of specimens in the rural test site was also reduced so
that free exposure was studied only after 1 and 4 years since the long term
behavior of steel at that test site is known from arcther exposure
programme'.

The mass losses due to corrosion attack on steel samples were determined by
pickling in Clark's solution. The copper samples were pickled in 10 %
sulfuric acid under brushing with a soft brush, the zinc specimens exposed
for 1 and 2 years in chromic acid containing silver chromate, the zinc
samples exposed for 4 and 8 years in 5 % acetic acid and the aluminium
samp.es in concentrated nitric acid saturated with chromic acid. All
picklings except the chromic acid picklings were carried out at room
temperature. The zinc pickling in chromic acid was carried out at 80*C. All
picklings of the samples were performed with ultrasonic agitation except
for the copper samples. The mass losses of the samples were determined by
repeated pickling and extrapolation to zero pickling time from the linear
part of the mass loss versus pickling time curve. This procedure leads to a
correction for the attack of the pickling agent on the base metal and only
a minor systematic underestimation of the mass loss.

The mass losses of the freely exposed panels were calculated as averages
and standard deviations from triplicates at every removal of specimens. The
exceptions from this rule are given as remarks in Tab 1.

The mass losses of the sheltered panels were obtained from single specimens
in every position for each exposure period of 1, 2 and 4 years.

At the marine test sites chloride deposition was monitored by use of wet
candles of the type introduced by Ambler'. It was planned to collect
chloride samples fr- every month during the entire period. It later turned
out to be difficult to obtain samples from some winter months due to
difficulties to reach the equipment when the rocky terrain was coered with
snow and ice. Therefore most years have missing data from these months.
Since these months often are very windy a great part of the total
deposition is obtained during that time period. Such months therefore
contributes much to a yearly average. Therefore the average chloride
deposition is calculated from years with the least number of missing data
and is in the present study in this way used as a characteristic of the
salinity of each test site. It should be noted that the salinity in the
present study is given as milligram chloride deposited per square meter and
day and not as sodium chloride.

Results

A. Mass losses of freely exposed panels.

The mass losses of the freely exposed panels and the yearly average
deposition rates of chloride on wet candles are given in Tab 1. From the
calculated standard deviations it can be seen that the deviations from the
average of the triplicate were higher in the markedly marine environments,
but also that the scatter was relatively small throughout.

The major contribution to the scatter is believed to be caused by varying
influence of neighboring panels on the test rack regarding deposition of
chloride on the rear aides of the panels.

B. Comparative steel exposure.

The mass losses of freely and rain-protected steel panels are shown in Tab
2. There are reasons to assume that the influence of exposure factors other
than salinity is a little larger for the rain-protected samples than for
the freely exposed ones. This is more marked in the environment of highest
salinity where influence of shelter from neiqhbor samples can clearly be
seen a3 the samples exposed 1.25 years show lower mass losses than those
exposed only for 1 year. The former were partly sheltered by the latter
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during the first 12 months and the following 3 summer months were not
extremely windy.

Mathematical modelling

A. Zinc, copper and aluminium

The corrosion attacks on zinc, copper and aluminium after 1, 2, 4 and 8
years of exposure can in all cases be rather well expressed as

K = a + bet

for each metal and each test site, where t is the time of exposure and a
and b are constants. The zinc and copper data give very good fits to
straight lines. Linear regression of the "constants" a and b in terms of
average chloride deposition rate gave rise to the following expressions:

Zinc: K = 0.000507eCl + 3.55 + (0.0049.Cl + 7.08)ot

Copper: K = 0.0081.Cl + 6.52 + 4.70*t

Aluminium: K = 0.00026*Cl + 0.01 + (0.00009*Cl + 0.41)ot

The generally very good agreement, between observed and calculated
corrosion attacks using the mathematical models obtained, are shown in Tab
4.

B. Freely exposed steels

The data for marine exposure of the freely exposed steel panels have been
fitted to a mathematical model which is an evolution of an expression which
has been proposed by Michailovskij for a description of the time dependence
of the atmospheric corrosion on steel samples in a given out-door
environment:

K = a(l-exp(-t/1)) + zt

where t is the time of exposure and a, 3 and T are constants. In the
exponential term Michailovskij has written time multiplied with a constant
instead of divided by a constant. In the present work division was chosen
since then 3 gets the dimension time instead of inverted time. It can then
be interpreted as a measure of the deviation of a value of the corrosion
attack from the linear expression which is valid after long time exposures:

K = a + Tt (1)

Since the deviation is a exp(-t/8) it can easily be seen that the
deviations from the straight line for e.g. t = 8 and t= 21 are 0.37a
respectively 0.14a. Analogous the deviation for t=38 is 0.05a. Hence as a
rule of thumb one can say that the linear expression is an excellent
approximation for practical purposes for exposure times >31.

The model used for fitting of the present data uses linear expressions in
chloride deposition rates of the "constants" a and 13 i.e.:

a = CA + CoCl (2)
S= C, + CGCl (3)
1 = C, (4)

where CA, C8 , CD, C, and C, are constants.

The program used for least squares fitting of the data was an old general
least squares one (POWOW), originally written in the 1960ies to calculate
crystallographic parameters. It is written in FORTRAN and contains a
special subroutine in which the mathematical model is defined. This
subroutine must be specially written for each model.
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The constants obtained from the fittings are shown in Tab 3. The good
agreements between observed and calculated corrosion attacks for marine
test sites are shown in Tab 4.

Discussion

In the present paper results from evaluations of influencing factors are
presented together with extensive information of quantitative details in
the measured effects. The reason for that is a strive to spread
informations about magnitudes of different effects so that similar works in
other environments can be planned in such a way that there will be good
opportunities to evaluate significant effects. At the time when the present
work was planned there were some debates on possibilities to formulate
dose-response relationships. A common argument in those days were that
since many different relations had been published, which seemed to be
contradictory, there might not exist any "true" relationships, but only
specific relationships changing from investigation to investigation. The
fact that often the details of most older investigations were very
superficially treated should be remembered.

The present study has rather good assets although its limited size: It
covers a large range of air salinity, 50 - about 1400 mg Cl/m2"day and is
based on corrosion measurements with better precisions than in most
studies. It would have given better results if it had been made in a scale
which was some times larger in terms of test sites. Still it is hoped to be
of use as a kind of pilot study that can be complemented with further data
and in such a way contribute to further work, which can also test the
validity of the models obtained.

The derived models and the results from various degrees of rain shelter
deserve some discussion.

A. Linear models.

As has been shown for atmospheres with main influence on corrosion from So,,
corrosion on freely exposed zinc and copper panels can be described as
linear models in terms of both corrosion stimulator and time of exposure.

Aluminium corrosion is difficult both to evaluate quantitatively and to
model. A linear model for marine environments gives a fair representation.
The limitation might be included in the model but lies probably chiefly in
the fact that aluminium is attacked in the form of pitting and hence a
stochastic factor from initiation and development of the limited number of
pits on test panels might have significant influence.

B. Mathematical models for steels.

The type of mathematical model for steels can be seen as a linear model in
the long time perspective, but with an initiation period of a few years
during which time the rust layer is maturing to such a property that it
gives a practically constant partial protection against further corrosion
attack. - The time periods of maturing of the layers of corrosion products
on copper and especially zinc seems to be much shorter.

The results from fitting the steel data to the model used, show some
expected and some perhaps not generally expected features. As could be
expected the "constant" a, which reflects the contribution to the
corrosion attack from the initial period of exposure when the rust layer is
maturing", has a significant dependence on the chloride deposition rate.
The constant a increases with salinity with the amount C, multiplied by the
yearly average deposition rate of chloride.

The corrosion rates at long time exposure for the three steels are, as
could be expected, decreasing in the order carbon steel, corten B and
corten A.

It is noteworthy that no significant increase in the long time corrosion
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rate of each steel with chloride deposition rate could be detected. C, is
small and of the same magnitude as its estimated standard deviation from
the POWOW program (Tab 3).

The same result has, however, been obtained earlier for two of the present
test sites 3. The corrosion rate between 4 and 8 years of exposure was then
found to be 79 and 80 g/m 2"year for Kattesand and Kvarnvik respectively,
which is in perfect agreement with the presently found value of 84 with an
estimated standard deviation of 9.

This long-term corrosion rate in locations with significant influence of
chloride is about twice the value compared to rural conditions3 . From Tab 4
it can be seen, that when the models were applied for the data for the
rural site, they strongly overestimates the corrosion, even when the
chloride level is set equal to zero.

A reasonable conclusion from this fact seems to be that there is some kind
of fundamental difference in quality between mature rust-layers on freely
exposed steel surfaces, formed in environments with a chloride level above
some specific value (or interval), compared to such formed in rural
atmospheres.

It might also seem somewhat surprising that the values of CA does not too
much reflect the differences between the steels. Since the present study is
based only on 16 observations for each steel, and the standard deviations
are relatively large, definite conclusions regarding these differences
based only on the present data should be avoided.

C. The influence of rain-protection on steel corrosion.

Rain shelter in a rural environment decreases the time of wetness - at
least in the early stages of an exposure of several years. In a longer time
perspective the nature of the rust formed and its content of corrosion
stimulating salts seems to diminish this effect (Tab 4).

In marine atmospheres the influence of accumulation of chloride on
rain-protected surfaces increases the corrosion rates significantly. The
reason is probably at least twofold: a salt solution on the surface should
stimulate the corrosion processes and the time of wetness can be increased
due to hygroscopicity of the chlorides on the surfaces. - It was observed
at the removal of rain-protected samples in Kvarnvik after 2 years of
exposure that the plastic bags in which the samples were packed got a layer
of condensed water when they were kept for some half-hour in the sun. And
this was a sunny day in the summer.

The question on how to best simulate rain-protected conditions in a field
exposure cannot be answered simply. Especially not in a marine exposure
when the corrosion stimulant comes from a few specific directions. The
problem with shelter from neighboring samples must always be kept in mind.
In the present investigations there are such influences. Their magnitudes
can fairly well be estimated (Tab 4) by a critical reader.

Regarding usefulness of weathering steels in marine atmospheres the results
can be summarized so that constructions which can be made without
rain-protected areas can be expected to have long service lifes. Weathering
steel constructions with areas which are not cleaned by rain need
anti-corrosive treatments on some parts, or those parts made of another
material.

D. Geographical applicability of the models.

Concerning the geographical validity of the models obtained it should first
be remembered that they are based on data from a small geographic area.
Results, from atmospheric corrosion field tests in the southern half of
Sweden and in Czechoslovakia during eight years of exposure, have shown no
significant influence of difference in climate but only by air pollution on
the corrosion rate on steel, zinc, copper and aluminium3'3. It can
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therefore, after all, be expected that the models might serve as fairly
good approximations for corrosivity in a rather large part of the European
Atlantic coast where the So2 pollution is rather low. As pointed out above,
the results from the present investigation can be used as parts of
complimentary investigations, which can give answers to questions regarding
validities for other geographical areas.

Conclusions

The conclusions of the present investigation can be summarized as follows:

- The corrosion rates of freely exposed low alloy steels are, during the
first years of exposure, markedly higher in moderately and pronounced
marine atmospheres than in unpolluted non-marine environments.

- The dependence of chloride influence on the corrosion attack on freely
exposed panels of the metals investigated, can be described by mathematical
models based on two parameters: exposure time and yearly average chloride
deposition rates on wet candles.

- Rain protection increases corrosion rates on steel in marine
environments, in both short and long time perspectives, especially on
horizontal surfaces.
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TabLe 1. Mass Losses 2 of freely exposed specimens (g/m 2 ) and average yearLy chLoride deposition rates on
wet candLes (ug CL/m *day). The figures given within parenthesis are the standard deviations of the
triplicates, expressed in units corresponding to the Last figure given.

Time Chloride C-steel Ctn A Ctn 8 Zn Cu AL

1 1411 360(28) 246(21) 248(14) 15(2) 23(2) 0.65(0)
2 1411 573(29) 354(26) 342(11) 31(3) 27(2) 1.13(9)
4 1411 910(26) 458(4) 477(4) 55(4) 36(4) 2.89(3)
8 1411 1387(38) 662(32) 734(9) 114(14) 53(1) 4.13(21)

1 931 354(18) 235(10) 239(6) 16(1) 18(1) 0.74(0)
2 931 508(17) 337(9) 334(8) 30(2)1 23(1) 1.23(6)
4 931 850(8) 449(28) 458(1) 53(1)1 34(1) 3.26(9)
8 931 1300(41) 636(30) 692(9) 99(7) 54(1) 4.50(0)

1 143 236(11) 167(6) 189(7) 12(1) 13(0) 0.36(6)
2 143 339(8) 239(1) 266(10) 21(1) 18(2) 0.64(16)
4 143 582(16) 352(17) 401(3) 35(1) 27(1) 2.30(18)
8 143 962(23) 516(7) 650(13) 68(1) 43(1) 3.33(25)

1 47 202(3) 154(4) 171(0) 9(1) 11(1) 0.33(0)
2 47 306(4) 225(10) 248(15) 1741) 15(1) 0.51(16)1
4 47 507(9) 1 323(8) 362(13) 30 26(1) 2.11(23)12
8 47 803(28)1 470(6) 613(4) 60(3) 45(1) 2.90(215)2

1 "0" 11140)1 86(2)1 88(0)1

4 - "0" 307" 214(5) 259(2)

1) Two specimens
2) ConsiderabLy more pits on the rear of one of the three samples
3) One specimen

TabLe 2. Hass Losses of exposed steeL specimens. The corrosion Losess are gigen in g/m2 , the time of
exposure in years and the yearLy average deposition rate of chloride in mg/mn day. The freeLy exposed
sampLes have been exposed at an inclination of 45 degrees. Partly and completely and rain-protected samples
have been exposed horisontaLLy and vertically, respectively.

C-steel Corten A Corten B
Time ChLo CsteeL CtnA CtnB part. rainp, rain prot. part.rainp. rain prot. part. rainp, rain prot.

ride free free free vert horis vert horis vert horis vert horis vert horis vert horis

1 1411 360 246 248 834 1049 1041 1042 350 423 685 766 258 292 493 516
1.25 1411 415 864 979 1000 235 307 665 721 229 255 478 546

2 1411 573 354 342 1322 1884 1552 2003 475 528 1196 1644 350 429 1030 1185
4 1411 910 458 477 1095 3679 2957 3593 701 884 1791 2257 449 588 2113 2267
8 1411 1387 662 734

1 931 354 235 239
2 931 508 337 334
4 931 850 449 458
8 931 1300 636 692

1 143 236 167 189
2 143 339 239 266
4 143 582 352 401
8 143 962 516 650

1 47 202 154 171 235 264 401 393 164 186 308 321 166 184 292 302

1.25 4f 209 235 294 300 135 153 250 278 148 168 237 258

2 47 306 225 248 361 371 545 524 227 242 472 472 229 276 386 407

4 47 507 323 362 507 547 577 910 291 323 689 721 342 365 646 642

8 47 803 470 613

1 0 111 86 88 87 92 75 74 80 84 73 71 81 86 73 74
1.25 0

2 0 226 221 170 176 144 159 126 132 158 177 137 141

4 0 307 214 259 293 320 278 275 210 229 212 218 239 278 233 253
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TabLe 3. ResuLts from Least squares fittings of corrosion mass Losses of freely exposed steel saqpLes.
The mathemsticaL modeL used is given beLow. The corrosion Lossess aSe given in g/i , the time of exposure
in years and the yearLy average deposition rate of chLoride in mg/u&day.The figures given within
parenthesis are the standard deviations (in the Last figure) estimated by the POVOV program for the
constants in the expression:

K = (CA + CB x CL)x(I-exp(-t/CD)) + (CE + CF x Cl)xtiae

Const C Steel Corten A Corten 8

CA 164(37) 159(14) 133(8)

CB 0.12(4) 0.09(1) 0.067(9)

CO 0.80(29) 0.80(12) 0.61(13)

CE 84(9) 41(3) 61(3)

CF 0.04(1) 0.005(4) 0.002(3)

TAB 4 Observed and caLcuLated mass Losses of freeLy exposed metaL samples (g/m2"day).

Time ChLoride Cstobs Cstcalc CtnAobs CtnAcalc C,,obs CtnBca.c Inobs incakc Cuobs Cucalc Alumobs Alumcatc

1 1411 360 378 246 252 248 247 15 18 23 23 0.65 0.91
2 1411 573 587 354 359 342 347 31 32 27 27 1.13 1.45
4 1411 910 893 458 476 477 483 55 60 36 37 2.89 2.52
8 1411 1387 1457 662 670 734 738 114 116 53 56 4.13 4.67

1 931 354 318 235 219 239 220 16 16 18 19 0.74 0.75
2 931 508 496 337 314 334 314 30 27 23 23 1.23 1.24
4 931 850 759 449 424 458 447 53 51 34 33 3.26 2.23
8 931 1300 1246 636 608 692 698 99 97 54 52 4.50 4.20

1 143 236 219 167 164 189 176 12 11 13 12 0.36 0.47
2 143 339 346 239 241 266 260 21 19 18 17 0.64 0.89
4 143 582 539 352 338 401 388 35 35 27 26 2.30 1.74
8 143 962 899 516 506 650 633 68 66 43 45 3.33 3.43

1 47 202 207 154 158 171 171 9 11 11 12 0.33 0.44
2 47 306 327 225 232 248 253 17 18 15 16 0.51 0.85
4 47 507 512 323 327 362 380 30 33 26 26 2.11 1.68
8 47 803 857 470 493 613 625 60 62 45 45 2.90 3.34

1 0 111 (201)1 86 (154)1 88 (168)1

4 0 307 (499)1 214 (322)1 259 (377)1

Overestimated caLcuLateo vaLues from application of a model for marine atmospheres on rural conditions.
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Figure 1. Exposure rack for partial and complete

rain protection.
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Abstract

Corrosion behaviour of plain C steel and 99.5 % w/w zinc, copper and
aluminum in different outdoor atmospheric conditions was evaluated in the
frame of the Iberoamerican Map of Atmospheric Corrosion (IICAT) Programm.
Its purpose is to characterize the aggressiveness of specific atmospheres of
that region and the mechanisms involved in the corrosion of the most used
technological alloys.

To separate the relative effect of each ambient variable 7 days expositions
of small samples of the mentioned materials, prepared following the same
procedure applied to the outdoor tests, were performed in distinct
controlled conditions in a laboratory experimental loop.

In this equipment each ambient parameter was independenly modified to
analyze its influence in the overall process. Tests were performed at a
relative humidity o0f the 98%, and two different temperatures, 30 and 500C, in the presence of 50 ppM of S02, with UV radiation to produce the
partial photooxidation of the S02 to SOs.

Among the techniques to characterize the corrosion products formed on metals
exposed to different environments IR and X-ray spectroscopies are the most
frequently used. In this paper we also applied differential scanning
calorimetry (DSC) and obtained very interesting results not provided by the
previously mentioned. On that basis the mechanistic proposals of the
literature were evaluated concluding that the analysis in progress could
provide usefull complementary information.

Key terms: corrosion products, plain C steel, Zn, Cu and Al, chemical
characterization, differential scanning calorimetry.

Introduction

The atmospheric corrosion occurs in nature in very uneven ambient conditions
depending-on the meteorological parameters as much as natural or industrial
pollutants. On the contrary, laboratory tests in chambers provide fixed,
conveniently chosen values of the main parameters affecting the reactions,
allowing the separate analysis of each one on the overall process. Even when
not all the ambient natural effects can be reproduced in a given laboratory
test, a simplified model of a real desired situation can be designed for
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study purposes.

There are previous research work performed with this purpose.

ISO Norms to evaluate atmospheric corrosion define times of wettness (TOW)
of metallic substrata as the period during which a metallic surface is
covered by adsorptive and or phase films of electrolyte that are capable of
causing atmospheric corrosion. Its length is estimated considering the
ambient situations of temperatures above O°C and relative humidities above
80%.

Experimental

In our experimental loop the variables considered were temperature MT),
relative humidity (Hr), S02 concentration in the air ES02] and UV radiation.
No wind, dust, cyclic changes in humidity and temperature, etc. effects were
simulated.
Test samples of plain C steel, Zn, Cu and Al of 50 x 10 x 1 nm, were
polished up to emery paper 600 grade, degreased with acetone and dried in
hot air.

The experimental loop specially designed to simulate atmospheric corrosion
was conditioned to provided the following conditions.

The main corrosion controlling parameter, the time of wettness of the
exposed surfaces, was always coincident with the test time, according its
ISO definition.

A 3 liters acrylic test chamber was thereostatized with a Forma Scientific
model 2006. The T sensor was a thermocouple made of constantan Fe and Hr was
measured with a Cole Pareer 3309-50 LCD digital hygrometer.

An UV generator and a radiometer Cole Parmer, model 9815 and 9811, were
used to produce and measure respectively the radiation applied.

A compresor provided the air flux, filtered to avoid dust and dried through
2 desicators with silicagel and driedrite, used as corrier of the pollutant.

The S02 gas was 99.9 % purity with H120] < 70 ppm and [H2SO4] < 35 ppm. Both
gases were introduced in the chamber through precision fluximeters giving a
six current with constant [SOz]= 50 ppm.
The gas elimination to the atmosphere, after its use in the chamber, was
done previous reaction of the residual pollutants in an alkaline solution.

UV radiation of 254 nm wave length was used to induce the most efficient
fotooxidation of S02 to SOs, simulating the natural atmospheric effect
produced by the sun radiation.

The test samples were vertically suspended from the chamber cover, in
triplicate for the chemical characterization of the rusts formed at the end
of the test period.

The corrosion products analysis were performed in an X ray Philips 1370/10
diffractometer with Cu radiation and Ni filter at 40 kV by a proportional
detector.

EDAX was performed in a model 9100 coupled to a Philips 515 SEM microscope

at a vacuum level of 10- an Hg.
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The DSC tests were performed in a Dupont Instrument at 20 mV.cm-1 , heating
at 200C . min-t, on samples of 4 ug, in an inert atmospher of N2 with static
purge.

Results

The corrosion products formed on the 4 metals in the experimental loop were
analyzed by the ex-situ techniques X ray diffraction, IR, EDAX and DSC
spectroscopies.

The ambient effect of the temperature was studied by means of tests at 30
and 50°C at constant high relative humidity, polution level and UV
radiation.
The corrosion products formed on Cu at 30-C and 50-C gave an X ray spectrum
indicating as main crystalline components antlerite I3CuO.SOs.2 H20) and
cuprite (Cu2O) with low intensity pics atributables to CuO. EDAX diagram
confirmed the presence of Cu, S and 0.

The respective thermograms indicated the presence of 97% of CuS04.5HzO,
confronted with that of the pure substance (Table III).

The IR spectra obtained of the corrosion products formed at both
temperatures confirmed the results of the other techniques, showing a nitid
absorption band corresponding to S04-0, at 1100 - 1200 cmt . A broad band
due to H20 was observed, associated to the strong hydratation of the Cu
corrosion products.
For the other tested metals the IR spectra presented broad bands difficult
to associate to defined chemical species, not providing significant
information.

The X ray spectra of the steel rusts at both temperatures evidenced the
presence of FeS04 . 6H2O, FeSOs . 3H1O, o and r FeOOH.

EDAX results confirmed the presence of Fe, 0 and S. On the contrary DSC of
the rusts, confronted with the diagrams of synthetical a, 8 and ?
oxhydroxides and that of pure FeSO4.7H20, showed that the outer and inner
layers of the rusts contained FeS04.6HzO, FeSO3.3H20 and a and v
oxhydroxides in different proportions as resumed in the Table IV.:

A thermogram corresponding to steel corrosion products is shown in Fig. 2.
The absence of r3 oxhydroxide is due to the absence of CI on the test
samples during the corrosion products formation.

The presence of the o FeOOH was confirmed confronting the spectra of the
rusts with that of the witness, even when it did not fit with other ones
informed d. The - FeOOH spectrum on the contrary was very similar to that
obtained by other researchers

The thermogravimetric analysis of the steel rusts evidenced a total H20
weigth loss of 27% from the inner layer while the respective loss, of
crystallization H20 from the salts and decomposition of the oxhydroxides,
was 30.5% for the outer layer. That allowed us to conclude that the outer
layer contained a greater proportion of salts while the inner one which was
enriched on oxhydroxides, being the more abundant one the a FnOOH.

The X ray analysis of the Zn corrosion products evidenced the presence
of 2 ZnSO9.5H20 as the main crystalline component and cincite (ZnO) as a
secondary one with some pics attributables to metallic Zn. EDAX spectra

654



confirmed the presence of Zn, 0 and S.

For the DSC analysis, which confirmed the X ray results, witness of ZnO and
ZnO.xH2O and reference for the 2ZnSOs. 5H20 decomposition, with HzO and S02
evolution, were used (Table V).

The corrosion product formed on Al was amorphous AM209 at both temperatures.
The EDAX spectra showed the presence of Al and 0 while the X ray ones only
showed evidence of metallic Al due to the absence of crystallinity in the
A1209 formed.

Discussion

During the atmospheric exposition of metals to natural as much as to
laboratory controlled conditions, trigger factors appear that make possible
corrosion occurrence (thermodynamic) and conditioning ones that only
influence the rate or amount of propagation (kinetic).

The main, among the first ones, is the existence of a continuous film of
liquid water condensed on the metal surface when a critic threshold of
relative humidity is 9vercame. That threshold depends not only of the
ambient conditions but also of the surface properties (temperature, texture,
color surface tension, presence of hygroscopic, substances, etc.)

Surface characteristics determine the water absorption and retention
capacity. Hygroscopic rusts, for instance, produce long TOW of the
underlaying metal thus stimulating corrosion in two synergyc ways: through
the growth in the amount of hygroscopic rust and by the consequent increase
in the TOW. They modify the critical threshold in relative humidity and in
the amount of absorbed electrolyte.

In this paper the surface roughness of the test metals was normalized to 600
grade emergy paper. The initial corrosion rates for all the metals at both
temperatures change with time because products of different properties
affect in a distinct way the kinetic process on the underlaying metals.

Non ferrous metals produced protective films which decreased their initial
corrosion rates to different asymptotic values with time . The increase with
temperature is related to the synergyc effect of T on the S0z action, that
was clearly seen during the present work even at first sight.

Kunze verified that from the initial steps of the Zn and Cu corrosion the
films formed prevented that the controlling reactions occurred at the metal
film intmrface. The corrosion process would proceed, according to the scheme
of Fig. 3, on the thin films of ZnO and Cu2O.

The controlling step on both metals would be displaced to the outer face uf
the oxydes films, growing both of them by incorporation of the S02 as
hydrated Zn sulfite and hydrated Cu sulfate .

The reactive surface for the electrochemical reaction is the metal-film
interface which corrodes, through a catalytic hydrolisis process coupled to
the redution of intermediaries, up to reach the dippest stratum of the
metal, giving a mixture of oxhydroxides. The blocking effect to HZO, 02 and
S02/SO! by the films formed at 30 and 50 0 C would control the respectrol
producing corrosion rates. SOz would incorporate to the surface strata of
the rusts as hydated sulfite through secoqdary reactions with the Fe
oxhydroxides.
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In the case of Al, during the initial steps, the bare metallic surface would
adsorb S02 producing A1209 by hydrolisis at increasing rate with temperature
(Fig. 1). The morphology of the file grown wojId be responsible for the
distinct corrosion rates measured at 30 and 50oC.

The first corrosion product formed on Cu is cuprite (Cu2O), from which are
formed at 30 :C antlerite (3 CuO.SO9.2H2O) and CuS04.5 H20 at 509C.

N.6. Vannemberg et al. demostrated that the first step in the corrosion was
the S02 adsorption on the metal suface. They also showed the effect of the
Hr and preformed corrosion products on the adsorption rate of SOz. The
critical relative humidity was always between 80 and 90% being the
adsorption rate very low under that levels.

In previous research it was demonstrated that steel corroded in the
presence of low S02 polution levels (< 1 ppm) by steps with Fe S04 formation
and H2S04 as catalizer. Once grown the first products the adsorption
capacity showed an appreciable increase even at low Hr levels, being Fe the
metal which corrosion products evidenced the highest SOz adsorption
capacity.

The differential adsorption depends of the corrosion products formed in
different controlled atmospheres. f0-lMeisel found as the main corrosion
product of Fe, at 25°C and 100% Hr the 2 oxhydroxide, being d the
predominat form at higher temperatures'

Ishikawa et a found that o and r FeOOH prer?-ted very similar SOz
adsorption capacities and (3 showed a much higher capacity in a shorter time.
These oxhydroxides have different but interconvertible structures. For
instance (3 requires the presence of Cl ions to stabilize but can be
transformed to a through 6 by heating.

Some autors suggested that Fe and Zn could adsorb S02 on their
metallic oxides in the presence of high S02 concentrations. These complexes
could oxydize by the Oz disolved in the electrolyte surface giving sulphates
or stabilize as sulphites, as was found in this work.

in the case of Zn uniform adsorption on all the surface was observed
occurring the reactions on a thin electrolyte surface stratum. On Fe and
steel, on the contrary, the model of discrete adsorption areas allot.d a
better interpretation of the results obtained17.

In steel corrosion FeSO4.6H2O is a stable product even in high Hr ajbients,
mainly localized at the metal oxyde interface. The first crystalline
compound formed was probably the FeSO2.7H20, loossing one hydrating molecule
when the Hr lowered. The presence of salts decreases thus the critical
relative humidity i.e. the Hr level under which no significant corrosion
occurs. When Fe and steel corrosion products do no contain salts, but only
FeOOH, low corrosion rates are measured at any Hr.

The steel atmospheric corrosion is a diffusion controlled process which
propagation rate depends on the chemical composition, morphology and
thickness of the corrosion products film formed.

Previous polarization studies of Zn in NaHSO3 solution showed evidence of
the tigher protective character of the corrosion products formed in
environments with higher SOz polution than those grown in low polluted ones,
being this behaviour related to the different compositions determined. XPS
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and X ray analysis of Zn rusts in natural atmospheres showed for high S02
levels (10-15 ppm) basic Zn sulfate (ZnSO4.3Zn(OH)2.4H20) and hidrozicite
(ZnO) while rural atmospheres (low S02) produced basic Zn carbonates
(Zn(COS)2(OH)d) and hidrozincita (ZnO).

Electrochemical test of Zn in deareated NaHSOs solution provided mechanistic
explanation of the corrosion process in 502 polluted environments, through
an adsorption-oxidation model with pentahydrated Zn sulfite as end product,
in good agreement with the results obtained in this work.
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Table I Materials compositions (% w/w)

Plain C steel C 0.076 P 0.15 Cu 0.03
Mn 0.39 Cr 0.03 Al 0.057
Si 0.065 Mo 0.001 Ti 0.003
S 0.01 Ni 0.04 Sn 0.003

Zn Pb 0.0063 Cd 0.0009 Fe 0.0007
Cu 0.0004 Al < 0.0008 Sn < 0.0005

Al Fe 0.12 Si 0.06 Ti 0.007
Cu 0.003 Zn 0.003 Mn 0.002
Cr 0.002 Mg 0.001 B 0.001
Pb 0.001

Cu Ni 0.01 P 0.0067 Pb 0.001
Sn vestiges

Table i1 Test conditions in the loop

Test time (days) 7
T (0 C) 30 and 50
Hr (%) 98
ES02](ppe) 50

UV radiation wave length 254 nm, constant power 0.014 mW.cm-
Air flux (el.min ) 35

Table Ill Corrosion products formed on Cu.

T (oC) Product % w/w

30 and Antlerite (3 CuO.SO9.2H20) 97
50 Cuprite (CuzO) 3
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Table IV Corrosion products formed on plain C steel.

T (oC) Product % W/w

FeSO4.6H20 37
30 Inner FeSO9.3H20 31

layer Lepidocrocite (2-FeOOH)
and Goethite (or-FeOOH) 32

50 Outer FeSO4.61120 39
layer FeSO9.3HzO 43

ot-FeOOH and r-FeOOH 18

Table V Corrosion products formed on Zn

T (-C) Products W/W %

30 2ZnSOs.5HzO 95
and

50 ZnO.xH20 5
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Fig. 1. Thermogram of Corrosion Products Formed on Steel In the Loop at50C
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Fig. 2.- Schema of the Corrosion Process On Zn and Cu in S02 polluted
atmospheres
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Abstract

The initial stages of the atmospheric corrosion of zinc in humid air (RH = 95%) containing ppm
amounts of SO 2, NO 2 and 03 were studied by in-situ Fourier transform infrared specular
reflection-absorption spectroscopy on metallic zinc, in-situ Fourier transform infrared diffuse
reflection spectroscopy on ZnO powder and by time-resolved analysis of S02, NOx and 03 in
the output gas from a reaction chamber.

In-situ IR specular reflectance measurements show the formation of sulphite on zinc metal in
humid air containing ppm amounts of SO 2 , the sulphite band emerging already after 5 minutes
of exposure. The growth of the sulphite band is approximately linear in the beginning of the
exposure. Measurable amounts of sulphate only starts to form after 45 minutes by the oxidation
of surface sulphite. The experiments show that the stability of sulphite on zinc decreases in the
presence of NO 2, confirming that the synergistic effect of S0 2-NO2 combinations o" zinc
corrosion reported in the literature is caused by the increased formation of sulphate in the
presence of NO2. In-situ diffuse reflectance measurements on ZnO powder indicate that the
enhanced oxidation of sulphite in the presence of NO2 also occurs in the absence of zinc metal.

In-situ IR specular reflectance measurements on zinc metal also show that 03 rapidly ýý.idises
sulphite on the zinc surface, the kinetic stability of sulphite being decreased much more by 03
than by NO 2. Time resolved trace gas analysis in the ppb-ppm range showed that the deposition
of SO2 on zinc metal is enhanced in the presence of 03 and NO2.

Key terms: in-situ IR spectroscopy, zinc, atmospheric corrosion, SO2, NO 2, 03.

Introduction

Together with the well-known corrosive effects of chlorides and acid precipitation, S02 is
generally considered to be one of the most important factors for the corrosion of zinc in the
atmosphere1 . However, there has been relatively little work on the corrosive effect on zinc of
combinations of SO2 and other reactive substances. It has been suggested that some atmospheric
oxidants may accelerate the atmospheric corrosion of zinc in the presence of SO2 I.

In previous laboratory investigations 2, 3, 4 it was confirmed that N02 and 03 are indeed able to
accelerate zinc corrosion in the presence of SO2. It was concluded that the increased deposition
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of SO2 on zinc found in the presence of NO 2 and 03 was caused by an increased rate of
oxidation of S(IV) species on the zinc surface to the S(VI) (sulphate) stage. This conclusion was
based primarily on time-resolved analysis of SO 2, NOx and 03 in Lhe output gas from a reaction
chamber. Using this technique we showed that the interaction of SO2 and 03 on the zinc surface
is stoichiometric corresponding to the overall reaction:

S(IV)(surface) + 03 + H20 -ý SO42- + 2H÷ + 02(g) (1)

while the enhancement of sulphate formation by N02 does not depend on a simple redox
process.

In the present study we investigate the chemistry of the corroding zinc surface during the initial
stages of corrosion attack by a combination of in-situ Fourier transform infrared specular
reflection-absorption spectroscopy on metallic zinc, in-situ Fourier transform infrared diffuse
reflection spectroscopy on ZnO powder and time-resolved trace gas analysis.

Using in-situ Fourier transform infrared specular reflection-absorption spectroscopy on metallic
zinc, we were able to corroborate our earlier conclusions 3 on the enhancement of the rate of
oxidation of S(IV) species on zinc by NO 2 and 03. Thus, sulphite on the zinc surface is
converted into sulphate at an increasing rate when NO 2 and, especially, 03 are present together
with SO2.

Before exposure, the zinc metal surface will be covered by a passive film consisting of ZnO or,
possibly, Zn(OH)2 . To investigate the reactions occurring in this passive film in the absence of
zinc metal, the interaction of SO 2 and NO2 with pure ZnO was studied by in-situ diffuse
reflection IR spectroscopy. These experiments showed that the enhanced oxidation of S(IV)
species by NO2 found for corroding zinc metal also occurs on pure ZnO powder.

Experimental

Three different experimental approaches were used in this investigation:

i, Time-resolved trace gas analysis of the output gas from a corrosion chamber was used to
study the deposition and formation of gaseous species on the zinc metal (zinc of
electrolytic grade >99.9%) quantitatively, as a function of exposure time.

ii, In-situ IR specular reflection ,pectroscopy was used to provide qualitative information
on the formation of adsorbates and the gradual build-up of corrosion products during the
initial stages of corrosion on the zinc metal surface.

iii, In-situ IR diffuse reflection spectroscopy was used to study the reaction on pure zincite
(ZnO, Merck, analytical grade) with no metal present.

The first of these experimental techniques has been described in detail previously 3,4.For
completeness a schematic description is given below.

The IR-spectra were obtained using a Perkin-Elmer 1800 Fourier Transform Infrared
Spectrometer with a MCT detector.

In all exposures, S02 and NO 2 were added from temperature controlled permeation tubes using
dry air as a carrier. 03 was produced by an 03-generator that uses UV radiation (X< 230 nrr, to

663



form atomic oxygen from molecular oxygen that then reacts with undissociated oxygen
molecules to form 03.

Time-Resolved Analysis of the Deposition and Consumption of So?. O and NO2
The zinc samples had a geometrical area of 26 cm2 (5.9*2.0*0.17cm). Prior to exposure, the
samples were polished on SiC-paper in ethanol to 1000 mesh and washed in ethanol using
ultrasonic agitation. The samples were then dried at 200C in air and stored in a desiccator for 24
hours.

Figure 1 shows the experimental arrangement for the time-resolved trace gas analysis. The
materials of construction are glass and Teflon. This apparatus contains one exposure chamber
with continuous flow and it includes on-line analysis of SO2, NOx and 03 in the output gas
from the chamber. S02 was analysed by a fluorescence instrument (Environnement AF2 1). The
03 concentration was determined using an instrument based on UV photometry (Dasibi 1108)
while NO and NOx were analysed by a chemiluminescence instrument (Environnement AC 30).
The zinc sample was suspended in a nylon string in the middle of the chamber, the direction of
flow being parallel to the sample. The gas flow was 1.00 dm3/min resulting in a net gas velocity
of 2.7 cm/s in the cell. Flow conditions were laminar (Re = 50). Experiments were carried out
at 95%.

Before the start of each experiment the interaction of the pollutants with the chamber walls had
reached a steady state so that the output gas from the corrosion chamber had a constant
composition. The experiment was started by introducing a sample into the corrosion chamber.
Each specific trace gas was continuously measured during the exposures, using the decrease in
the signal to calculate the consumption of the gas by the sample.

In-Situ Specular Reflection IR Spectroscopy
The specular reflectance cell was made of Teflon with BaF2 windows placed in the open ends of
the cylinder (cf. figure 2). The BaF2 windows were covered with a 10 gtm thick layer of Si0 2 .
The infrared beam strikes the sample surface at 80* from the surface normal. The temperature of
the sample is controlled by mounting the sample on a water-cooled brass plate. The corrosive air
enters the cell through the middle gas port and leaves the cell through the two exits.

The 7inc samples (47*20*1 mm) were sequentially polished with SiC paper and diamond paste
down to 14m in ethanol. The samples were rinsed in ethanol using ultrasonic agitation and then
dried in air at 20°C. The samples were stored in a desiccator for 1 hour before being transferred
to the reaction cell.

At the start of each experiment a stream of dry air was allowed to pass through the cell for 30
minutes. Humid air (95% RH) was then introduced into the cell and a spectrum was recorded
after 30 minutes. This spectrum was used as a reference, subtracting it from all subsequently
recorded spectra during the exposure. The sample was then exposed to S02 (2.4 ppm) and/or
NO 2 (2.2 ppm) and/or 03 (2.2 ppm) at 95% RH. The first spectrum was recorded after 5
minutes of exposure to the corrosive gas. Spectra were then recorded intermittently during
exposure. The longest exposure time was 24 hours. All spectra were obtained by adding 128
interferograms at a resolution of 4 cm- 1.

The experiments were carried out at 95%. The temperature during exposure was 22 'C and the
air flow was 200 ml/min.

In-Situ Diffuse Reflection IR Spectroscopy
The reaction cell used in the diffuse reflectance experiments was a Harrick Scientific
Corporation HVC-DR3 in-situ reaction cell from equipped with ZnSe windows (cf. figure 3).
The materials of construction were stainless steel and Teflon. All spectra were obtained by
adding 256 interferograms at a resolution of 8 cm-1 . The longest exposure time was 24 hours.
The exposure temperature was 22°C and the air flow was 100 ml/min.
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After transferring the ZnO powder to the reaction chamber, a dry air stream was allowed to pass
the cell during 30 minutes. Humid air (95% RH) was then introduced into the cell and after
another 30 minutes an IR spectrum was recorded which was used as a reference, subtracting it
from all subsequently recorded spectra during the exposure. The sample was then exposed to
S02 (10 ppm) and/or NO 2 (10 ppm) at 95% RH. The first spectrum was recorded after 30
minutes of exposure to the polluted air. Spectra were then recorded intermittently during
exposure.

Results

Time-Resolved Analysis of the Deposition of SO'_: Influence of O3 and NO,
Figure 4 shows the deposition of SO2 as a function of exposure time. The synthetic corrosive
air contained SO2 (780 ppb), S02 + NO 2 (1300 ppb) and SO 2 + 03 (1300 ppb). During the first
few minutes of exposure the deposition of SO 2 was very rapid in all three environments (SO2 ,
SO2 + NO 2 and S02 + 03). After this initial period, deposition slowed down. The decrease in
the deposition rate with time was especially pronounced in the S02-only environment while
NO2 and especially 03 increased the deposition of SO2 considerably at steady state. As shown
in a previous study4 the increase in the S02 deposition on zinc by NO 2 and 03 becomes
increasingly marked as the pollutant concentration decreases.

In-Situ Specular Reflection IR Spectroscopy
S09 Figures 5a and b show specular reflectance spectra of zinc metal exposed to 2.4 ppm

sulphur dioxide in air at 95% RH at different exposure times. Already after 5 minutes of
exposure a band emerged at 1000 cm-1. The interpretation of IR reflection spectra is complicated
by the distortion of the reflectance spectrum by anomalous dispersion. This results in changes in
peak positions relative to bulk transmission spectra5 . Taking into account these expected shifts
in peak positions, the positive identification of fourvalent sulphur on zinc exposed to similar
environments by other methods 3 and by comparison with IR absorption data for bulk
compounds containing sulphur-oxygen species this peak was attributed to sulphite stretching
vibrations (cf. table I for IR absorption bands for some selected compounds). The assignment
of the 1000 cm-1 specular reflectance peak to surface sulphite on zinc is in accordance with a
specular reflectance study by Persson and Leygraf 6 on nickel where a peak at 1020 cm"1 was
assign to nickel sulphite. The sulphite stretching band increased in amplitude approximately
linearly with time during the first 60 minutes of exposure (cf. figure 6a). The band reached its
maximum intensity after about 90 minutes, the intensity then decreasing quickly with time. The
sensitivity of the measurement may be estimated to correspond to a sulphite layer with an
average thickness of about 3-5A from the noise level of the IR measurement, the gas flow rate,
the SO2 concentration in the gas and assuming all SO2 is absorbed by the sample surface. After
45 minutes of exposure another peak emerged at 1120 cm-1. This peak was attributed to
sulphate (compare table 1). The relative intensity of the sulphate peak increased with time and
had become the dominating peak after 3 hours of exposure. At this stage weak peaks at 1030
and 983 cm-1 were detected that were also attributed to sulphate. In addition, remnants of the
sulphite stretching band were detected at 1000 cm- 1. Figure 6b shows the intensity of the 1120
cm-1 (sulphate) band as a function of exposure time. When the sulphate peak emerges, the
growth of the sulphite peak decreases and the sulphite absorption is finally lost in the sulphate
peak. The growth of the sulphate peak is markedly non-linear, being very slow in the beginning
and accelerating towards the end of the exposure.

S02 + NO? Figures 7a and b show specular reflectance spectra of zinc metal exposed to SO 2
(2.4 ppm) and NO 2 (2.2 ppm) at different exposure times. The spectra obtained after 15 and 30
minutes of exposure closely resemble the spectra obtained during the S02-only exposure (see
above). The main difference is the emergence of the sulphate band at 1120 cm-1 already after 30
minutes. After 60 minutes of exposure to SO 2 + NO 2 the sulphate peak at 1120 cm-1 is much
more pronounced than in the SO2-only exposure. The disappearance of the sulphite peak is also
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more rapid in the S02 + NO 2 environment, the peak vanishing already after 90 minutes. This
should be compared to the S02-only exposure where the sulphite peak is still seen after 3 hours
of exposure. Figure's 8a and b show the intensity of the sulphite and sulphate bands as a
function of exposure time. Comparing with figure's 6a and b, NO 2 is seen to accelerate the
formation of sulphate as well as the destruction of sulphite on the zinc surface.

SO? + 03 Figures 9a and b show specular reflectance spectra of zinc metal exposed to S02
(2.4 ppm) and 03 (2.2 ppm) at different exposure times. The sulphite peak at 1000 cm-1 is again
seen after 5 minutes of exposure, while the sulphate peak emerges already after 15 minute's
exposure. The sulphate peak increased in amplitude to become the strongest peak after 30
minutes of exposure. After 60 minutes only two peaks are seen in the spectrum at 1130 and 984
cm- 1, while the sulphite peak at 1000 cm-1 has disappeared. The time-dependence of the sulphite
and sulphate peaks is further illustrated in figures 10 a and b. The diminishing of the sulphite
peak and the emergence of the sulphate peak is seen to be much more rapid in the presence of
ozone compared to S02-only and also to the S02 + NO 2 exposure.

In-Situ Diffuse Reflection IR Spectroscopy
S.Q2 Figure 1 Ia shows diffuse reflectance spectra of zincite (ZnO) exposed to 10 ppm of S02

in air at 95% RH at different exposure times. The first spectrum, which was recorded after 30
minutes of exposure to S02, shows a peak at 950 cm-1. This peak was attributed to a stretching
vibration of sulphite. In the spectra recorded after 1, 2 and 3 hours of exposure this peak
increased in amplitude. The spectrum after 3 hour's exposure to S02 showed a broad peak at
950 cm-1 and smaller peaks at 1000 and 860 cm-1. There was also a peak at 1635 cm-1
corresponding to the bending vibration of water and a broad peak at 3000-3600 attributed to OH
stretching vibrations of water. There is no indication of sulphate at this stage. The spectrum
recorded after 3 hours of exposure is strikingly similar to the spectrum of ZnSO3-3 1-I20
reported by Lutz et al 7.

SO2+NO Figure 1 lb and 1 Ic show diffuse reflectance spectra recorded in an experiment
whereZnO was first exposed to SO2 (10 ppm) for 3 hours. S02 was then removed from the
sample gas and N02 (10 ppm) was introduced. The spectrum after 3 hours of S02 exposure
was identical to the lower spectrum in figure 1 Ia. Already after 15 minute's exposure to NO 2 a
peak emerged at 1130 cm- 1, which were assigned to sulphate. This peak increased in amplitude
and dominated the spectrum after 2 hours showing the rapid formation of sulphate when
sulphite is exposed to NO 2 . Smaller peaks at 1080, 1025, 963 cm- 1 were also visible that were
all assigned to sulphate. Table 1 shows that the IR absorption bands found in this experiment
are similar to the ones found for zinc hydroxysulphatepentahydrate (ZnSO 4 .3ZnSO4 .5H20),
synthesised according to Bear et a18, and normal zinc sulphate (ZnSO4 .7H 20), the spectra being
obtained using the conventional KBr-disc technique. The peak at 950 cm-1, assigned to sulphite,
decreased in amplitude as the exposure to nitrogen dioxide continued. After 5 hours of NO 2
exposure weak absorptions emerged at 1336 1399 and 1436 cm- 1. These peaks were assigned
to nitrate.

Discussion

The specular reflectance IR spectra in figures 5a and b show the formation of sulphite on zinc in
SO2-polluted air. This result is in accordance with a previous study 3 that reported the presence
of S(IV) species on zinc in similar environments. The linear growth of the sulphite band (cf. fig.
6a) and the absence of absorption bands assignable to sulphate during the first 45 minutes of
exposure illustrate the kinetic stability of S(IV) species on the zinc surface. The slowing down
of the growth of the sulphite band after about 60 minutes occurs soon after the emergence of the
sulphate band as illustrated by figure's 6a and 6b. This indicates that sulphite present on the zinc
surface starts to oxidise at this stage, forming sulphate. The accelerating growth of the sulphate
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band reflects that the surface sulphite accumulated during the early stages of exposure is being
oxidised at an increasing rate. The non-linear growth of the sulphate band suggests that the
oxidation of sulphite to sulphate on the zinc surface may be catalysed by the presence of liquid
water on the surface, the formation of the deliquescent zinc sulphate giving rise to an aqueous
solution at humidities above 89% at 220C.

It may be noted that the growth of the sulphate band makes it difficult to measure the relatively
weak sulphite band towards the end of the exposure. The previous studies 3,4 showed the
presence of S(IV) on zinc surfaces exposed to SO2 environments even after long exposure
times, although the S(IV) / sulphate ratio diminished with time.

The diffuse reflectance spectra of ZnO(s) exposed to humid S02-containing air shown in figure
11 a, also show the formation of sulphite. In contrast to the results from the specular reflectance
study on metallic zinc, sulphite on ZnO shows no tendency to oxidise to sulphate during
exposure. The causes for the different behaviour of ZnO and zinc metal in this respect will be
addressed in future work.

Comparing the SO2-only results with the specular reflectance spectra obtained from zinc metal
exposed to S02 + NG 2, shows that the presence of NO 2 decreases the kinetic stability of
sulphite on zinc. Thus, oxidation of sulphite to sulphate is evident already after 30 minutes
while the maximum amplitude of the sulphite band is reached after about 60 minutes (cf. 7a, b
and 8a, b). As in the case of the S02-only runs, the sulphate formation process is highly non-
linear, the s-shape of the sulphate absorption- time curve reflecting the kinetics of the oxidation
of sulphite to sulphate. Once the process of sulphite oxidation is initiated, it rapidly accelerates
to reach a maximum rate after about 100 minutes. This behaviour again suggests the self-
catalysed nature of the process discussed above. The slowing down of the growth of the
sulphate peak towards the end of the exposure reflects that most of the accumulated surface
sulphite has already been oxidised at this stage, the rate of sulphate formation now being limited
by the rate of deposition of SO 2 on the surface. The absence of peaks attributable to nit-ate ill tlhe
specular reflectance spectra is conspicuous. This is in accordance with our previous study 3

where the formation of nitrate and nitrite on zinc was found to be negligible in the corresponding
environment.

The diffuse reflectance experiments involving ZnO(s) also illustrate the enhancement of sulphite
oxidation by N02 (cf. figure's 1 l b and c). Thus, in this experiment where S02 was replaced by
NO 2 , the sulphate peak emerged already after 15 minutes of exposure to NO 2 . This result is
strikingly different from the corresponding SO2-only runs where no sulphate was detected. In
the presence of NO2, nitrate peaks were detected after 10 hours of exposure to NO 2 (not
shown).

In a previous study4 it was shown that 03 reacts with S(IV) species on zinc according to
reaction (1), forming sulphate, hydrogen ions and molecular oxygen. The present work
corroborates these findings. Thus, we find that the presence of 03 causes a marked increase in
the rate of oxidation of sulphite to sulphate. This is illustrated by figure's 9a and b, representing
specular reflectance spectra of zinc metal exposed to air containing S02 + 03 and by figures 10a
and 10b, showing the evolution of the sulphite and sulphate bands with time, respectively.
Initially, the rate of formation of sulphite on zinc in the presence of 03 is similar to the two other
environments studied. However, the slowing down of the growth of the sulphite peak and the
simultaneous appearance of the sulphate peak occurs already after about 15 minutes in the
presence of 03. The sulphite peak only reaches a fraction of the intensity in the two other
environments. Apparently, the rapid oxidation of sulphite on zinc by 03 prohibits the
accumulation of large amounts of sulphite on the surface, explaining the comparatively weak s-
shape of the sulphate absorption-time curve compared to the case of SO 2 + NO 2. It may be
noted that the previous study showed that small but significant amounis of S(IV) species are
present on zinc surfaces exposed to mixtures of SO2 and 03, even after long exposure times 3,4 .
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As in the case of the SO2 + NO 2 exposure, the difficulty to detect the sulphite band in the IR
spectra after about two hours is connected to the appearance of the strong sulphate band.

The results from the experiment involving time-resolved analysis cf SO2 downstream a reaction
cell containing a zinc sample are in general agreement with the results from the specular
reflectance IR measurements. The greater steady-state deposition rate of S02 measured in the
presence of NO 2 and, especially, 03 is connected to the increased rate of oxidation of sulphite to
sulphate. It is suggested that the surface sulphate creates an electrolyte that promotes the
corrosion of zinc, increasing the ability of the surface to absorb SO2.

Conclusions

In-situ IR specular reflectance measurements show the formation of sulphite on zinc in humid
air containing ppm amounts of SO2, the sulphite band emerging already after 5 minutes of
exposure. The growth of the sulphite band is approximately linear in the beginning of the
exposure. Sulphate only starts to form after about 45 minutes by the oxidation of surface
sulphite.

The experiments show that the stability of sulphite on zinc decreases in the presence of NO2 ,
confirming that the S02-NO2 synergism reported earlier is caused by the increased formation of
sulphate in the presence of NO 2. In-situ diffuse reflectance measurements on ZnO powder
indicate that the enhanced oxidation of sulphite in the presence of NO2 also occurs in the
absence of zinc metal.

In-situ IR specular reflectance measurements on zinc metal also show that 03 rapidly oxidises
sulphite on the zinc surface, the kinetic stability of sulphite being decreased mnuch more by 03
than by NO 2.
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Figure 5a Specular reflectance IR spectra of zinc metal exposed to 2.4 ppm S02 at 95% RI-
for 5, 15, 30, 45 and 60 minutes, respectively. [igure 5..~, Same as figure 5a except for the
exposure time which is 60, 120 and 180 minutes, respectively.
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Fegu~re 7L Specular reflectance IR. spectra of zinc metal exposed to 2.4 ppm S02 and 2.2
ppm NO 2 at 95% RH for 5, 15, 30, 45 and 60 minutes, respectively. Ejogure..7bA Same as
figure 7a except for exposure time which is 60, 120 and 180 minutes, respectively.
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Fegu~re.8a., Intensity of the sulphite band at 1000 cm-1 as a function of exposiire time for zinc
exposed to 2.4 ppm SO2 and 2.2 ppm NO2 at 95% RII. Figure 8b~. Intensity of the sulphate
hand at 1 120 cm- as a function of exposure time for zinc exposed to 2.4 ppm S02 and 2.2
ppm NO 2 at 95% RH.
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Fjgure 9a. Specular reflectance IR spectra of zinc metal exposed to 2.4 ppm S02 and 2.2
ppm 03 at 95% RH for 5, 15, 30, 45 and 60 minutes, respectively. Foguri9. Same as figure
9a except for the exposure time which is 60, 120 and 180 minutes, respectively.
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zinc exposed to 2.4 ppm S02 and 2.2 PPm 03 at 95% RH. F • .r 1 Intensity of the
sulphate band at H120 cm- I as a function of exposure time for zinc exposed to 2.4 ppm S02
and 2.2 ppm 03 at 95% RH.
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respectively. Fogure I c Same as figure I I b except for exposure time which is 60, 120 and
180 minutes respectively.
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Ia.lg.LVibrational frequencies for sulphur-oxygen species in the region 1400 to 800 cm-1 .

Compound Observed frequencies (cm-1)

ZnSO 3 3H 20a 971sh, 948s, 925sh, 889sh

P-ZnSO 3 -2.5H 20a 1010sh, 975s, 900s

y--ZnSO3 - 2.5H2,Oa 1037w, 1007w, 91 Is, 869s
ZnSO 4 7H 2Ob 1152s ,1 104s,1007w, 983w
ZnSO4 -3Zn(OH)2 • 5H 20b 1 153s 1 122s, 1080sh, 1027w, 966m

s=strong, m=medium, w=weak, sh=shoulder
a) Ref. (7)
b) this work
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Abstract

The potential and galvanic current distributions of a zinc/steel couple under thin layer
electrolytes of dilutz Na2SO 4 were measured using a coplanar galvanic cell, and were found to
be sensitively dependent on electrolyte thickness, electrolyte concentration, steel surface area,
and distance between zinc and steel. On steel, potential varied strongly but current was relatively
constant across the surface. On zinc, the potential varied little but the current changed sharply
across the surface. The anodic current was mostly concentrated at the edge of the zinc electrode
closest to the zinc/steel boundary. The galvanic protection distance for steel and the galvanic
corrosioncurrent of zinc were quantitatively determined for the various parameters of the system.
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I. Introduction

As a corrosion resistant material, galvanized steel has been used in many applications, such as
in building construction and automobile bodies. Since in most natural environments zinc
corrodes much more slowly than steel, by a factor of 5 to 100 times, the life of a galvanized
steel structure is greatly increased compared to bare steel [1].

Numerous studies have been made on the corrosion resistance of zinc and zinc coated steel [2-6].
While most of the data are on the corrosion of zinc, relatively few studies have focused on the
galvanic corrosion process for galvanized steel. The principles and theoretical understanding
of the galvanic corrosion of two electrically connected metals are well documented, but the
various parameters involved in the galvanic corrosion of zinc coated steel have not been
quantitatively studied.

One important aspect of zinc coated steel is that it is mostly used in atmospheric environments
where corrosion occurs under a thin layer of electrolyte during wetting-drying cycles.
Experimental results have shown that the corrosion rate of metals under a thin layer electrolyte
is very different from that in the bulk of solution [7-9]. Also, experimental results have
indicated that the solvation capacity of a thin layer electrolyte for the dissolved species is very
limited, which can affect the formation process of the corrosion products [10].

This paper reports experimental results on the galvanic action of a zinc/steel couple under thin
electrolyte layers of various thicknesses. The potential and current distributions on electrically
connected zinc and steel electrodes, lying in the same plane, with various inter-distance and
surface area ratios, were measured. The objective was to obtain quantitative information on the
extent of galvanic protection of steel by zinc and the galvanic corrosion rate of zinc under thin
layer electrolyte conditions.

U. Experimental

The potential and current distributions of galvanically coupled zinc and steel electrodes were
measured on the planar cell shown in Fig. 1. The zinc electrodes and the steel electrodes were
made of thin strips, moulded in epoxy. The purity of the zinc was 99.99% and the steel was
cold-rolled low-carbon steel. The size and the number of electrodes, as well as the spacing
between the electrodes, varied for each particular set of experiments, as will be described in the
text.

The epoxy cell containing the zinc and steel electrodes was ground to #600 emery paper. The
horizontal top edges of the cell were bordered by a polyimide tape (0.06 mm in thickness) to
confine the electrolyte. The size of the electrodes was considerably smaller than the area defined
by the borders. Na2SO 4 solutions of different concentrations, prepared with deionized water,
were used as electrolyte in the experiments. The thickness of the electrolyte was determined
using a pipet to deliver a pre-determined volume, which was uniformly spread over the specimen
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surface.

To obtain the potential distribution, the local electrode potential was measured relative to a
saturated calomel reference electrode (SCE) using a high impedance voltmeter. The reference
electrode half cell included a Luggin capillary, which was filled with the test solution and had
a tip about 0.2 mm in diameter. The galvanic current from each strip was measured using an
ammeter placed in the circuit as shown in Fig. 1. For polarization measurements one of the zinc
strips was used as the reference electrode. Since zinc demonstrated a fairly stable electrode
potential, this produced reproducible polarization data. More detailed experimental procedures
are described elsewhere [l17].

EIl. Results and Discussion

A. Potential and Current Distributions

Fig.2 shows the potential over zinc and steel surfaces as a function of the distance from the
centre line of the cell (as seen in Fig. 1, 4 of the 6 zinc strips were electrically connected to 4
of the 6 steel strips) in 0.001 M Na2SO 4 solutions of three different thicknesses. The zinc and
steel strips each had 0.75 mm x 20 mm exposed area and were separated by gaps of 0.3 mm of
epoxy. The open circuit potentials of the zinc and steel strips were about - 1050 mV., and -500
mV.C respectively. As seen in Fig.2 the potentials were almost the same for the four zinc strips,
but were very different for each of the steel strips. The potential of the steel strips varied with
the most negative closest to the zinc strip and the most positive furthest from the zinc/steel
boundary

The galvanic current flowing through each strip was measured by connecting an ammeter in
series with the strip, from which the galvanic current distribution was obtained as shown in
Fig.3. The current on the zinc strips was anodic and that on the steel strips was cathodic.
Among the zinc strips, the one closest to the boundary had much higher current than those more
distant from the boundary, showing an uneven current distribution. However, for the steel strips
the current was distributed relatively equally.

The potential distribution of two coupled metal electrodes is determined by the characteristics
of the anodic and cathodic polarization and the resistance of the electrolyte. For zinc, the anodic
reaction is due to the dissolution of zinc which is an activation controlled process, while for steel
the cathodic reaction under polarization up to around the zinc potential is predominantly
controlled by the diffusion of oxygen. By knowing the open circuit potentials of the zinc and
steel, the percentages of anodic polarization, cathodic polarization and ohmic potential drop
between the zinc and steel electrodes can be estimated. As shown in Fig.2, the anodic
polarization of all zinc strips is within 20 mV with the one closest to the steel boundary the most
positive. The steel strip which is 1.4 mm from the middle line is taken as an example to discuss
the ohmic contribution. Considering an electrolyte 320 Am in thickness, from Fig.2 it is seen
that the ohmic potential drop between the zinc and steel strips is about 100 mV. Since the
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potential difference between the open circuit potentials of zinc and steel was about 550 mV, then
the cathodic polarization of this steel strip was about 430 mV. The percentages of the anodic
and cathodic polarizations and ohmic potential drop were therefore about 4%, 78% and 18%
respectively. As for the strips further away from the zinc, the contribution of ohmic potential
drop became larger and that of cathodic polarization became smaller.

The current and potential distributions on the surface of a coplanar galvanic cell have been
theoretically analyzed by Waber [12]. A polarization parameter, having a dimension of length
[13], was used to characterize a galvanic corrosion cell and was defined as

Li = U/p I d,/.dI I (1)

where p is the specific resistivity of the electrolyte; L- is the current density and n7, is the
overpotential of the anode or the cathode. According to Waber, whether the anode and cathode
behave "microscopically" or "macroscopically" is determined by the ratio of a dimension of
either electrode C1, divided by the polarization parameter L,. The mathematical modelling
indicated that, when the ratio Ci is small, the variation of current density over an electrode is
small, i.e, the electrode behaves microscopically. In contrast, when the characterizing ratio is
large, i.e., when the electrode dimension is much larger than 1-, the celec.trode process is
regarded as macroscopic, and the variation of current density over the electrode surface is large.

In the present case, since the anodic reaction was activation controlled, the polarization
resistance was a function of the current. At a typical current density of around 100 bLA/cm2 the
anodic polarization resistance of zinc dn,/dI, was determined, from the anodic polarization curve,
to be about 150 (2/cm2 . Considering that for 0.001 M Na2SO 4 solution p is about 4100 f2-cm,
the anodic polarization parameter L. can be calculated from equation (1) to be 0.037 mm. For
the cell shown in Fig. 1, the dimension (C, of the anode ( 4 zinc strips) is 3.2 mm measuring
from the centre of the cell and the ratio of Ca/La is 87, which is much larger than 1, meaning
that the zinc anode should behave macroscopically and the current density variation over the
anode should be large (as confirmed in Fig.3).

The cathodic reaction was diffusion limited and the polarization resistance was estimated from
the cathodic polarization curve of the steel to be of the order of 105 (2/cm2 or larger. The
polarization parameter is then L, > 24 mm and CC/LC < 0.13, which is a small value indicating
that the steel electrode behaved microscopically and the variation of the current over the steel
surface was small as can be seen in Fig.3.

B. Effect of Electrolyte Thickness

It is seen in Fig.2 that electrolyte layer thickness does not have a noticeable effect on the
potential of the zinc strips but has a large effect on that of the steel strips. One effect is to
increase the resistance of electrolyte. On the zinc side the current density is very small over the
whole surface except near x =0. Variation in electrolyte resistance will have very little effect
on the potential distribution on the zinc surface. ( -he other hand, the current density through

679



the electrolyte on the steel surface is a relatively constant value. A decrease in the electrolyte
thickness will lead to a significantly larger potential change ovei the steel strips as seen in Fig.2.
Variation of lectrolyte conductivity through chaging the concentration has similar effect [17].

Another effect of electrolyte layer thickness is on the reaction rate of oxygen reduction which
is limited by oxygen diffusion through the electrolyte. As can be seen in Fig.3, the galvanic
current is larger for a thinner electrolyte layer. This is because of faster diffusion of oxygen
through a thinner electrolyte layer. Fig.4 shows the galvanic current as a function of time for
different electrolyte layer thicknesses for two electrically connected zinc and steel strips which
were 1 mm apart. The galvanic current was relatively high at the instant when the zinc strip
was connected to the steel. It decreased to a relatively low constant value in less than a minute.
As is clearly seen, the current decreased with increasing layer thickness. It changed very little
with further increase of thickness over 0.5 mm.

This dependence of the galvanic current on the clectrolyte thickness is due to the change of
oxygen transfer rate with thickness of the electrolyte. It is known that the cathodic reaction on
steel in open air at potentials less negative than that for hydrogen evolution is due to oxygen
reduction [14]. When the thickness of the electrolyte layer is near or smaller than the diffusion
layer thickness, the reduction rate of 02 is affected by changing the electrolyte thickness. The
thinner the electrolyte layer, the higher is the diffusion rate of 02 and thus the higher the
cathodic current.

C. Galvanic Protection Distance (Throwing Power)

The cathodic protection of steel is determined by the potential of the steel. Around the corrosion
potential steel will corrode. If the steel is cathodically polarized to a certain potential value by
being galvanically connected to a piece of zinc, it will be protected and corrosion will not occur.
The potential of the steel galvanically connected to zinc varies with electrolyte thickness,
resistivity of the electrolyte, distance between the zinc and steel electrode, and area of the steel.
In order to determine the effect of all these parameters under identical conditions a different type
of cell was used.

The configuration and the definition of the parameters are schematically shown in Fig.5. D
represents the distance between the inner edges of steel and zinc electrodes, W the width of the
steel electrode, and x the distance from the inner edge of the steel electrode. By using cells with
the zinc strip at different distances from the steel, the effect of distance, D, on the potential of
the galvanically connected steel was characterized. By using steel electrodes of different sizes
the effect of steel area on the potential of galvanically connected steel was examined. The
dimension of the zinc electrode in the x direction is not controlled since, as shown previously,
the current on the zinc was concentrated in a very small region, within 1 mm of the steel under
a thin layer electrolyte, and the variation in the width of zinc electrode wider than 1 mm has
hardly any effect on the potential or current distribution.

Fig.6 shows the potential at a position close to (at X < 1 mm) the edge of the steel electrode,
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as a function of the distance between the zinc and the steel (D) for different thicknesses of 0.001
M Na2SO 4 solution.

Based on the corrosion behaviour of steel in aerated solution, it can reasonably be assumed that
little corrosion will occur when the potential of the steel is lower than -700 mV,, which is about
200 mV more negative than the corrosion potential of steel. This potential value is then used
as a criterion to estimate the galvanic protection distance of zinc for steel. As illustrated in
Fig.6, taking the distance value, D, of each curve at -700 mV.,, the protection distances for the
steel at x < 1 mm under different thickness of electrolyte are obtained. For example, as
indicated in Fig.6, the protection distance in 0.001 M Na2SO 4 was about 4 mm for a 1 mm wide
steel strip under a 0.17 mm electrolyte, and it was about 47 mm under 1.36 mm thick
electrolyte.

Using the same procedure, the protection distances for the steel surface at different x values for
different steel widths and different solution concentrations were obtained. Fig.7 (a) shows a
three dimensional plot of the protection distance for 0.01 M Na2SO 4 solution. It is clearly seen
that the protection distance increases as the electrolyte thickens or the steel strip narrows. Note
that the protection distance changes less when the steel is wider than 20 mm, especially for
thinner electrolyte layers. The protection distance for the steel surface at position x = 5 mm
is shown in Fig.7 (b). Compared to Fig.7 (a), one can see that the protection distance for the
steel surface at x = 5 mm is much smaller than at x < 1 mm. When the steel strip becomes
wider and the electrolyte layer thickness becomes thinner, the galvanic protection does not
extend very far from the edge of the zinc steel boundary. For example, from Fig.7 (b) and
Table II it can seen there is no protection for the steel surface at x = 5 mm for a steel electrode
20 mm wide under a 0.01 M Na2SO 4 electrolyte thickness of 0.17 mm.

Fig.7 (c) and Fig.7 (d) are the protection distances for 0.001 M Na 2SO 4 solution at x < 1 mm
and x = 5 mm on the steel surface respectively. Compared to 0.01 M Na2SO 4 solution the
protection distance is much smaller. Note also that it gets even smaller at the steel surface
which is 5 mm away from the edge of the electrode compared to that at the edge, i.e. at x <
1 mm.

D. Galvanic Corrosion of Zinc

Galvanic corrosion of zinc occurs when it is electrically connected to steel in electrolyte. The
galvanic current is thus a measure of the galvanic corrosion rate of the zinc. Fig.8 shows the
galvanic current as a function of the width of the steel strip (W), the thickness of the electrolyte
(t), and the distance between the zinc and steel electrodes (D) for 0.01 M Na2SO 4 solution. The
galvanic current is high when the zinc is close to the steel. It decreases as the distance between
the zinc and the steel becomes larger (compare Fig.8 (a), (b), (c)), and this is more pronounced
for thinner electrolyte layers than for thicker ones. It is so because when the cell scale is
relatively small and the zinc is close to the steel, the cathodic current on the steel is limited by
diffusion of oxygen to the steel surface [17]. As the zinc becomes more distant from the steel,
the galvanic current becomes limited by the ohmic resistance of the solution, resulting in a
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decrease of the total galvanic current.

The current increases sharply with steel strip width up to about 10 mm according to the reslut
in Fig.8 (a). As the example shows, when the width of the steel strip increases to a certain
value, the overall galvanic current actually decreases especially for thinner electrolyte. This is
a rather interesting result. This is because increasing the width of steel will increase the reaction
area, but at the same time will increase the ohmic resistance contribution which will change the
potential distribution. When it is ohmic-resistance-controlled the cathodic current on steel can
be much smaller than the limiting oxygen diffusion current [17]. Thus, as the width of the steel
gets larger, the current density becomes smaller on the area which is more distant from the
zinc/steel boundary. At a certain width, further increasing the width of steel electrode will
actually result in a decrease of the total galvanic current.

According to the current distribution on the zinc surface (Fig.3), galvanic corrosion of zinc
concentrates on the narrow edge which is closest to the steel. This has an important implication
for the corrosion of galvanized steel in which the coating has limited thickness. It means that
if a piece of galvanized steel is in touch with a piece of bare steel in a coplanar way under a thin
layer of electrolyte, corrosion of the zinc coating will only occur at the edge of contact and will
proceed in the direction away from the contact line.

The above is a systematic study of the effects of parameters involved in galvanic action for a
zinc/steel couple. It provides a general understanding and quantitative estimate for the galvanic
protection of steel and the corrosion of zinc under a thin electrolyte layer, e.g. under
atmospheric conditions. In real situations, other factors may also play roles, such as the
accumulation of corrosion products and formation of a passive layer, which can greatly change
the overall reaction kinetics.

IV. Conclusions

The galvanic current and potential distributions of zinc and steel electrically connected in a
coplanar cell under a thin aqueous layer of Na2SO 4 electrolyte are reported. They were found
to be sensitively dependent on the concentration of the electrolyte, the thickness of the layer, the
area of the steel surface, and the distance between the zinc and the steel.

Except for concentrated solutions and thick electrolyte layers, the galvanic current over the zinc
electrode was concentrated at a narrow edge closest to the steel, resulting in a very steep spatial
current distribution. Over the steel electrode, except for a very thin electrolyte layer or for a
large scale e'ectrode, the current density was relatively constant. The potential was almost
constant over the zinc surface. It remained within 40 mV of the corrosion potential of the zinc
and changed rAtle with the solution concentration, electrolyte thickness or the size of the steel
electrode. On the other hand, the potential varied significantly over the steel surface, from a
value close to the z:rc.: corrosion potential to the corrosion potential of the steel, and sensitively
changed with electrolyte concentration, electrolyte thickness, area of the steel surface and the

6Fý



distance between steel and zinc.

The protection distance for steel galvanically connected to zinc was quantitatively determined
for the various parameters involved in the system. The protection distance was found to increase
with increasing conductivity of the electrolyte and with decreasing surface area of the steel. The
galvanic corrosion rate of zinc increased with the area of steel up to a certain size, then
decreased slightly with larger area. It decreased sharply as the distance between zinc and steel
increased. The width of the zinc had little effect on the protection distance or the galvanic
corrosion of the zinc.
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zinc and the steel electrode, W width of the steel
electrode, and X the position on the steel electrode.
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Fig.6 The potential at x < 1 mm as a function of the
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Na2SO 4 solution for different electrolyte thicknesses for
a steel width of I mm.
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AIbst ract

Evaluation of the corrosion rate by electrochemical techniques is direct and pre-
cise. but not readily applicable to conditions of atmospheric corrosion. This pa-
per assesses several experimental approaches that were used in an attempt to
bridge the benefits of electrochemical testing and the challenges presented by
corrosion reactions un!er a thin layer ol an electrolyte.

Kev words: Corrosion. liccirochemical Icsts, Thin layer electrolytes

Inlroduction

Although the thermodynalIIi(s. electrochemical nature and kinetic principles of
corrosion reactions arc weill U iderstomd (I. 2), corrosion continues to be poorly
predictable and a scnsti c function of !he environment. Electrochemical tech-
nique, can provide I measuire of the corrosion behavior for samples exposed to
bulk electrolytes,. I lowe.r, f. I .c Use of a standard three-electrode electrochemical
cell for corrosion evalualion under thin layers of electrolytes or under the condi-
tions of atmospheric co: roion is iit sfrnaight forward. Electrolytes involved in
atmospheric corrosion Narv in tliclne,;s from sc\e iii monolayers of water to
condensation droplets. Several cxi'erimental approaches have been suggested
(3-8). One of the more int.resting methods has been the use of the Kelvin Probe
in atmospheric corrosion (5-8), which can be applied to the thinnest of
electrolytes. This paper d',scusses sone aspects of the Kelvin Probe technique,
as well as two offher set-ups th-at were developed in our laboratory to evaluate
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corrosion under a thin layer of an electrolyte by electrochemical techniques: three
electrode air-tight cell for corrosion measurement under 100% relative humidity
(RH) and a miniature cell for corrosion measurement in a droplet of water.

I. Metallic Corrosion in Air with 100% RH

A. Samples, Experimental Set-up and Procedurc

Tests were performed in an air-tight cell, built with a KEL-F (3M, St. Paul, MN)
body containing quartz windows. The cell itself was designed to be a part of an
ellipsometric table, and to allow an ellipsometric characterization of the surface
in conjunction with other measurements. Samples were prepared by evaporation
of two different metallic film stripes, separated by 2 mm, on a single glass slide.
Each film was 50 mm long, 5 mm wide and about 200 nm thick. One of the films
was the metal to be studied, while the other was in all cases an Au film serving
as a counter-electrode. The glass slide dimensions were 65x20 mm so that one
end of each slide, with an area of 15x20 mm, was free of any metal. The sample
holder provided spring-loaded, air-tight, connections to the Au and sample
stripes, while holding the slide in a vertical position. The tip of the metal-free end
of the slide was immersed in water at the bottom of the cell, which also contained
a reference electrode, Figure I. The following metal stripes were tested: Co, Cu,
Al, Nb, W, Zr, Ti and 8ONi-2OFe. Prior to tests, samples were held in a dry ni-
trogen box and used without any surface prc-treatment.

The geometry of the sample and its position in the cell were dictated by the desire
to make simultaneous electrochemical and ellipsometric measurements. With the
sample in position, the cell was placed on the ellipsometric table, and readings
were taken while (try nitrogen or oxygen was bubbled through the water. When
the bubbling was stopped in a closed system, a thin layer of adsorbed water cov-
ered all surfaces and provided an electrolytic connection for the three electrodes;
the working electrode (metal/alloy of choice), Au counter electrode and reference
electrode. The open circuit potential became measurable about a minute after the
bubbling stopped. During the next 15 minutes, the surface was monitored by
ellipsometric changes and the open circuit potential was recorded. After 15 min-
utes, cathodic currents (from 10-9 to I A/cm 2) were applied and the change of
potential was recorded. At the end of the cathodic Tafel line measurement, the
bubbling of dry gas was resumeld, with continued measurements of ellipsometric
parameters. The cathodic Tafel lines were corrected for IR drop (with ohmic re-
sistance measured separately by an Impedance Bridge).

B. Corrosion Rate under an Adsorbed Water Layer

1. Thickness of the adsorbed water - Under 100%R14t, a surface water film
could be several water layers thTickor -vsibly present as condensation. In our
tests, water uptake oin all of the tested saimples was accompanied by a decrease
of the ellipsometric parameter A by ain amnount ranging from 0.20 (measured on
Co) to 2.140 (measured on Nb) and a corr,.sponding increase of the parameter
"I' varying from 0.05' to 0.28^ An ex'amplr of the time variation of dA is given
in Figure 2 for aluminum. The data indicate that the initial film grows linearly
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with time, before acquiring a much slower, logarithmic growth rate. The overall
change is small, indicating that the newly formed surface films are very thin. III
this case, the observed change in A is linearly related to the film thickness, with
the proportionality constant depending on the refraction index of the film. If the
film is solely adsorbed water, with a refraction index of 1.338, a decrease of I 0 in
A corresponds to an average film thickness of about I nm. Thus, the measured
water thickness in all cases has to be less than 2.5 nm. In reality, a part of the
observed change could be also caused by accumulation of oxidation products.
This is supported by the irreversibility of the observed change upon subsequent
drying. Most likely, water adsorbs and corrosion reactions lead to the formation
of dissolved salts, which are left on the surface upon drying.

2. Metallic Corrosion Potential and Corrosion Rate in 100%RH. - Data for
Cu and Ni-20%Fe are given in Figure 3. The corrosion potentials of the two
metals are higher in 02 than in Ný, as would be expected. The corrosion rate for
Cu is higher in 0 than in N 2, while for NiFe the trend is just the opposite. This
can be explained Ay the ability of the NiFe alloy to passivate. The corrosion rates
for Cu are about two orders of' magnitude higher than for NiFe.

These measurements are affected by errors in ohmic resistance. The IR corrected
cathodic current-potential curves exhibited diffusion limiting currents that were,
in contrast to expectations, significantly lower than measured in bulk electrolytes
with a well defined diffusion layer (see below). This indicates that the correction
resistance was possibly too low. However, the same errors were applicable to all
measurements, yet the data clearly indicate that the cathodic currents were al-
ways higher in 02, as expected. This (and other trends in the data) lends credi-
bility to the approach.

I!. Corrosion Tests in a Droplet of Water

A. Procedure

Following a report on the use of wet filter paper in electrochemical corrosion
measurements (4), we designed a sct-up to mimic the conditions of atmospheric
corrosion while preserving the advantages of a three electrode cell (9). Figure 4
shows a schematic of the cell. The set-up consists of the sample (working
electrode) masked with plating tape to expose a 0.32 cm 2 area, Pt mesh (counter
electrode), and a mercuroui, suqlfate electrode (reference electrode), with a filter
paper disk separating each electrode. The procedure was as follows: The samplc
was placed on a small jack, and the working area, covered with a tightly fitted
filter paper and a flat Pt mesh, was maneuvered into a center of the opening of
a vertically positioned and a rigidly held Bcckmann Fitting. The inner diameter
of the Fitting was 8 mm, i. c. large enough to easily expose the entire working area
that has a diameter of 6.4 rmm. The sample was then raised and kept in place
at a hand-tight pressure against the fittin-;. The second filter disk was then
dropped over the working area. A droplet of electrolyte was introduced with an
Eppendorf pipette, and the rcference electrode was positioned over the sample
using the Fitting as a holder. A typical droplet size was 20 p1. Due to small dis-
tances between the electrodes, the ohmic: resistance in the cell was relatively small

689



even with electrolytes such as dcionizcd and triple-distilled water. As the ohmic
resistance of the cell was only about 800 K2 in the first seconds of measurement,
insignificant errors in the evaluation of corrosion rates are introduced. The pro-
cedure was to monitor tile corrosion potential for about 15 min and periodically
measure the polarization resistance by scanning the potential ±20 mV from the
corrosion potential at I mV/s. The corrosion rate was calculated assuming anodic
and cathodic Tafel slopes of 0.1 and 0.12 V/dec, respectively. The
potentiodynamic polarization curve was then measured at a rate of I mV/s from
0.25 V cathodic of the corrosion potential. Polarization resistance measurements
in a mild electrolyte such as water are particularly suitable for the study of thin
films. In contrast, much or all (if this film can be dissolved during
potentiodynamic sweeps, but such tests are quite informative as the ability of a
metal to passivate and possible galvanic exposure can be assessed.

B. Corrosion Potential and Rate in a 20 pl of Electrolyte

An example of a linear polarization curve is given in Figure 5 for copper in water,
measured one minute after water was added. The corresponding corrosion rate
is 8x10- 6 A/cm 2. The corrosion rates of Cu and NiFe in a droplet of water were
found to be about 1000x faster than those measured in l00%RH as described
above. Interestingly, the corrosion rate for Cu was still about 100x higher than
that for NiFe, or Al, as measured under 100% RH. It is also interesting to note
that the linearity of the measured dV/dI curves, which is expected from the basic
kinetics, is not jeopardized by the technique. as visible on the Cu example. If and
when a departure from the linearity is measured, it is caused by electrode re-
actions, such as formation of passive oxides, and not by IR drop of the cell. The
results of potentiodynamic tests are illustrated in Figure 6 for Cu in water and
1.5% acetic acid. The measured cathodic rate is clearly diffusion controlled, as
expected for dissolved 02, and the overall corrosion reaction is apparently under
cathodic control.

Although this electrochemical cell is small, the observed 0 2-diffusion current is
expected: the thickness of the two filter paper disks and a Pt mesh is about 0.55
mm, thus slightly higher than the diffusion layer thickness of a static electrolyte,
0.5 mm (10). The calculated value of the diffusion-limited current, with 5 of 0.5
mm, the diffusivity of the metal ions, D, of 10-5 cm 2/s and oxygen concentration
of 1.2x10-6 mol/ml (I V) amounts to

ijm = zFDci'(5 := 5x10- 5 A/cm 2.

This value is close to that observed in acetic acid. At this p1-I level, the Cu sur-
face is oxide-free and fully available for oxygen reduction. The lower value of
i,,m measured in water might be explained by the presence of native oxides at
neutral pH, which provide a marginal hindr'ince to corrosion reactions. The data
arc in excellent agreement with published work, illustrating that the electrode
kinetics in a droplet of water are similar to the kinetics measured in a bulk
electrolyte.
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The technique has many practical applications. It is easily used for evaluation
of the corrosion behavior of a given metal in different electrolytes, in a variety of
pH's, in solutions which would otherwise need special containers (such as HF and
BHF), in water with or without inhibitors, etc., or for a comparative evaluation
of different metals which might be candidates for the fabrication of a particular
product. One criticism of the technique could be that, when the water is used,
the electrolyte is quickly changedl by corrosion reactions, and thus it seems to be
poorly controllable. However, such a change is quite natural in atmospheric
corrosion, when the adsorbed water quickly becomes a part of corrosion re-
actions, as well as a solvent for available pollutants. This technique has been
utilized in our laboratory for an evaluation of corrosion mechanisms in thin film
magnetic disks (9), characterization of AICu exposed to reactive ion etching and
a variety of cleaning steps (12), determination of solder behavior in a broad pH
range (13), and evaluation of inhibitors, such as benzotriazole and its derivatives,
for corrosion protection of copper (14). Some of the results, obtained for a variety
of metals in water, will be discussed in section Iii.

!!1. Kelvin Potential of Metals in Humid Atmosphere

A. Apparatus and Measurement

In recent years, Strattmann and co-workers (5-8) have applied a well established
technique of surface potential measurement, the Kelvin Probe, to corrosion
measurements. A schematic 4f the apparatus is given in Figure 7. An audio-
frequency current is fed into a small disk vibrator mounted parallel to the sample
surface and 10-100 pm above it. When both metals are connected, their Fermi
levels are identical. The two surfaces form a condenser, the capacity of which
oscillates with the motion of the vibrator, resulting in an AC current in the cir-
cuit:

iAC + dQ/dt = AqdC/dt

with AMF being the Volta potential difference between points just outside the
sample/electrolyte and the vibrator. If a battery of voltage V is added to the
circuit, then the Fermi levels of the two metals differ by the voltage of the battery
and A4J is altered by:

i = (AT' - V) (IC/dt.

When V = AT', the AC signal vanishes. Shinal amplification, analysis and null-
ing allow measurement of the Volta potential to an accuracy of about I mV.

The Kelvin potential has been correlated to the corrosion potential both by ex-
periments with flooded electrodes as well as by fundamental electochemical ar-
guments (5, 8). However, it is not known if this correlation is valid for electrolyte
layers only a few tenths of a nm thick.
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B. Application of Kelvin Probe to Metals Exposed to Different RH

Using a Ag/AgCI probe, which has been shown to be more stable than Au or Pt
(15), Kelvin potentials were measured for a variety of metals in air with RH
varying from 0 to 80% at room temperature. The measured potentials decreased
with increasing humidity on all samples examined thus far. An example is given
in Figure 8 for Cu. The Kelvin potential obtained at 80% RH for several metals
is plotted against the corrosion potential measured in water for the same samples
in Figure 9. The slope of a straight line fitted to the data is close to 1. This in-
dicates that the fundamental electrochernical arguments indeed apply to the
thinnest of electrolytes. The correlation suggests that the corrosion potential of
metals decreases with increasing RH. The corresponding corrosion rate was not
measured. However, we can assume that the corrosion rate increases with RH.
Using this assumption and the theory behind Evans diagrams (16) in data eval-
uation, the data indicate that, under thin electrolyte (several monolaycrs of wa-
ter), the corrosion reaction is controlled by the anodic and not the cathodic
reaction. This is illustrated in Figure 10, with a schematic of an Evans diagram
for the corrosion reaction under activation control. The change in corrosion re-
actions, described with an increase of the corrosion rate and a decrease of the
corrosion potential, can be explained by a progressive increase of the exchange
current for the anodic reaction, proportional to the exodus and hydration of Cu-
ions. The reaction rate is apparently limited to the amount of water available
for complexing Cu-ions. For Co and metals to its right in Figure 9, the cathodic
partner of the metal dissolution is oxygen reduction. The thickness of the
adsorbed water should be small (between less than I monolayer for RH =0.1 and
about 10 monolayers for RH =0.8 (17)), and thus oxygen reduction should be
activation controlled and much faster than measured in bulk electrolytes. As-
suming that oxygen reduction is equally fasl on all metals, the relative change of
the potential with humidity could indicate the extent by which the anodic re-
action of each metal changed as the humidity increased. In a way then, the
change of the Kelvin potential with humidity is proportional to the vulnerability
of metals to corrosion. Assuming that I) metal dissolution kinetics is activation
controlled with a Tafel slope of 60 mVi'decade (as for example Cu dissolution in
water), 2) an increase of water on the surface changes io for metal dissolution and
not the dissolution mechanism, and 3) that oxygen reduction proceeds by an ac-
tivation controlled kinetics with a Tafel slope of 120 mV/decade, then each 40
mV decrease in potential corresponds to an increase in metallic dissolution of lOx.
The difference in the Kelvin potential m,:'asured at 0% RH and 80% RH,
AKPV, varied from 18 mV on Zr and hfi to about 230 mV measured on Cu.
We did not evaluate the corrosion rate corresponding to Kelvin potential meas-
urement. Instead, Figure II shows the measured AKPV plotted against the cor-
rosion rate measured on the same metals in a water droplet. There seems to be
a correlation, indicating that metals with a higher corrosion rate in water also
show a larger change of KPV with an increase of humidity. However, the sample
size is fairly small, and much more woirk is needed to better understand this re-
lationship.
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Final Remarks

Three techniques were presented, two of which were developed in our laboratory,
in an attempt to apply rigorous electrochemical techniques to a quantitative
evaluation of corrosion processes under thin electolyte layers. The results show
some level of correlation. Of the three techniques presented here, the droplet cell
is by far the simplest set-up and is amicable to an application of the basic
electrochemical measurements for an evaluation of the corrosion reactions in thin
electrolyte layers. The technique can be used with much of the versatility
normally associated with clectrochemical corrosion testing, except that it is lim-
ited to measurements in stagnant electrolytes. However, the thickness of the
electrolyte, 0.55 mm, is large compared to Ihe thickness of adsorbed water in a
humid atmosphere.

The attempt to use a standard reference electrode in a combination with the thin
film working and auxiliary electrode was successful, at least at 100% humidity.
The technique is limited by the evaluation of the ohmic resistance and in this re-
spect it should be improved with a use of a more sensitive, in situ measuring
technique.

Kelvin Probe measurements of corrosion potential are applicable to a variety of
systems, corrosive environments and electrolyte thicknesses. The results on
metals exposed fo a controlled levels* of humidity seem to be comparable to the
data obtained with the three-electrode cell in water. Wider application of this
method could both broaden our understanding of corrosion reactions and evalu-
ate their effects in thin films electrolytes.
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Abstract

A Laboratory-based exposure rig has been employed to quantify the effects of the dry deposition of
individual pollutants (S0 2 , NO2 and NO), with or without ozone (03), on the degradation of limestones and
dolomitic sandstone. In addition to employing dry stones, wetting of the stones has been used to study
effects of moisture on deterioration processes. Presentation rates of pollutants have been selected to be
realistic and represent atmospheric conditions encountered in the U.K. From the equivalent calcium yields
calculated, quantifying the extent of reaction, the importance of pollutant gas solubility in surface water
and oxidants for pollutant gas transformations to the respective acids on the Limestones and dolomitic
sandstone are revealed.

Electron-opticat examinations reveal the importance of porosity, and physical characteristics of the stone
surface, on the deterioration of stones. Compact stones Lead to formation of a 'sutphate crust' on the
surface, whereas porous stones allow ingress of salts to within the stones, thus aiding crystaltisation
related damage. Results indicate that simulation of actual outdoor degradation processes is achieved, in
terms of types and degree of deterioration of samples. The exposure chambers also allow acceleration of
degradation of stones (in some instances upto 3 x reality), without using unrealistic pollutant presentation
rates.

Key terms: Stone degradation, exposure chambers, dry deposition, pollutant gases, oxidants.
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Introduction

Monuments undergo many forms of deterioration in the external environment 1 , although it
is difficult to separate precisely the effects of natural weathering from those of anthropogenic
pollutants2 . A number of studies have shown the importance of CO 2 in the degradation of
stones, particularly in wet deposition conditions3 . The acceleration of decay in recent decades
has been attributed to the increase in man-made pollutants, above the natural levels 4 . The
most important pollutants in stone decay are sulphur dioxide (from oil and coal combustion)5

and oxides of nitrogen (from automotive exhausts)4 . Such pollutants are transported to stone
surfaces by dry and wet deposition processes 6 . The former entails the turbulent gas transport
and adsorption/absorption processes on stone surfaces (wet or dry), whereas the latter
involves deposition of the pollutants, as oxidized or species dissolved in atmospheric
moisture, during rain events. Pollutants delivered by turbulent processes (dry deposition)
attack a greater proportion of the material surface than do large particles and precipitation,
for which sheltering can limit the actual extent of deposition. Factors influencing gaseous
deposition are the concentration of the pollutant in air, the turbulent transfer process,
moisture presence, and the chemical and physical nature of the material; as well as the
interaction of pollutants and oxidants.

Much importance, therefore, is attached to national and international exposure programmes
that have been established to assess the responses of a range of materials to various external
environments 3. However, the number of variables involved and their lack of control; makes
difficult the determination of the relative importance of individual factors. It is thus necessary
to complement field work with controlled laboratory exposures to measure the effect of one
variable while maintaining other parameters constant, as well as studying the interaction of
pollutants to evaluate any synergistic effects. Such results may be used to formulate damage
mechanisms and improve mathematical models and hence predict rates of material
degradation7 .

In this paper the effects of dry deposition of SO2 , NO2 and NO pollutant gases are studied
in controlled environments, with a view to use more complex mixtures of pollutants to
ascertain individual effects and pollutant gas interactions.

Experimental

Design Philosophy. The interaction of an anthropogenic pollutant with a material entails
consideration of many factors, eg pollutant concentration in the atmosphere, which may range
widely in value, both temporally and spatially, and wind velocity with respect to the surface.
Presentation rates of pollutants, defined as the rate at which gases are presented to the
surface of materials per unit area per unit time8 , are probably the best method of simulating
pollutant concentrations in external conditions. Due to the high wind speeds possible outside,
exposure chambers must employ concentration of pollutants which, at first sight, seem
unrealistically high. However, comparison of the presentation rates used in the chambers and
the environment shows good agreement. Other factors that are important in dry deposition
processes are the relative humidity and water present on and in the stones, both of which are
addressed in the current study.
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Exposure Rig. The atmospheric flow rig consists of four exposure chamber units (Figure 1),
each comprising a perspex box, of dimensions 470 x 150 x 150 mm, into which the polluted
atmosphere at controlled humidity (84 % ± 2 % RH) and temperature (292 + 2 K) is passed
at 0.083 1 s-. The volume concentrations of the individual pollutants was 10 vppm enablin•
realistic presentation rates (as compared to the external environment) ( 16.2 x 10-6 mg cm-

s"1 SO 2, 8.02 x 10-6 mg cm"2 s-1 NO 2, 7.41 x 10-6 mg cm"2 s-1 NO and 11.83 x 10-6 mg cm-
2 S-1 03 ). In addition to using dried stones(in reality coming to equilibrium with the air
stream), the flow chamber allows wetting of the stones by means of peristaltic pumps; C0 2-
equilibrated de-ionised water was employed for wetting the stones. A wetting rate of 2.5 x
10-6 ml cm 2 s-1 was employed, which is equivalent to the average rainfall rate in the U.K.
Run-off was collected weekly and analyzed for calcium and magnesium, as well as for pH
changes. Water was fed into the chamber, and directly onto the stone specimens, for 8 h
followed by 16 h of drying at the ambient rig temperature. The wetting and drying cycles
were repeated daily for the 30 d exposure period. An important feature of the exposures was
that use of the peristaltic pumps ensured uniform wetting of appropriate specimens
throughout the exposures. As anticipated, the same trends as previous work are achieved
where wetting led to local channelling of stones.

Sample Preparation. Portland limestone, Massangis Jaune Roche limestone and White
Mansfield dolomitic sandstone were chosen for exposure, due to their wide use as building
materials in Europe, and cut into the required dimensions using a petrographic diamond saw,
with water as lubricant. Before exposure, the stone samples (50 x 30 x 5 mm) were washed
in de-ionized water and dried at 328 - 333 K until constant weight was achieved, or, in
reality when two consecutive weighings, separated by 24 h drying period, were within +
0.05 %.

Analyses. The run-off solutions obtained from the wetted stones were collected weekly and
analyzed for calcium and magnesium by flame emission spectrophotometry and atomic
absorbtion spectrometry, respectively.

After exposure, the stone samples were again dried to constant weight and the weight change
determined. Triplicate sample exposure allowed the following examinations to be performed:
i) One sample was ground to powder and the anions (sulphates and nitrates) extracted in hot
water, this procedure extracted 98 % of anions from within the stones. The filtrate thus
obtained was analyzed by high performance liquid chromatography (HPLC).
ii) Petrographic thin sections of the stones were prepared and examined by optical and
electron-optical techniques.

Results

The stones were exposed to realistic presentation rates of S0 2 , NO 2 or NO, with or without
ozone. Stones were either dry (ie coming to equilibrium with the 84 % RH) or wetted with
C0 2-equilibrated de-ionized water. In considering the various stone types,the stones are
termed 'dry' or 'wetted', the former indicates the absence of flowing water and the latter the
presence of flowing water over the surface of the stone. But regardless of the state of the
stone surface, the pollutant gases are transported to the stones by dry deposition processes.

Weight Changes. Data are presented for the exposed surface area of 1500 mm2 . Weight
changes are a qualitative guide as to the reactivity of the gases towards the stonýs and should
be treated as such, to quantify deterioration processes it is necessary to take into account
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other parameters ( anion contents of stones, calcium in run-off etc. ).

Dry Stones: The weight changes of the stones after the 30 d exposure period
reveal weight gains in all cases (Figure 2a); the relatively small weight increases suggest that
little reaction proceeds over the selected period of exposure. In the additional presence of
ozone significantly greater weight increases are observed.

Wetted Stones: For the wetted stones, exposures to SO2 reveal weight increases
whereas exposures to NO or NO2 indicate weight losses (Figure 2b), although the weight
losses are relatively small compared with large weight gains for other conditions. Since the
weight change measurements in these instances are a combination of weight gains (reaction
products) and weight losses (dissolution), the extent of reaction cannot be measured from the
weight change alone.

The trends of weight gains for exposures involving S02 and weight losses in NO2 or NO
exposures are maintained with the addition of ozone (Figure 2b). Exposures of SO 2 , in the
presence of ozone, lead to comparatively large weight gains for all stones. Weight losses for
NO2 and NO, in the presence of ozone, are slightly greater than for individual gases.

Retained Anions
Dry Stones: All stones show retained sulphates or nitrates (Figure 3), and a

dramatic increase is seen in the presence of ozone, eg for Massangis limestone SO2

exposures alone show sulphate retention in the order of 10 mg per stone sample; whereas,
in the presence of ozone the sulphate concentration has increased to above 60 mg per stone
sample.

Wet Stones: Significant quantities of sulphates and nitrates were detected for
exposures involving SO 2 and N0 2( 20-50 mg per stone sample); however, exposure to NO
results in reduced levels of nitrates than dry stones( 0.1-2.0 mg per stone sample for wetted
stones as compared to 5-20 mg per stone for dry exposures ). With the addition of ozone
further increase in sulphates is evident ( 25-130 mg ). For NO exposures the presence of
ozone significantly increases the concentration of nitrates extracted from the stones ( 20-50
mg ).

Run-Off Analyses The run-off solutions were analyzed for calcium and magnesium.
Concentrations of calcium in the run-off are greatest for exposures involving SO 2. In addition
magnesium is evident in the run-off for Mansfield sandstone. In the presence of ozone
dramatic increase in calcium (and magnesium for Mansfield sandstone) are evident (Table
1). The reaction can be represented by the following general reaction:

CaCO 3 + 2H+ ± Ca 2 + + CO 2 + H 2 0 for calcite bearing stones (1)

MgCa(C0 3)2 + 4H+ ± Ca2 + + Mg2 + + 2CO 2 + 2H 20 for dolomite bearing stones
(2)

The above equations show only the effects of acid-base reactions (H+ derived from
dissolution and/or oxidation of pollutant gases in the moisture films on stones), calcium in
solution may also be derived from other processes eg CO 2 related dissolution, and particulate
loss from stones. Analysis of run-off solutions for particulates, by neutron activation analysis,
shows virtually no particulates. As for CO 2 related dissolution, this is most important in
relatively pollutant free environments (during rain events) and is thus not considered here.
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Electron-Optical Analyses The most readily evident change is the presence of a sulphate
crust (determined by SEM/EDX analysis), on the exposed surface and lininig the pores
(Figure 4), in exposures involving SO 2 pollutant gas. For NO/NO2 exposures no c:rust
formation is evident, however roughening of the exposed surface is noted, due to dissolution
of the highly soluble nitrates.

General Observations Exposures of the different stone types to the pollutants results in
weight changes and the presence of the respective oxidized species ie sulphates and nitrates
on or within the stones (Figure 4). The additional presence of the oxidant ozone enhances
anion retention, indicating the efficacy of this species in oxidizing the pollutant gases.
Absence of sulphite and nitrite suggests that if these were present at some time during
reaction they have been oxidized to sulphates and nitrates. Other researchers have, however,
detected sulphites on samples exposed to S02 alone, and nitrite leached from NO2 exposed
samples 9. In the present work combination of exposure conditions and the period of drying
employed leads to complete oxidation of nitrites and sulphates.

Water plays a principal role in damage to stones as well as being essential for chemical
reactions, other important factors include physical characteristics of the stones and the
environmental conditions. The NAPAP study has shown the importance of carbon dioxide
in affecting damage towards stone, in relatively pollutant free regions; and during rain
events6 . Massangis limestone shows lower retention of sulphates than Portland limestone, due
to the lower porosity of the former. This lack of porosity thus allows little transport of salts
into the stones for retention. The effect can be readily seen by examination of petrographic
thin sections (Figures 4(a) and 4(c)), the relatively compact stone shows a thin sulphate crust
on the surface due to lack of porosity whereas the porous stone allowed ingress of salts and
hence a thicker sulphate crust is formed.

To ascertain the overall role of pollutants' interaction with the stones, equivalent calcium
yields have been evaluated (Table 2). these are derived on the assumption that the anions
present on/in the stones have resulted from reaction of the acid concerned with the stone
constituent, calcite for limestones and dolomite for the sandstone. From the concentrations
of anions in the stones, equivalent calcium concentrations are calculated and added to the
calcium present in the run-off solutions(where appropriate) to determine the total equivalent
calcium yield in the degradation reaction. For the dolomitic sandstone, due consideration is
given to the magnesium content; however, the conversion is expressed as equivalent calcium
yield.

An overview of the processes can be achieved by comparing the equivalent calcium yields
of the various exposures. The following features are readily identified:

Dry Stones It is evident that at these conditions little reaction has occurred for all
exposures and stone types, due to the lack of a suitable medium (water) for reaction.
Generally, sulphur dioxide shows enhanced reactivity as compared to the nitrogen oxides.

Wetted Stones In both the absence and presence of ozone the following order is clear;
SO2 ) NO2 Zt NO.

For SO2 gas both water and oxidant enhance the deterioration processes, whereas subtle
differences arc evident for N0 2/NO exposures. The reasons are discussed in the next section.
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Discussion

The quantification of the extent of reaction allows comparison of the effects of individual
pollutants; as well as the role of water and oxidants. It is recognised that at 84 % RH the dry
stone surfaces carry a very thin moisture layer10 (about 2 nm thick), whereas, upon direct
wetting this layer is increased to 0.2 mm10. Relatively gentle wetting was employed so as
to avoid wash off of solid products and thus interfere in analyses.

Individual Pollutants. Dry stones show little reaction over the exposure period(30 d), with
SO2 being more reactive towards the stones than either NO2 or NO. In the absence of
catalysts or oxidants, the gas phase oxidation rates are extremely slow 11,12. The amount of
sulphate extracted from the stones suggests that SO2 undergoes catalytic oxidation after
dissolution in the moisture film on the stone surface, since oxidation of SO2 by 02 alone is
an extremely slow process. It has been shown that the stones contain sufficient quantities of
transition metals, which are capable of catalysing the reactions 13. Thus formation of the
respective acids and subsequent reaction with the stones results in the formation of gypsum
(and epsomite, in the case of Mansfield sandstone) and the various nitrate species. Due to
the lower solubility (in the surface moisture film) of the nitrogen oxides, their reactivity is
substantially reduced14 '15 , thus; these gases may play an important role in long range
pollutant effects as compared to the relatively short ranged sulphur dioxide.

For wetted stones the extent of reaction follows the same trend as the solubility of gases14.
Thus, as a consequence of the greater solubility of SO2 than the NO. gases, an increased H+
ion concentration is available for reaction. For NO exposure, addition of water diminishes
the reactivity of this pollutant; implying slow oxidation of this pollutant in the moisture and
is thus lost to run-off prior to reaction with the stones.

Pollutants With Ozone In the presence of the oxidant(ozone) gas phase oxidation of NO
proceeds most rapidly, with SO2 being least affected 14. However aqueous phase oxidation
of SO2 by ozone is greatly favoured. All stones shows the following order of reaction;
SO 2 +03 > N0 2+0 3 > NO+0 3 , Additionally, while SO2 +03 shows constantly high levels
of reaction for all the stones; high reactions for the NO, gases are evident only for the more
porous stones (Portland limestone and Mansfield sandstone). This is due to retention of
dissolved nitrogen oxides in the moisture (within pores) and subsequent oxidation to nitrates
within the stones.

For the 'wetted' stones the following order is observed in all cases; S02+03 > N0 2 +0 3
> NO+0 3 . Chemical reaction, with the additional presence of water, has increased for
S02+03; whereas it has decreased for N0 2 +0 3 and NO+0 3 (as compared with the dry
stones). Oxidation of SO2 by ozone in aqueous medium is a fast process and, therefore
formation of sulphuric acid is favoured and subsequent reaction with calcite/dolomite leads
to formation of gypsum/epsomite. The decrease of reaction of the nitrogen oxides, in the
presence of water, suggests that oxidation in the surface water is rate controlling. Oxidation
of NO/NO 2, in the presence of ozone, proceeds via the N20 5 intermediate' 6; and its'
subsequent conversion to HNO3, even in the presence of catalysts, is sufficiently slow so that
it can be lost to th run off before complete reaction.

Effect of Stone Morphology Physical characteristics of the stone play an important role in
the deterioration processes. Porosity, in particular, can influence the development of a
moisture film and sites for reaction. Even for dry stones, the stones of higher porosity
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showed enhanced reactivity towards the pollutant gases than the relatively compact stone
(Massangis limestone). Massangis limestone shows formation of a thin crust of gypsum, with
little transport of salts to the interior of the stone, whereas the porous stones show significant
ingress of salts formed during exposure (Figures 4(a) and 4(b)).

The relatively thin nature of the crust formed on Massangis limestone reflects the lack of
porosity in this stone and hence build up of a 'protective' layer on the surface, therefore
further reaction with the stone surface is inhibited. For Portland limestone a relatively thick
gypsum layer is indicative of the porous nature of the stone, thus reaction of SO2 pollutant
gas with the stone occurs throughout the duration of the test. The higher porosity of the latter
also allows ingress of reaction products to within the stones.

Role of Water Water, in the form of thin moisture films or a more macroscopic surface
water layer, plays a major role in stone deterioration. In addition to providing a reaction
medium for calcite/dolomite dissolution, it allows dissolution of pollutants and transport to
reaction sites for oxidation. For water running over the surface, the rates of chemical
reactions are important; since reactants may be lost in the run-off prior to oxidation and
reaction with the stones.

Surface water focuses chemical reactions in preferred regions and provides a means for
removal of reaction products, which may run onto adjacent stones and provide salts for
potentially damaging the stone by crystallization in the near surface regions of the stones.

Conclusions

1. Pollutant gas reactions with stones can be studied in the rigs described, and important
features readily identified from measurements of weight changes, retained anion contents of
stones and, where appropriate, cation losses to the run off. The total equivalent calcium
yields are particularly indicative of the overall reaction between the stones and pollutant
gases.

2. Comparison of results with literature indicate that SO2 pollutant gas is not oxidized
to any significant extent in the gaseous phase, with or without ozone present. The pollutant
gas readily dissolves in the surface moisture films, where it undergoes oxidation by dissolved
oxygen and ozone in the presence of catadysts.

3. NO and NO2 oxidation in the gas phase, in the absence of ozone, is minimal. In
addition, they dissolve only sparingly in water and thus increase in reaction is not as dramatic
as for SO2. Ozone enhances the oxidation of these gases to NO3, via N20 5 intermediate;
which hydrolyses sufficiently slowly such that flowing water may remove it prior to nitric
acid formation.

4. General order of reactivity, taking into account presence of water and oxidants, can
be represented as S02 ) NO? _> NO. Under dry conditions the low reactivity of all gases
makes it difficult to assign an order of reactivity with any certainty.

5. Generally, the more porous Portland limestone and Mansfield sandstone show greater
reactivity, in terms of total equivalent calcium yields, than the relatively compact Massangis
limestone.
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6. Total wetting of the stone surfaces leads to same general trends in the order of
reactivity of the gases. Significantly, channelling of stone surfaces is avoided and a uniform
reaction on the surface is attained.
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Table 1. Calcium contents (mg) in the run-off solutions from the various wetted stones
exposed to the pollutant gases in the presence and absence of ozone for 30 days.

Exposure regime

Stone NO NO2  SO 2  NO+0 3  N0 2 +0 3  S0 2 +0 3

Massangis limestone 0.9 0.1 4.8 trace 6.91 19.0

Portland limestone 0.1 0.3 12.7 1.0 7.9 12.7

Mansfield sandstone 0.1 0.1 2.8 1.1 3.0 11.7

Table 2. Equivalent calcium yields (mg) derived from retained anion contents of stones and
run-off solutions, for the dry and wetted stones, exposed to the pollutant gases with or
without ozone as oxidant; for 30 days.

Exposure regime

Stone NO NO2  SO2  NO+0 3  N0 2 +0 3  S0 2 +0 3

Massangis limestone Dry 1.7 1.1 1.7 5.7 4.1 16.8

Wet 14.8 8.6 18.6 12.2 26.8 38.2

Portland limestone Dry 4.7 1.3 2.2 5.8 7.7 25.8

Wet 28.2 10.0 55.3 22.5 28.5 67.1

Mansfield sandstone Dry 4.5 0.7 3.8 7.9 5.8 17.9

Wet 27.4 8.2 56.4 19.8 31.8 55.7
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Dissolution and Precipitation Phenomena
in Atmospheric Corrosion

T.E. Graedel
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Abstract

The presence on corroded metals of sulfate, nitrate, chloride, and carbonate salts implies liquid
to solid transformation, since the anions are supplied to aqueous surface layers on the metals in
the form of atmospheric gases or soluble aerosol particle constituents. Similarly, the presence in
runoff beneath corroded metals of metal salts indicates dissolution of the metals from the solid
phase into the overlying thin liquid layer. Kinetic approaches rather than thermodynamics are
suitable for studying these processes in the indoor and outdoor environment, since conditions
change on time scales of minutes or less during startup of air conditioning systems, rapid
changes of ambient weather systems, and the like. This paper discusses the formulation of rates
of mineral dissolution and precipitation, describes chemical processes for the reactions of copper
and aluminum in surface aqueous solutions, and presents a few preliminary results of
computations dealing with the atmospheric corrosion of wetted aluminumm.

Introduction

Atmospheric corrosion is well known to be a strong function of the amount of water present,
either through rain or snow fall or through wetting as a result of high humidity. This
dependence implies aqueous-phase processes, particularly those relevent to the formation of
minerals, because atmospheric corrosion products are invariably found to be minerals that also
form naturally in geochemical environments.

Geochemical studies of mineral formation and dissolution have customarily utilized
thermodynamic approaches, drawing on the reasonably well-developed data base of crystal
structure stabilities, bond energies, and equilibria. Such as approach is, however, not suitable
for most instances of atmospheric corrosion, in which chemical changes occur on time scales
much too short for multiphase equilibria to establish themselves. As a consequence, a
theoretical approach to the mechanisms of atmospheric corrosion must utilize kinetic
information and kinetic techniques.

In this paper, I discuss briefly the formalism that is appropriate for describing the rates of two
phase change processes crucial to corrosion: dissolution of the uncorroded surface oxide or
hydroxide and precipitation of resulting corrosion products back onto the surface. These
processes are functions of two important chemical variables, acidity and ionic strength, and
these in turn are strongly related to the chemical properties of atmospheric corrosive gases,
water droplets, and aerosol particles, and of their rates of transfer to the corroding surface.

Rates of Dissolution and Precipitation

The related concepts of the dissolution and precipitation of minerals proceed at rates that can
be described by a generalized equation of the type (I)

R = A k (nm -)n (I)

where A is the reactive surface area of the mineral, k is the rate constant, n is a measure of
saturation of the mineral constituents in the overlying solution, and m and n arc positive
adjustablh parameters. In practice, the processes of dissolution and precipitation are pictured
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quite differently from a mechanistic point of view, so more useful and detailed forms of
Equation (1) are discussed individually below.

The solid metal surface enters into the chemical interactions of an overlying squeous system as
consequence oi the attack of the liquid-phase constituents upon it, and its subsequent
dissolution. The dissolution rate is generally acid-dependent (2), and for a given
supersaturation can be expressed as

Rd . = kd W [aH+*I (2)

n for most minerals being between 0 and 0.5, approaching unity only for hydroxide minerals and
for very high proton concentrations.

A picture of proton-assisted surface dissolution has been presented by Furrer and Stumm (3).
In the initial step, M-O bonds are polarized by the rapid attachment of protons to surface OH
groups. The metal ion then slowly detaches itself from the surface at energy-favorable sites
such as kinks or steps. Ligands in the solution may influence the dissolution rates, since metal
complexes are more easily detached than are the uncomplexed metal ions. While at least minor
enhancement in the dissolution rate is seen with many different ligands, tile most. effective are
the bidentate organics such as oxalate and multiply-charged inorganics such as sulfate, which
bind efficiently to the metal in the lattice. As ligand concentrations increase, the rate of
dissolution increases up to the point where their effects on the metal lattice atoms are
overwhelmed by supersaturation effects in the solution.

In selecting dissolution rate values for model calculations, it is obviously preferable to utilize
laboratory data on the dissolution of particular minerals in solutions of specified pit and
constituent concentrations. In lieu of such data, however, Wieland and coworkers (2) suggest
the use of the following relationship

Rdiss = kdissXaPjS (3)

where Rdi.s is the proton- or ligand-promoted dissolution rate (moles m-2 s kdi) s is the rate
constant (s- I), x. is the mole fraction of dissolution active sites (dimensionless), Pj represents
the probability of finding a specific site in the coordinative arrangement of the precursor
compl'x (dimensionless), and S is the surface concentration of sites (moles m- 2). Techniques
for estimating the numerical values of these parameters are given by Wieland and coworkers (2).

Precipitation rates are also related to the morphology of the solid surface, since in most cases in
a non-laboratory environment, nucleation itself will not be rate-limiting and the ability of the
surface to serve as a '*seed crystal" for the precipitating phase will control the crystallization
rate.. That rate, with usual units of mole cm-2 s-', is given by (4)

Rprec = kprec Ac" (4)

where:

"* k Pre is the effective rate constant for crystal growth, sometimes defined as kprecS, the latter
symbol referring to the effective surface area of the seed crystal. The magnitude of k pre

must be determined empirically.

"* Ac is the degree of supersaturation of the product species (dimensionless), given for a third-
order process such as the ferrous hydroxide crystallization as

Ac = ([M 2 + I "yM2 + ) (X- I x- )2 / Kp = (Ion Activity Product)/Ksp (5)

where Kp is the solubility product

"* n is an order parameter dependent on crystal size and morphology: its value can range
between I and 2, but is typically about 1.6.

Given the degree of supersaturation Equation (3) is used to compute the rate of crystal growth.
Where empirical values of kprer are not available (a frequent occurrence), kp,, can be estimated

by analogy with crystals of siniilar chemical structure and crystal habit.

712



Ion Pairing and Chemical Change

An interesting chemical complexity so far as nrecipitation is concerned is that ions in solution
tend not to remain isolated from each other, assembling themselves only at the instant a
mineral precipitates, but usually are present at least in part as ion pairs or more complex
coordination compounds. Coordination compounds in solution are formed by stepwise reaction
(5):

[M"+I + [L] _ [MLn+] (6)

[MLn+] + [L] • [MLn+I (7)

[MLO+] + [L] ; [ML3+I (8)

and so on. Stepwise stability constants can be written for each of these reactions, for example,

K, = [M "](9)
[M +] [LI

K2 = (10)
[ML`+ I [L]

These stability constants have been determined for a large number of the ion pairs one expects
in atmospheric corrosion chemistry, and can be used to evaluate likely solution speciation of
metal ions.

As an example of what needs to be considered, Table 1 presents a set of reactions potentially
involved in the atmospheric corrosion of aluminum (6). From these reactions and other
inferences, Figure 1 shows solution reactions leading to aluminum hydroxysulfate, the most
common of aluminum's atmospheric corrosion products. The sequence begins with the
dissolution of gibbsite (aluminum hydroxide) as a consequence of acidity in the surface aqueous
film. Note that aluminum readily forms ion pairs with hydroxide ions and with sulfate ions, so
the abundance is determined by the applicable stability constants and the abundances of the
anions. Nucleation can be thought of as a four step process in this case: (1) injection of
aluminum ions into solution by dissolution; (2) formation of an ion pair with either hydroxide or
sulfate; (3) formation of a mixed-ligand coordination compound that serves as a precursor to the
solid phase product, and (4) precipitation. The last step is described mathematically by
Equation (4) above, and the other three steps occur as typical ion association reactions in the
liquid layer.

In the case of cations that readily change valence in solution, the added complexities of
oxidation-reduction reactions must be considered. A common example for atmospheric
corrosion is copper, a reaction set for which is shown in Table 2 (6). The associated reaction
sequence for the formation of several simple copper salts is shown in Figure 2 [See Mattsson (7)
for additional discussion.] As with aluminum, the sequence is initiated by acid dissolution of
the surface hydroxide, in this case forming the Cu+ ion. That ion can form an ion pair with
chloride, should enough be present, but it can also be oxidized to Cu 2 + by any of several species
such as hydrogen peroxide [a not uncommon atmospheric ,'onstituent]. The Cu2 + ion may then
be reduced back to Cu+ or it can form ion pairs as precursors to the solid salts. The most
abundant of the corrosion products of copper are the mixed salts brochantite [Cu4(OH)e(SO 4 )[,
antlerite [Cu 3 (OH) 4 (SO 4 )], and atacamite [Cu 2 (OH) 3 cI], all of which are too complex to be
formed entire in solution and which must be assembled on the surface from the simple salts
shown in Figure 2.

Dissolution and Precipitation Data for Engineering Metals

Data for the rates of dissolution and precipitation of minerals, especially chemically complex
ones, is difficult to determine, even in a laboratory setting. Nonetheless, enough data exist for
the common engineering metals that one can begin to structure a perspective on the relevant
kinetics. Table 3 lists some of the more common metals and their corrosion products and
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indicates whether kinetic phase change data are readily available. A few comments are in order
about the way in which the table was constructed. First, note that the table lists oxides or
hydroxides, rather than the pure metals, since that is what an aqueous solution encounters.
Second, in some cases a number of researchers have studied a particular mineral; the reference
provided here is generally the most recent, containing references to the earlier literature. Third,
most of the literature references to the tabular entries contain numerical data; a few give more
qualitative indications of the kinetic properties of the minerals. Fourth, some of the studies
provide kinetic data as a function of such useful parameters as pH or temperature, but for
clarity and conciseness no indication of that additional information is shown- here.

Table 3 demonstrates that some data are available for each of the metals surveyed. Dissolution
data is generally more common than precipitation data. The dissolution data for the iron
species is the most extensive, though none exist for iron's complicated, mixed-valence "green
rust" corrosion products. It is apparent from the table that guidance is present for kinetic
approaches to the chemistry, but that the phase change kinetic values remain very modestly
constrained free parameters for many of the minerals of interest.

Even if data for a particular metal are available, it is not clear whether data gathered under
carefully controlled laboratory conditions can be applied in a quantitative manner to more usual
situations in the real world. An example of these limitations is that data for the dissolution of
trace metals from atmospheric particles, a situation having much in common with atmospheric
corrosion, typicaily shows rates much higher than anticipated on the basis of literature values
(22,23). It remains unclear whether these differences are due to uncertainty regarding the
particular mineral species involved, or to differences in the morphology and complexity of the
mineral assemblages (24).

Model Calculations for Aluminum

As the first example of dissolution and precipitation phenomena, aluminum in an indoor
environment is chosen. Aluminum is used widely in electronic and other high-technology
applications despite its occasional sensitivity to corrosive species in the surrounding
environment. The metal surface is initially covered by a thin layer of aluminum hydroxide
(gibbsite), and it acquires a film of liquid water at humidities above about 50%. Corrosive
species in gas or aerosol particles can then dissolve into this layer, creating a concentrated
electrolyte.

Following the incorporation of atmospheric chemical species into moist surface films by
deposition or dissolution, the aqueous phase species become modified by reactions and phase
changes involving the constituents. Solution sulfur compounds are crucial -eactants, since SO 2
is known to enhance aluminum corrosion in laboratory experiments (25). The rate-limiting step
in the corrosion process appears to be the oxidation of sulfite to sulfate. Over periods of days to
weeks under constant conditions and much shorter periods under fluctuating humidity, stable
and highly insoluble basic aluminum sulfates form by stepwise reactions expressible in ensemble
fashion as

x(Al3 +) + y(S04-) + z(Ol-)- Al,(SO4 )y(O1l). (11)

The stoichiometry of the resulting product is variable, partly as a function of the amount of
water conveniently available; normally the aluminum to sulfur ratio is of the order of 2 and z
>>x 2y.

In the case of a stable aqueous layer atop the hydrolyzed aluminum, the solution chemistry
changes only as a consequence of three processes: the deposition of gases and particles from the
atmosphere to the surface, the dissolution of solid surface phases into the solution, and the
precipitation of solid phase products from the solution to the surface.

In the scenarios dealt with here, the indoor atmosphere contains relatively high concentrations
of acidic gases, and their deposition onto the aqueous film enhances solution acidity, a•s shown in
Figure 3. The pli, initially at 5.6 (in equilibriuim with atnmospheric carbon dioxide), decreases
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rapidly, becoming slightly less than 3 after about an hour of exposure. For the remainder of the
exposure the acidity continues to increase, but the rate of increase becomes less marked
(especially when plotted on a logarithmic scale).

Another parameter of interest is the concentration of aluminum in the aqueous solution, shown
in Figure 4. This aluminum comes from the dissolution of the surface aluminum hydroxide
(gibbsite), a process which is very slow at near-neutral pH. As the pH decreases with time,
however, the dissolved aluminum concentration increases rapidly, reaching a plateau just above
10 nM after the first hour or so.

The second calculation was performed for a scenario with the same atmospheric parameters as
the first, but an aqueous surface layer on the aluminum hydroxide that undergoes drying out
over the three-hour exposure period. This scenario is of particular interest in view of the high
ionic strengths measured in thin water films on metal surfaces by Dante and Kelly (26). Some
of the results of this calculation are compared in Figures 3 and 4 with the results for the stable
aqueous layer calculation.

No qualitative differences are seen between the evaporative layer calculation and the stable
layer calculation, especially at early times. Later, as the layer thins and its contents become
more concentrated, ionic strengths of up to 0.26 occur. Concurrently, the pH drops to 0.6. This
extreme acidity promotes dissolution of the gibbsite, and the solution aluminum concentration
is two orders of magnitude higher than if the layer did not evaporate. Even with these changes,
none of the minerals singled out for examination approach saturation, even two minutes before
drying is complete. As a consequence, the precipitation of solid phases must therefore occur
very rapidly, and with little time available for the ions and atoms to assemble themselves into
crystalline morphologies (27).

Finally, examining the results for aluminum speciation is of interest. Results for the two
calculations are compared in Figure 5. It is seen that at early times the two cases are virtually
identical, most of the aluminum being unpaired and the paired aluminum forming monohydroxy
and dihydroxy complexes. With the passage of time and the deposition of sulfate from the
atmosphere, the sulfate pairs become more prominant, eventually (in the evaporation case)
forming nearly 40% of the aluminum in solution.

Conclusions

It is apparent from this discussion that the kinetics of phase changes are vital to a
comprehensive description of the atmospheric corrosion process. A formalism for these
processes is well established, though the supporting data remain sparse. Nonetheless, model
calculations utilizing measurements and estimates seems likely to teach us considerable chemical
information about the corrosion process. This paper has presented a few initial results from
such an effort; they reveal the importance of coordination compounds as precursors to the solid
phase corrosion products, and demonstrate the rapid chemical changes that occur as aqueous
solutions at the metal surface undergo evaporation. Further results, now in progress, will be
presented subsequently as stimuli to improved understanding of the chemistry of the
degradation of metal surfaces exposed to the atmosphere.
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Table 1. Liquid Phase Chemical Reactions for Aluminum Constituents
Rx. No. Reaction

R101 A13+ + H 2 0 - AI(OH)2+ + H+
R102 AI(OH) 2 + + HI -' All+ + H 2 0
R103 Al(OH) 2 + + H2 0-- AI(OH)+ + H+
R104 Ai(OH)2 + H+ --. AI(OH) 2+ + H 2 0
R105 AI(OH)j + H2 0 AI(OH)s + H+
R106 AI(OH)3 + H+ --+ AI(OH)I + H2 0
R107 AI(OH)3 -- AI(OH) 3 1
R108 AI(OH)4 --* AI(OH) 3
R109 Al3+ + S02- --- ALSO+
R110 AISO0 --* AI+ + S4
Rill AS04+ + S02- AI(SO4 )•
R112 Al(SO 4 )2 -- l ALS0+ 4SO
R113 AI(OH) 2+ + S0O2- -- AI(OH)(SO4 )
R114 AISO+ + 011- --+ AI(OH)(SO 4 )
R115 AI(OH)(SO 4 ) - AI(OH) 2 + + S02-
RI16 AI(OH'(SO 4 ) - AI(OH)(SO4 )1
R117 AI(OH)(SO4)1 - AI(OH)(SO4)
Rl18 AI(OH) 2 + + Cl- - AI(OH)CI+
R119 Al(OH)Cl+ --+ AI(OH) 2 + + Cl-
R120 AI(OH)2" + Cl- --+ AI(OH) 2 Ci
R121 AI(OH)CI+ + OH- --+ AI(OH) 2 CI
R122 AI(OH) 2 Cl-+ AI(OH) 2 ÷ + CL-
R123 A4(OH) 2 Ci AJ(OH)2 CIJ.
R124 AI(OH) 2 CI, -- AI(OH) 2CI

Table 2. Liquid Phase Chemical Reactions for Copper Constituents
Rx. No. Reaction

R201 Cu+ + 02-- Products
R202 Cu+ + HO Cu2+ + 0H-
R203 Cu+ + H0 2 + H 2 0 -- Cu 2 + + H2 0 2 + 0H-
R204 Cu+ + H 2 0 2 --* Cu 2 + + HO. + OH-
R205 Cu+ + O-- + 2H 2 0 - Cu2 + + H2 0 2 + 20H-
R206 Cu+ + Cl --+ CuCI
R207 CuCI--* Cu+ + Cl-
R208 CuCl + 02 -4 Products
R209 Cu+ + SO2- __+ CuSO5

R210 CuSO -. Cu+ + SO2-3
R211 CuSO" + 02 -. Products
R212 Cu2+ + HO 2 ' - Cu+ + H+ + 02
R213 Cu2+ + O2-- Cu+ + 02
R214 Cu2+ + 1120- Cu(OH)+ + H+
R215 Cu(OH)+ + H+ _. Cu 2 + + H2 0
R216 Cu(OH)+ + H 20 - Cu(OH) 2 + H+
R217 Cu(OH) 2 + H+ --, Cu(OH)+ + H 20
R218 Cu(OH) 2 -- Cu(OH) 2 1
R219 Cu(OH) 21 Cu(OH)2
R220 Cu2 + + SO4 -4 CuSO 4
R221 CuSO4 Cu 2 + SO-
R222 CuSO 4  CuSO 4 1
R223 CuSO 4 1 -- CuSO 4
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Table 3. Availability of Dissolution and Precipitation Data
for Engineering Metals and their Corrosion Products

Formula Mineral Name Diss. Rate Ref. Precip. Rate Ref.

Ag~l Oblorargyrite 8
Ag2 C 2O 4  -8

Ag 2 S Acanthite

AI(OH) 3  Gibbsite 9
Al(QH)(S0 4) Jurbanite 10

CU2 0 Cuprite 11
CU2 S Chalcocite
CUSO 4  Chalcocyanite -12
Cua(OH) 4 (S0 4 ) Antlerite
CU4 (OH)e(S0 4 ) IBrochantite -13
CU2 (OH) 3 C1 Atacamite
CU4 (OH)6sC1 2  Paratacamite -13

Fe2 O 3  Hematite 14
a - FeOOH Goethite 14
Fe oxide (amorph) - 15
-y- FeOOH Lepidocrocite 16

FeCO3  Siderite 17
FeSO4  Rozenite

PbO Litharge
PbSO 4  Anglesite 18
Pb(C2 H4 0 2 )2  -19

ZnO Zincite 20
ZnSO.4 Zincosite - 21
ZnS(C0 3 ) 2 (OH)s Hydrozincite
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AI(,H)° 2

AISO•AH AI(OH)(SO4)

AI(SO4)2

Figure 1. Reaction sequences for the formation of aluminum hydroxysulfate in atmospheric
corrosion. Solid phases are shown in ellipses, liquid phase species in rectangles. The process is
initiated by dissolution of the aluminum hydroxide and terminates with the precipitation of the
corrosion product.

C,-Io- OH-

Figure 2. Reaction sequences for the formation of simple copper salts in atmospheric corrosion.
Solid phases are shown in ellipses, liquid phase species in rectangles. The process is initiated by
dissolution of the copper hydroxide at the solid surface and terminates with the precipitation of
one of the corrosion products.
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Constant Depth Evaporating
Layer Layer

AI(OH)2+ +AI(OH)2

AI3+H +AI3+H)

AIH(SO4)2

Figure 5. Aluminum speciation in the surface solution at three times during the constant depth

and evaporative calculations. As the calculations proceed and sulfate is deposited on the

surface from the air, the pH decreases, OH- concentrations decrease, and the aluminum ions

are increasingly complexed with sulfate ions.
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Abstract

The Bureau of Mines, in cooperation with the Environmental
Protection Agency, studied the impact of acid deposition on the
atmospheric corrosion of zinc and copper. A corrosion model, based
on competing processes of corrosion film growth and loss, was used
to analyze runoff or corrosion film losses from the metals. The
model establishes quantitative, site specific measures of the dose
of environmental species affecting atmospheric corrosion processes.
It includes contributions to materials damage from precipitation in
equilibrium with atmospheric carbon dioxide, i.e., "clean rain",
from the excess hydrogen ions from the strong acids often present
in precipitation in the eastern U.S., and from dry deposited sulfur
dioxide and nitric acid. It also includes the effect of dry
deposited basic particulates to mitigate metals damage from acidic
species. These contributions help define the long term corrosion
of zinc and copper. The effects of environmental species are shown
to be complex, dependent on how the species are delivered to the
metal surface, the chemical nature of the species, and the minerals
present in the corrosion product. The solubility of zinc and
copper corrosion products in precipitation in equilibrium with
atmospheric carbon dioxide when acid deposition was absent was 48

smol Zn/L and 18 pmol Cu/L, respectively. The minerals present in
the corrosion product are important to the dry deposition of the
acidic gases. Acid deposition at Washington, D.C., accounts for
roughly 70 pct of the long-term corrosion product losses on zinc
and 80 pct of the losses on copper.

Keyterms: Atmospheric corrosion, corrosion model, acid deposition,
sulfur dioxide, nitric acid, basic particulates, copper, zinc,
stainless steel, deposition velocity

Introduction

The corrosion of copper and zinc in the atmosphere depends on
a number of environmental parameters, including sulfur dioxide and
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precipitation pHl-4 . Dose-response functions have been developed to
quantify the effect of these parameters on corrosion'-7 . The
Bureau of Mines, in cooperation with the Environmental Protection
Agency, studied corrosion damage effects of acid deposition as part
of the National Acid Precipitation Assessment Program'.
Atmospheric corrosion of zinc was modeled based on the wet and dry
deposition of reactive environmental species to the metal surface
and the impact of these species on the competing processes of
corrosion film growth and loss5 '7' 9 . Corrosion film losses are
sustained by precipitation washing the zinc surface and removing
soluble compounds resulting largely from acid-base reactions with
acidic gases and "acid rain"'0 12 . The model establishes
quantitative, site specific measures of the dose of environmental
species affecting zinc corrosion. It includes parameters that
define the well-known variation of corrosion rate with time for
metals with protective corrosion films.

Only that part of the model concerned with corrosion film
losses in precipitation runoff is addressed here. Runoff film
losses include contributions from precipitation in equilibrium with
atmosEheric carbon dioxide, i.e., "clean rain", from the excess
hydrogen ions from strong acids often present in precipitation in
the eastern U.S., i.e., "acid rain", and from dry deposited sulfur
dioxide8 . These terms are related to the local air quality,
meteorology, and precipitation and particulate chemistry. They
form a stoichiometric equation relating corrosion film losses to
the delivery of environmental species to the zinc and access of
these species to the corrosion product.

The stoichiometric equation, which has been shown to account
for a large fraction of zinc runoff losses5 , expressed in
equivalents, is

(1)
M = rSV + H+ +[SO2 ]

M is the corrosion product runoff loss. S is the solubility of the
corrosion product in precipitation in equilibrium with atmospheric
carbon dioxide; r is a residence time factor, with a value between
0 and 1, and strongly dependent on corrosion film surface
roughness, water layer thickness, size and shape of the metal and
temperature 13 ; V is the precipitation volume. While r in theory
could be computed, at present r is treated as an urpetermined
parameter and fit to the data. H+ is the hydrogen ion from wet
deposition consumed by acid-base reactions. This term should also
include a residence time factor. However, for the thin water
layers studied, excess hydrogen ions appear to react quickly and
completely with the corrosion product and the residence time factor
is unity'"1 1-. [SO,] is the dry deposited sulfur dioxide. It is
determined by the ambient concentration of sulfur dioxide in the
air, the time of wetness of the metal surface, and aerodynamic and
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surface resistances related to movement of sulfur dioxide from the
gas phase to the corrosion product.

Corrosion rates in long exposures, when the corrosion film has
achieve a steady state thickness, are equivalent to the rate of the
film runoff loss, Equation 1. This, of course, presumes that the
terms in Equation 1 are for an aged surface or that values measured
in shorter exposures are applicable to steady state conditions.
Equation 1 provides insight into the environmental factors
affecting corrosion in long exposures and the steady state
corrosion rate. It suggests, as others have observed, that the
steady state corrosion rate is determined by the level of
atmospheric pollutants 6 .

Equation 1 has been expanded in this paper to include
contributions from nitric acid and basic particulates. These
results are based on runoff measurements in Washington, D.C., over
a 33 month period. They show that the mass balance used in runoff
experiments provides a sensitive method for detecting environmental
effects on corrosion. The expanded Equation 1 has been used to
quantify the contributions of wet and dry deposition in the
atmospheric corrosion of zinc and copper. It provides a basis for
assessing environmental impacts on materials damage and for
examining the mass transfer processes that affect atmospheric
corrosion.

Experimental Methods

Precipitation runoff measurements were begun June 1985 on the
roof of the West End Library in downtown Washington, D.C., and
continued to February 198811. Flat panels of rolled zinc (UNS-
Z44330), electrolytic tough-pitch copper (UNS-Cil000) and type 304
stainless steel (UNS-S30400) measuring 0.3x0.6 meters were mounted
in separate polyethylene trays to collect the precipitation washing
the skyward surface. The panels and the trays were mounted at an
angle of 30 degrees to the horizon and faced south. The groundward
side of each panel was masked to prevent corrosion. The site was
the primary air quality monitoring site for Washington, D.C.

The panels were chemically cleaned prior to installation in
the collectors using standard ASTM methods"4 . The stainless steel
panel served as an inert reference surface to quantify acid-base
reactions not related to corrosion product dissolution. Analyses
for Cr in the runoff indicated the stainless steel did not corrode
during the exposure period. The runoff was collected continuously
by a sealed system that minimized evaporation losses and absorption
of gases from the atmosphere. The coilection container was changed
monthly for chemical analysis.

The runoff was filtered to remove undissolved particulates and
analyzed for the standard acid rain ions (H, Ca, Mg, K, Na, NH.,
NO3, Cl, and SO4 ) and selected metal ions (Cr, Fe, Zn, and Cu) by
electrochemical, atomic absorption and ion chromatographic methods.
Bicarbonate ion concentrations were computed from the pH assuming
equilibrium with atmospheric carbon dioxide.

Precipitation (rain and snow) was continuously collected by an
Aerochem Metrics wet/dry collector and analyzed on a monthly
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schedule for the same ions considered in the runoff. Particulates
were collected on a regular schedule in high-vol and dichotomous
samplers and analyzed by EPA. Air quality (SO2, NO, NO2, 03) was
measured continuously by the D.C. government. Monitoring of
atmospheric nitric acid concentrations was recently begun by the
National Dry Deposition Network 15 . Nitric acid concentrations are
not available for Washington, D.C., but weze estimated, from
measurements in the adjacent three state region, to be 3 pg/m 3 .

A number of standard 10x15 cm corrosion panels of each metal
were exposed concurrently with the runoff panels for periodic
removal to determine corrosion rates and corrosion film chemistry.

Results

Runoff Losses
The concentration of zinc in the runoff from the Zn panel is

shown as a function of pH at 25 0C in Figure 1. The solubility
curve for O-Zn(OH) 2

16 has been added to the figure. The measured
values are well below the solubility curve indicating the runoff
was not saturated in Zn. The term rS is the solubility of
corrosion product in runoff in equilibrium with atmospheric carbon
dioxide and with no other reactive species present. The difference
between this value and the measured values is attributable to acid
deposition. The value of rS shown was estimated from the expanded
form of Equation 1 to be discussed later. Similar results are
shown in Figure 2 for the copper runoff. The measured Cu
concentrations are well above the solubility curve for cuprite
(Cu2O) and lie on the curve for tenorite (CuO) 16 . Basic zinc
carbonate for zinc2,11 and brochantite for copper 3 may be better
bases for the solubility curves in Figures 1 and 2.

Dry Deposition
Dry deposition is the process whereby gaseous species and

particulates are delivered to and retained by a surface through a
combination of aerodynamic and chemical processes. The dry
deposition of acidic gases is greatly enhanced by a thin layer of
moisture or dew. Dry deposition cannot be measured directly in
this experiment but, instead, is inferred from a mass balance
involving measured quantities treating the accumulation of species
in the corrosion film. Dry deposition fluxes for sulfur dioxide,
sulfates, nitrates, and Ca and Mg basic particulates were computed
in this way.

Basic particulates. The total Ca and Mg particulates
deposited onto the stainless steel and released into solution is
shown in Figure 3. A portion of these particulates consumed
significant quantities of dry deposited sulfur dioxide and nitric
acid and wet deposited hydrogen ions in acid-base reactions on this
inert surface. The fraction of Ca and Mg particulates
participating in these reactions was computed as the sum of the dry
deposited sulfur dioxide and nitric acid plus the hydrogen ion loss
from the precipitation. This fraction represents basic
particulates. The difference between the two curves is the
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fraction of Ca and Mg present in the particulates as soluble salts
such as chlorides and sulfates.

Coarse mode particles (> 2.5 pm diameter) have a deposition
velocity to horizontal surfaces of 1.55 cm/s and tend to contain
the Ca and Mg cations". Coarse mode particle deposition should be
the same to the stainless steel, Zn and Cu panels. In addition,
the fraction of Ca and Mg present as soluble salts should be the
same for each panel. Figure 4 shows the total Ca and Mg released
into solution from each of the panels. The lower amounts for the
Zn and Cu panels can be explained by competition between the basic
particulates and basic corrosion product for the available acidic
species. The largest release of Ca and Mg is from the stainless
steel surface, where the basic particulates have no competition for
acidic species. Lesser amounts from the Zn and Cu surfaces are
related to the reactivity of the corrosion product, i.e., the
minerals present in the corrosion film, the identity of the acidic
species and their mode of delivery to the surface.

Sulfur deposition. The total dry deposition of sulfur species
to the stainless steel is shown in Figure 5. A large fraction of
this sulfur is dry deposited as sulfur dioxide. The difference
between these amounts was assumed to represent sulfates present in
the coarse mode particulates deposited on the stainless steel.
Aerosols, which typically contain the highest concentration of
sulfates, are submicron in size. They are fine mode particulates
and do not deposit in a significant amounts because of their low
deposition velocity1 -18 . Figure 5 shows that measurable sulfate
appeared midway in the exposure period after substantial coarse
particulates had accumulated and the surface had become soiled.
Sulfate deposition should be roughly the same for the stainless
steel, Zn and Cu panels.

Dry deposition of sulfur dioxide to the panels is shown in
Figure 6. It is highest for the zinc surface. Since each of the
panels was exposed to the environment is the same way, these
results indicate the sulfur dioxide deposition is strongly
dependent on the chemistry of the receptor surface.

NitroQen deposition. Edney et al. has shown that the
deposition velocity for NO2 to a wet surface is 0.03 cm/s while
that of nitric acid is about 2.0 cm/s 9 . Furthermore, nitric acid
was shown to deposit readily to surfaces whether they were wet or
dry. In addition, equilibrium concentrations of NO2 in surface
moisture are expected to be low compared to sulfur dioxide given
the Henry's law constants of 1012 atm and 1.24 atm", respectively.
Significant concentrations of nitric acid are present in the
atmosphere at background sites in the eastern U.S.' and are
expected to be higher at urban locations. For these reasons, the
observed deposition of nitrates is explained here in terms of
nitric acid dry deposition. Nitric acid deposition is shown in
Figure 7. It is highest for copper.
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Discussion

Runoff Equation
In earlier work Equation 1 resulted in computed runoff losses

for zinc and copper 10 to 15 pct higher than the measured losses",
suggesting the need for additional terms in the model. It is clear
from the results presented here that one such term is dry deposited
basic particulates, CaMgH1 1+ Acidic species from the environment
react with not just the corrosion film but with the corrosion film
and dry deposited basic particulates. A second term is dry
deposited nitric acid, [HNO3]. Equation 1 then becomes

M + CaMgH. = rSV + H+ + [SO2 ] + [HNO3] (2)

As in Equation 1 the residence time factor, r, is only undetermined
parameter in the model. A least square fit of Equation 2 to 33
months of zinc runoff data yielded a value for rS of 48 gmol Zn/L
with R2 = 0.992. The value of rS is consistent with the solubility
of known mineral species on the zinc surface such as P-zinc
hydroxide, Figure 1, or basic zinc carbonate'.

The results of the fit are shown in Figure 8 where the
cumulative contributions of each term are stacked one on top of the
other, beginning with the "clean rain" term. The sum of the terms
on the right side of Equation 2 overestimates the zinc losses.
However, basic particulates neutralize some of the acid species,
reducing the predicted zinc losses to values consistent with the
measured values. These results suggest zinc corrosion damage from
wet and dry deposition of acidic species in the absence of basic
particulates is more than three-fold that due to "clean rain". The
actual losses are reduced 16 pct by the presence of basic
particulates on the panel surface.

A least squares fit of Equation 2 to the copper runoff data
yielded a value for rS of 18 gmol Cu/L with R2 = 0.945. The value
of rS is also consistent with the solubility of minerals known to
be present in the corrosion product 16 . The fitted results are shown
in Figure 9. The fractional contribution of dry deposited sulfur
dioxide is less than for zinc corrosion while that of nitric acid
is greater. These results indicate copper corrosion damage from
wet and dry deposition of acidic species in the absence of basic
particulates is-more than four-fold that due to "clean rain". The
actual losses are reduced 25 pct by the presence of basic
particulates.

Deposition Velocity
The delivery of gaseous species to surfaces is commonly

defined in the atmospheric chemistry literature by the deposition
velocity, Vd 192°. For sulfur dioxide this mass transfer coefficient
is given by
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Vd = Fs/[S021 1/(ra + r.) (3)

where [SO.] is the gas phase concentration and Fs is the dry
deposition flux to the surface. The deposition velocity is
inversely proportional to the sum of an aerodynamic resistance ra
and a surface resistance r,. Fs is defined here as the amount of
dry deposited sulfur dioxide per unit panel area divided by the
total exposure time less the time of rainfall. (Others have
divided by the time the humidity exceeds the critical relative
humidity (RHJ), i.e., the humidity above which surface moisture is
likely to be present. It is suggested that below RHc the surface
becomes saturated with a monolayer of adsorbed gas 5 . This approach
gives a higher value for vd and requires large amounts of
meteorological data. The difference between approaches is roughly
the fractional time of wetness, i.e., the time the panel is wet
divided by the total exposure time.)

Deposition velocities computed from air chemistry and dry
deposition data are given in Table 1 for sulfur dioxide and nitric
acid. The sulfur dioxide deposition velocities for zinc and copper
are not significantly different from those computed from the
atnos7pheric corrosion model using mass loss corrosion data for five
sites in the eastern U.S.". The deposition velocity for nitric
acid is significantly higher than that for sulfur dioxide
reflecting the ease with which nitric acid deposits on both wet and
dry surfaces.

The difference in deposition velocities for the three panels
can be explained by the resistance terms. The aerodynamic
resistance r, should be the same for each of the panels because
size, shape, orientation, and meteorology are the same. Thus, the
differences are confined to the surface resistance r., which is
related to the rate of gas absorption by the surface and by the
rate of the acid-base reactions. While these effects cannot be
separated here, both depend on the minerals present on the receptor
surface. Thus, as has been seen on marble 21 , the minerals present
in the corrosion product strongly affect the dry deposition of
acidic gases.

Acid Deposition Effects
The contribution of environmental factors to the corrosion

product losses measured at the conclusion of the 33 month
experiment were computed from Equation 2. The total loss was
equivalent to a penetration rate of 0.92 Vm/y for zinc and 0.37
pm/y for copper. The zinc value compares favorably to the value
from mass loss measurements conducted over the same time period of
1.48 ± 0.57 pm/y for rolled zinc and 1.10 ± 0.42 for galvanized
steel. The copper value is well below the value from mass loss
measurements of 0.83 ± 0.19 Vm/y, reflecting the expected
difference in copper corrosion rates early and late in the exposure
period. The contribution of the environmental factors are given in
Table 2 as a percentage of the total loss. Roughly 70 pct of the
film loss on zinc is due to acid deposition. The percentage for
copper is 80 pct. Clearly acid deposition can have a significant
impact on the long term corrosion of Cu and Zn.
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Conclusions

1. A stoichiometric equation involving the wet deposition of
strong acids and the dry deposition of sulfur dioxide, nitric acid
and basic particulates describes the impact of environmental
factors including acid deposition on the long term corrosion of
copper and zinc.

2. Basic particulates compete with corrosion product in acid-
base reactions to reduce the impact of acidic environmental species
on the corrosion of zinc and copper.

3. The effects of environmental species are complex, dependent
on how the species are delivered to the surface, the chemical
nature of the species, and the minerals present in the corrosion
product.

4. Acidic deposition of environmental species at Washington,
D.C., can, in the absence of basic particulates, increase more than
three-fold long-term Zn corrosion damage and four-fold Cu corrosion
damage.
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Table 1. Deposition velocities, Vd, for sulfur dioxide
and nitric acid to metal surfaces, cm/s.

Metal F SO 2  F HNO3

Stainless steel 0.047 0.068

Zinc 0.42 0.89

Copper 0.17 1.27

Table 2. Contribution of environmental factors to long-
term corrosion product and basic particulate dissolution,
percent.

Model term Zinc [ Copper

Precipitation, 26.9 20.2
rSV

Wet deposition, 19.7 33.8
[H÷]

Dry deposition,
[SO 2] 45.5 33.1

[HNO 3] 5.2 12.9
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Figure 1. Concentration of zinc in 33 monthly runoff Figure 2. Cu in 33 monthly runoff samples. Solubility
samples. Solubility curve for zinc hydroxide is shown, curves for cuprite and tenorite are shown. Copper
Zinc concentration in runoff in the absence of acid concentration in runoff in the absence of acid deposition
deposition is rS. is rS.
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Abstract

The best way to get information about interaction of the steel
structure and environment is evaluation of the results of
case-analyses of corrosion damage in longer period and
investigation of the state of steel structures in service
conditions.

Detailed non-destructive and destructive evaluation of corrosion
effects and corrosion attack of structural elements after
exposure in atmospheres with different corrosivity gives
qualitative and quantitative values important for later
research, but also for designers and users.

Data from more than 90 cases of corrosion damage on steel
structures were collected. Corrosion effects on selected
structural elements (joints, overlap, inside of section) were
evaluated using different technical and scientific methods.

General view of evaluated cases shows that many of defects were
caused by non optimal choice, application and maintenance of
protective systems. Very important is good design and
performance of joints. Very dangerous are all types of crevices.

Collected data form a part of developed Czech Information System
on the Behaviour of Structures.

Key terms: corrosion effects on steel structures, corrosion
attack of structural elements, information system,
cause and phenomena of corrosion damage
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Modern endeavour to achieve reductions of the steel induces to
applying of effective structural systems (often thin-walled) at
designing. In this case the corrosion phenomena can already
influence useful qualities much more than in the case of
structures, when the reserve of the material is usually
considerable.

To follow this endeavour the aim of our work was to specify how
much the atmospheric corrosion is the process leading to the
limit states and which elements in the structural and
technological design of the steel structure influence its
durability positively or negatively lest it should be affected
by atmospheric corrosion.

The principle of the solution was to study corrosion behaviour
of real elements in the atmospheres with various corrosivity.
A study of the interaction of the structure and environment was
directed to determine the elements where the corrosion attack
can be considerable. The causes can be technological, unsuitable
handling with material and inner material imperfections.

The research of steel structure defects caused by atmospheric
corrosion has been done in following directions:

1. The investigation of the state of steel structures in
service and the conditions for their production and
erection.

2. The collecting of knowledge about steel structures
defects from the archives of the National Research
Institute for Protection of Materials.

3. Detailed non-destructive and destructive evaluation of
selected cases of corrosion behaviour of elements and
models.

4. The design of questionnaires and data sheets for
evaluation of the corrosion damage of the steel
structure for the Czech Information System on the
Behaviour of Structures.

The structural state investigations and evaluation of the
results of expertise activity in longer period give the basic
information about crucial effects of atmospheric corrosion on
steel structures. This is the best way to get information about
interaction of the steel structure and environment, especially
information about determination of unsuitable design from
corrosion point of view. It is necessary to have a knowledge of
production and storing conditions for reliable determination of
service behaviour of steel structures. These conditions can
principally change the service behaviour of the structure.

The investigation in this field and expertises of service
failure of steel structures use mostly non-destructive methods,
especially these applicable in situ. The expert's experience and
the quality of standards, used for the analysis of the damage,
are very important, obtained information is mostly qualitative.

Therefore we have included detailed and often destructive
evaluation of selected cases of corrosion phenomena on the
elements of steel structures collected after service. For this
purpose we have used different methods of evaluation at
considerably corroded parts of demolished or reconstructed steel
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structures. In this way it was possible to get quantitative
conclusions about corrosion damage or detailed description of
the corrosion effect at selected place. This process brought us
much new information and ideas for the next research.

Basic process consists of inspection of the structure and in
selection and taking of suitable elements. It is necessary to
take photographs of the element's placing in structure and its
corrosion changes. It is also necessary to estimate the
environment and get information about production and service
history of the structure. Then the element and its particular
areas are evaluated in detail.

Following effects and magnitudes are observed:
- the residual thickness (destructively and

non-destructively)
- corrosion pits incidence and their depth and dislocation
- roughness of corroded surfaces
- type and quality of protective systems, eventually the

history of the maintenance (quality of protective
systems, especially paints , are deduced from microscopy
of the cut )

- topography of the sulphate agglomerations (nests) in the
rust

- thickness and analysis (phase, elementary etc.) of the
corrosion products layer

- protective ability of the rust on weathering steel
- quality of the material (structure, inclusions) and of

system material-surface layer (rust, coat)
- evaluation of metallographic cross sections (weld, gap,

lapped joint, corrosion pits on selected surfaces)
- surface corrosion phenomena with use of electron

microscopy

Only brief account of procedures shows evaluations which are
elaborate and difficult but they give very valuable information.
For example the samples with different intensity of local
corrosion attack can be evaluated by x-ray radiography.
Intensity of blackening of sensitive photographic paper is
compared with blackening of surfaces with standard slots of
different depth. With a view to higher resolution the
radiographs were transformed to eight colours according to the
residual thickness. For digital evaluation of the radiographs
system Photomation P - 1700 was used and then they were analysed
and evaluated by computer.

Photographs of selected defects and examples of new
methodological approach shows that systematic work helped to
intensify the knowledge of corrosion defects of steel
structures. (Fig. 1 - 9)

It is important for designers and users of steel structures to
have knowledge of the rate of particular damages and their
causes. For this purpose we evaluated the results of our
research in the last period (1) and the result of archival
expertise analyses of the National Research Institute for
Protection of Materials (2). These conclusions are given later.
More than 90 cases were processed.
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Our information system forms a part of a data base of the
Institutz of Theoretical and Applied Mechanics (3). The data
sheet is compatible with the Citation File of the data base of
the AEPIC International Center of the University of Maryland
(4).

It is necessary to comment that the rate of occurrence of
particular damages is rather influenced by the data collecting
method. The expert analyses were asked for in the field of
actual problems of practice. Relatively greater ratio of steel
structures made from weathering steel Atmofix was observed
because our research was connected with this problem.

In spite of these facts we decided that the account gives a good
view of main types and causes of corrosion damage of steel
structures. It resulted from the fact that this account is the
summarization of more than ten years of expertise activity of
the National Research Institute for Protection of Materials in
this field and gives a good view of problems and requirements of
practice.

1. Types and numbers of objects evaluated
- steel structures of citizen constructions 17
- technological steel structures 19
- steel structures of animal production objects 10
- bridges, foot bridges 6
- crane tracks 4
- tower structures, TV towers 4
- electric distribution towers, switching stations 12
- tubular lattice steel towers 8
- accessory structures and parts 12
- jacketing 6

2. Followed phenomena of corrosion
- damage of paints, lost of protective function 38
- damage of other surface protection systems

(zinc coating) 8
- decrease of protective function of rust-patina 24
- corrosion in the joint (screw, rivet, weld) 17
- corrosion in the overlap 10
- corrosion in the inlet to the soil, footing

or flooring 21
- corrosion on phase boundary (container, tank) 3
- corrosion at the place of unsuitable shape and

structural design of steel structure 10
- corrosion in caverns, inside the sections,

unclosed tubes 12
- material failure 2
- bimetallic corrosion and contamination of

the material by rust 3

3. Cause of corrosion damage
- unsuitable choice of material 5
- unsuitable choice of surface protection 8
- unsuitable kept surface finish 25
- application of paints on badly prepared surface 10
- bad storing of semi-products and elements 12
- design cannot make a good application and

keeping of the surface protection possible 12
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- execution of the steel structure aid in
the course of corrosion 2

- inner defects of material 2
- specific operational causes at technological

steel structures (abrasion, spray of technological
agents) 15

Executed research of the steel structures state and archival
expert reports processing shows, the defects of steel structures
caused by atmospherical corrosion are usually of this type:

- surface protection does not function well, because it was
not sufficiently dimensioned or sufficiently kept

- surface protection does not function well, because it was
applied on badly prepared surface or the surface damaged
by corrosion before application of the surface protection
or its final layer , usually in the result of long
unsuitable periods at storing and in the course of
assembly

- surface protection does not function well, because
constructional design does not allow quality application
of protective layer

- increased corrosion arises at places of structures where
contructional design aid in the intensification of
corrosion effects (various joints, fixing, limitation of
desiccation, creation of condensations etc.)

- occurrence of the corrosion defect is conditioned by
inner defects of material

- corrosion attack was caused by specific operational
causes and unsuitable combination of materials.

This summary shows that designer, producer and user of steel
structure can avoid most of defects or minimize the range of
corrosion damage.

At usual steel structures (masts, electric masts, usual bridges)
the defects mostly occur for wrong and unsystematic maintenance
of paints.

Supporting and accessory structures of objects are damaged at
places where the water leaks in or condenses, in unventilated
wet spaces or at places with increased influence of the
environment (wet fixing, insufficient joint rigidity, joint
leakage). The element design is also difficult at these objects
for the surface protection to be well applicable and
maintenanced. Some technological media can also cause.

Special defects occur in the objects made from thin sheets,
where the corrosion usually arises in joints of sheets and at
top and especially lower flanging sections. Use of shaped sheet
for roofs brings considerable problems in joints and places of
overlap. Accumulation of mechanical impurities also -auses
adverse effects.

Production and assembly of majority of structures takes a lor g
time and it brings difficulties with semi-products storirg.
Final finish has thar depressed quality in mcst of the cases.
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Joints of any type are frequently the source of defects. A basic
requirement is the joint rigidity and joint tightness.
Complementary protective precautions are not usually applied.

Corrosion problems as a result of inner material defect is
exceptional in atmospheric conditions. We have met the
disintegration of nuts with high content of inclusions.

The operational conditions at technological structures and
structures of animal production objects are often so severe that
application of long-lasting surface protection is difficult and
its maintenance is impossible. These objects would be protected
by high quality protective systems like more layer quality
paints and especially duplex coatings.

General view of evaluated cases shows that a crucial number of
defects was caused by wrong application and maintenance of
surface protection, even if the frequency of these defects is
connected with, has relation to technical, economic and
political situation in Czechoslovakia during last decades.
Constructional points of view are identically important. It is
necessary to give attention to the design of joints.

Negative consequences of corrosion can be prevented in the phase
of technical design of steel structure by

- proper structural design of structural elements and
joints and by choosing the right protective systems

- evaluated quantification of corrosion effects and their
consequences to load carrying capacity and service life
of supporting elements which makes it possible to
strengthen adequately the structure against defined
corrosion effects.

Some procedures for calculating these corrosion effects are
suggested below.

Weakening of supporting cross-section is determined on the basis
of corrosion characteristics rated experimentally or assessed in
compliance with standards. For example ISO 9224 sets guiding
values of corrosion rates for structural metals and time of
exposure up to 10 and over 10 years.

Calculated values of corrosion loss over the life time of the
structure for structural elements in open atmosphere and in
category of location 2 is determined by the equation (7)

KtD = Kio + aio (Td - 10) ad QK QU

where
ad = 1.20 - the partial coefficient of reliability of

corrosion loss determination
aK = 1.00 up to 2.50 - the coefficient depending on

accuracy of structural design and securing
the maintenance

zU = 1.00 up to 1.50 - the coefficient describing the
effect of category of location of corroding
surface
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-7-
Maximum allowable value of corrosion loss (um) for thicknesses
of the elements up to 20 mm is determined from the equation

KTdrax = 333 + 33 t for 5 mm S t S 20 mm

It issues from presumption proved in practice that maximum
allowable corrosion loss for element with thickness of 5 mm is
500 Pm, for thickness about 20 mm it is 1000 Pm. Analogous
values are recommended also in the standards and publications
(5, 6).

If these conditions are not met it is necessary to compensate
the corrosion weakening by adequate corrosion allowance, it
means to add the thickness o" material determined from the point
of view of limit state of loading capacity without considering
the corrosion effects. This calculation has to be applied for
weathering steels and steel structures with heavy corrosion
stress wherever regular maintenance in a satisfactory way is not
rational.

Calculated fatigue strength is determined for corrosion net
section by decreasing the coefficient which expresses higher
notch sensitivity of corroded material surface. This effect is
important namely for elements with little structural or
technological notches. For strongly notched details this effect
is not essential.

Values of the corrosion coefficient for calculated fatigue
strengths set in CSN 73 1401 and in the Czech version of the
European pre-standard for steel structures design are in
following table.

Table: Coefficient of corrosion 7K for calculated fatigue
strength

Standard of designing

CSN 73 1401 EC - ENV 1993 Coefficient
I-- of corrosion

category of notch

A 160 up to 140 0.80
B 125 up to 112 0.90

C100 up to 90 0.95
D up to G 80 up to 36 1.00

We can achieve basic decrease of corrosion damages of steel
structures by quality engineer work in the following directions:

- suitable selection of the place for steel structure, in
the case the place is given it is necessary to deduce
corrosivity of environment including service sources

- to solve structural design which avoids the rise of
corrosion damages

- to optimize the use of materials, their combining and
protective systems

- to ensure and control conditions for quality surface
protection

- to determine and keep on regular cycles of maintenance.
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It is necessary to describe better the functional effects of
corrosion phenomena especially in those cases, when the material
of supporting elements is considerably corroded.

The above results make it obvious, that the collection of data
obtained by experimental research of corrosion problems of steel
structures with better description and quantification of
corrosion effects is of high technical significance and improve
the knowledge of atmospheric corrosion in the viewpoint to real
objects and service conditions.
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Figure 1 Prints of rust
Documentation of state of rust layers with a view to
free, non-adherent portion of rust.
Comparative method makes possible to evaluate:

- state of rust layer on surfaces corroding at different
position on the object or structure

OLT. upper

I.. , , lower

- state of rust layer on surfaces corroding in environments with
different corrosivity

"-'"" .. ." " low corros iv i ty

high corrosivity
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Figure 2 Topography of the active centers ("nests") in rust
layers
Comparative method makes possible to evaluate:

- different steels exposed in the same conditions
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Figure 3 Part of steel structure (technological crane track)
applied in extreme conditions of metallurgical factory.
Maintenance of protective systems was not rational,
a new structure from weathering steel (with corrosion
allowances of steel) was errected
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Figure 4 t oc~a corros ion defects in crev ices and near to
crevices of screw joints on steel structure from
weatherinq steel

Figure 5 Layers of rust in areas of screw joints (a) deforming
by pressure of r ust the t Hver pj ates b)
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Figure 8 Crack of non continuous weld joint by crevice corrosion

B

A "

Figure 9 Cross section of a hollow structural element with layer
of rust inside (a)
Cross section of weld from this element with rust and
scale in crevice (b 16x), (c 50x)
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Abstrac t

kring the last six years this Group have been studying atmospheric corrosion in Colombia by means of field and
laboratory research. One of the complementary studies is on the corrosion behavior of zinc, which is one of the
four structural metals exposed in different test sites.

The atmospheric corrosion of zinc was studied this time by using an imersion- drying system, simulating
several atmospheres containing different levels of S02, Cl- and C02. The potential variation with time was
recorded. Corrosion damage was detrermined by weight lose measurements and corrosion film characterization.

The da-ta enabled ihe determination of the rol of pollutants in the film formation and protectiveness, as well

as their synergistic action on the corrosion behavior of this metal.

ley terms: zinc, atmospheric corrosion, imersion-drying testing

Introduction

Zinc is a commonly used metal in alloys such as zamaks and
brasses, but its main application is as protective coating on
carbon steel. That is so because one of the most desirable
characteristics of this metal is its corrosion resistance in most
atmospheres. The technical and economic advantages of protecting
steel by galvanizing have been known for more than 100 years.

The protection that zinc provides to steel is due to its lower
corrosion rate, then acting as a barrier between iron and the
atmosphere, but also there are galvanic effects, because zinc
behaves as a sacrificial anode respect to the steel substrate
after the coating begins to fail or is mechanically damaged.

740



There are other uses of zinc also based on its corrosion
reBistance.

The atmospheric corrosion of zinc has been widely studied in
laboratory and field exposuresm-0. The general nature of the zinc
corrosion process is known to some extend. Almost 30 years ago,
Anderson8  described the atmospheric corrosion of zinc as
dependant on the frequency of rain and dew, the acidity of
condensates on the zinc surface, and how fast it dries. This view
has been presented by Legault 7 and corroborated by many
researchers including SchikorrB, GuttmanO, Rozenfeld'O, Barton"
and Mattson' 2 .

In the absence of industrial pollutants or marine influences, the
atmospheric corrosion of zinc begins when the surface contacts
with condensed moisture. This first involves the formation of
zinc oxide or zinc hydroxide' 3 . Equilibration with atmospheric
carbon dioxide (C02) leads to the formation of basic zinc
carbonate. Although basic zinc carbonate does not seem to be
stable, it has been identified on zinc surfaces and may occur as
a metastable species' 2 . In rural atmospheres this coating is
apparently protective and would tend to inhibit a continuation of
the corrosion process decreasing the rate of corrosion with time.
However, the zinc hydroxide [Zn(OH)2] or zinc carbonate can
dissolve by rain precipitation and wash from the surface.

On the other hand, it has been stablished that zinc corrodes
more rapidly in highly insdustrialized areas than in rural
ones1 4 . Sulfur dioxide (S02) is the major contributing factor'
because it reacts with humidity providing some acidic conditions.
In this case there is a reaction of the hydrogen ion with the
basic zinc corrosion product available. The product is a soluble
salt, such as zinc sulfate (ZnS04), which can be washed from the
steel surface thus increasing the corrosion rate.

In marine environments, away from industrial centers and large
cities, the major pollutant would be sodium chloride (NaCl). It
has been shown that the corrosion rate of zinc, decreases with
diminishing salinity as the distance from the ocean is
increased15 .

In brief, there is a reasonable good knoweledge of the general
nature of zinc corrosion process and the effect of the common
pollutants. However, specific details of the chemical and
physical processes, and complex interactios between these
processes, which allow one to asses changing environmental
conditions and determine their effect on corrosion, are not
nearly as well known. In this paper, variations of atmosphere
quality - as simulated by the immersion drying system- are
studied in relation with electrode potential variation with time
and weight loss. The nelture and protectiveness of the films
formed is analyzed as well as the synergistic action of the
pollutants.
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Experimental Procedure

Material

The specimens to be corroded in the various environments were
pure rolled zinc that was found spectrographically to contain
O.002%Fe, 0.045%Cd, 0.079%Cu, 0.001%Pb and less than 0.001% Al,
Sn and Si.

Before use in an experiment, each zinc specimen (15 cm x 2.5 cm x
0.1 cm) was thoroughly cleaned with 600 mesh polishing paper.
Pickling was performed in a hot solution (800C) of chromium
trioxide (200 g Cr03 in water up to 1000 ml). Then the especimens
were scrubbed in water with a bristle brush, rinsed in water and
dryed with hot air. Although 36 specimens were used, 6 for
environment, only 3 of them were weighted for control in each
case.

Setup

The experimental setup is presented in figure 1 and described
elsewherels-1l-lB. The system rotates exposing the samples to
alternate conditions of immmersion and drying, according to a
predcribed cycle ( a cycle of 41.38 min consisting of 11.38 min
immersion and 30 min drying). The electrode potentials were
measured at the begining of the immersion period by means of a
EXTECH digital multimeter against a COLE PHARMER saturated
calomel electrode. Initially these values were determined in the
morning and the afternoon, but after two months only one dayly
measurement was made.

Environments

The composition of solutions used to simulate each environment is
given in table 1. Solutions were well aerated by air bubbling
and continously renewed by a controlled slow overflow. In
recervoirs # 1 and # 6, C02 was injected through the air hose,
so it contained 0.07% vol. C02, which is equivalent to the
content found in an urban polluted atmosphere. All corrosion
experiments were performed simultaneously at 43CC.

Table 1 Simulated environments

Receptacle # Solution Composition Atmosphere

1 Distilled water Rural
2 10-3 M NaCl Marine
3 Distilled water + C02 Urban
4 10-4 M NaHSO3 Industrial
5 10-3 M NaCI + 10-4 M NaHSOa Industrial-marine
6 10-3 M NaCI + C02 Marine-urban
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Corrosion Products Analysis

After 140 days of exposure, measurements and observations,
specimens were dismounted and mechanically and chemically
cleaned.

Corrosion products were removed in accordance with ISO/DIS 8407
standardiB. The removed power was analyzed by means of a JEOL DX-
60-s X-ray diffractometer and a PERKIN ELMER 1760X Fourier
Transform infrarred spectroscope working from 15000 to 50 cm- 1 .

Weigth loss was determined in accordance with ISO/DP 9226
standard2- and the corroded surfaces were examined and
photographied.

Experimental Results

Electrode Potential Variation

Figs. 2 to 7 show the evolution of electrode potential for the
six simulated environments. Comparison of the behavior of zinc in
the various atmospheres is more readily seen in Fig. 8. In figure
2, corresponding to distilled water (rural environment) the Zn
potential goes down from 900 mV to 500 mV in short time and then
it sabilizes around the last value. In the marine atmosphere,
10-aM NaCl solution, the potential remains high (more than 900
mV) and only after 60 days it begins to decrease slowly up to 820
mV, figure 3.

The potential of Zn in the 10-4 M NaHSO3 solution decreases with
time from 980 mV to 850 mV in h 110 days period, figure 4.

The tendency of Zn potential in distilled water + C02 after 20
days varies between 900 and 1000 mV, figure 5, as it also does in
the 10-3 M NaCl + C02 solution, figure 6.

In the 10-3M Na C1 + 10-4 M NaHSO3 solution, the Zn potential
behaves in a similar fashion as in NaHS0s, going down slowly fron
950 to 850 mV in 110 days.

Weigth Loss

The data on weigth loss for the different atmospheres are
presented in table 2. Corrosion was a little bit higher in
receptacle # 5 corresponding to the industrial-marine atmosphere.
Also the data from recervoirs # 2 and # 6 show that the presence
of C02 does not seem to affect the corrosive action of salinity .
On the other hand, in an urban environment containing only C02 as
pollutant (recervoir # 3) corrosion was of comparable magnitude
the one observed in # 4 receptacle (industrial atmosphere), it
was even higher. Irrespective of other pollutants, corrosion in a
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marine environment is very similar, according to this limited

results.

Table 2. Corrosion, measured as weight loss per unit area

Receptacle Simulated Corrosion value
atmosphere mg/cm2

1 Rural 3.05
2 Marine 6.97
3 Urban 5.69
4 Industrial 4.18
5 Industrial-marine 7.11
6 Marine-urban 6.94

Corrosioin Products

Identification of corrosion products was somewhat hindered clue to
the lack of enough diffraction patrons in the "Power Diffraction
File" available. The same could be said of the infrared spectra
that were in hand. In table 3. the compunds found in the
corrosion film, by both analysis methods, are presented.

From table 3 it is apparent that the formed compounds have a well
defined stoichemistry an it should be possible to describe the
correeponding react ions.

Discussion

The r-esvits obtained from weight loss, electrode potential
evluti(- ,, corrosion -roducts composition and the examination of
the cor .lded surfaces, give some ideas of the corrosion process
of zinc, as simulated by the immersion-emersion method.

First of all, regarding weight loss, it is clear that the
obtained data agree with the observed fact that zinc corrode more
rapidly in highly industrialized areas than in rural ones.
However, the data does show that corrosion is much higher in
merine atmospheres. To understand this one has to bear in mind
that this is an cccelerated test, where long term expositions are
simulated, and weigth loss is not a determining parameter as the
potential evolution is.

In brief, the potential versas time curves show that only in
dictilieJ water ( rural environment) there is; an appreciable
p'otential decrease. This tendency is also seen, although in a
much more limited way an order,in marine, industrial, industrial-
marine and urbane-marine; whereas the potential increases slowly
in urban environment.
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Table 3. Composition of Corrosion Products Found by X-Ray
Diffraction and Infrared Spectroscopy.

Receptacle Simulated Compounds
atmosphere

ZnO
1 Rural 2ZnCOs.3Zn(OH)2

Zn(OH)2

ZnO
2 Marine 2ZnCO3.3Zn(OH)2

ZnCl2.4Zn(OH)2
Zn(Cl04)2.6H20

ZnO
3 Urban 2ZnCOa.3Zn(OH)2

ZnO
4 2ZnCO3.3Zn(OH)2

Industrial ZnSO4.7H20
2ZnSO3.5H20
ZnS (?)

ZnO
Industrial 2ZnCO3.3Zn(OH)2

5 marine ZnSO4.7H20
2ZnSO3.5H20
ZnCI2.4Zn(OH)2
ZnS (?)

Marine ZnO
6 urban 2ZnCOa.3Zn(OH)2

The potential vs time curves obtained by linear regression.
figure 8, show that zinc potential in the marine, industrial and
marine industrial c.,vironments have a similar behavior, slowly
decreasing with time and being almost parallel.

753



In urban environment, potential increases slowly and in the
marine-urban atmosphere it remains almost constant, it appears to
be the sum of the two individual environments.

The Zn potential in a rural environment, does not have a linear
behavior as shown in figure 2, although the curve allows to see
the fast potential decrease.

There is not a very good agreement in relation with the corrosion
products, due to the limitations already mentioned. But this will
be discussed in future work.

Conclusion

From the discussed results the following conclusions are drawn:

- The accelerated electrochemical immersion emersion test method
for measuring atmospheric corrosion, is a good procedure to
compare zinc behavior in various environments.

- In rural environment there is an appreciable pasivation of
zinc, shown by the potential decrease.

- There is also a tendency to passivation, although in a much
more limted way, in marine, industrial and marine - industrial
environments.

- The corrosive action of C02 is remarkable in the absence of
other pollutans, so the corrosion in urban environments is of a
magnitude similar to that in industrial atmospheres.

- The presence of high contents of C02 does not modify the action
of salinity on the corrosion behavior of Zinc.

- A synergistic action of S02 and C02 is apparently detected in
the potential-time curve.

- it seems that there is a tendency to localized corrosion in
urban atmospheres, as shown by the potential in C02 environments.
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Figuie4t Zn in LE-4M NaHSO3 solution
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Figure 8. Potential - Time Curves for
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Abstract

Zirconium (UNS R60702) has been found to exhibit stress corrosion cracking (SCC) in 64 to 69 percent sulfuric
acid. Test results indicate that SCC of zirconium develops in two steps; (1) zirconium oxide breakdown followed
by (2) crack growth. Local breakdown of the zirconium oxide film exposes unfilmed zirconium to the sulfuric acid
environment. Then, crack growth is determined by competition between the repassivation rate of the underlaying
unfilmed zirconium versus its dissolution rate.

Mechanistically, it is proposed that the breakdown of zirconium oxide film can occur by two paths (1) mechanical;
for example by plastic deformation or (2) electrochemical; for example by exposure to sulfuric acid containing
oxidizing ions. Cracks propagate if the repassivation rate is slightly below the dissolution rate. Test results appear
to support an anodic dissolution mechanism for crack initiation and growth.

Three control measures for the SCC of zirconium in sulfuric acid have been demonstrated in laboratory and field
tests. One measure is to add a hydrocarbon to the sulfuric acid. The hydrocarbon inhibits SCC although the
inhibiting mechanism is not understood. The other two measures are (1) stress relieving and (2) shot peening. Both
function by modifying the stress-strain field and increasing the strain required for mechanical rupture of zirconium
oxide surface film.

Keywords: zirconium, sulfuric acid, stress corrosion cracking, SCC

Introduction

Sulfuric acid is a complicated corrodent, changing from the reducing nature of dilute solutions to the oxidizing
nature of concentrated solutions. The corrosion of most metals and alloys in sulfuric acid depends strongly on acid
concentration and temperature.

Zirconium (UNS R60702) resists attack by sulfuric acid over a wide range of concentrations (up to 70%) and
temperatures (to boiling and above). Then, there is a sharp change to higher corrosion rates over only a slight
increase in acid concentration. Consequently, zirconium is uniquely suitable for many sulfuric acid applications
since stainless steels corrode at higher rates in less than 70% sulfuric acid.'-2

One of zirconium's limits in sulfuric acid is the selective corrosion of welds. The selective weld corrosion is attack
of intermetallic precipitates in the grain boundaries.' Heat treatment at 774°Cfhr/25.4mm can improve the corrosion
resistance of zirconium welds.4"5 This treatment has been successfully employed on zirconium equipment for many
years, hence, stress corrosion cracking (SCC) of zirconium in sulfuric acid did not surface as a problem.
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Recently, a new zirconium clad (zirconium explosion bonded to carbon steel) vessel experienced SCC in a nominal
65 percent sulfuric acid process. It was added to the process after 10 years of successful use of post weld beat
treated solid zirconium process equipment in this environment. A laboratory and field testing program exploring
the cracking parameters and SCC countermeasures was undertaken. Results of this program are reported in this
paper.

Experimental Approach

The materials used in all the tests conformed to commercial zirconium plate, strip or rod. They were produced in
the mill annealed condition. The test solutions were made from deionized and distilled water and reagent grade
chemicals. The exception was samples labeled as "plant", which were removed from the commercial operating unit.

The static SCC tests were performed with U-bend or C-ring specimens per ASTM G30 or G38 respectively. The
U-bend specimens were finished through 120 grit emery paper and bend around a radius of either 0.5 inches
(13mm) or 0.625 inches (16mm). The calculated strains were 5 percent and 6.25 percent, respectively, in the
U-bends. The C-rings were fabricated from pipe, finished through 120 grit emery paper and strained with matching
zirconium bolts to 1 percent or less.

The dynamic SCC specimens were machined from bar stock to a diameter of 0.5 inches (13mm) with a 2 inch
(5r1mm) gage length and fimished through 120 grit emery paper.

Welds in U-bend specimens were full penetration butt welds using filler metal ERZr2. The welds were in the
longitudinal direction of the U-bend specimen, parallel to the direction of bending. The heat of welding was
sufficient to precipitate a second phase at the grain boundaries in the heat affected zone.

Electrodes for electrochemical testing were 0.375 inches (10mm) in diameter by 0.5 inches (13mm) long. Each
electrode was drilled and tappped for use with a PTFE compression fitting as described in ASTM G5. The
electrode OD's were centerless ground to a surface finish equal to 600 grit emery paper.

Immediately prior to testing, the specimens were degreased in an ultrasonic cleaner with acetone, rinsed in distilled
water and dried in room temperature air. U-bends and C-rings were suspended on glass hooks in 2 liter flasks fitted
with water condensers. The acid strength of the solutions were measured before and after testing to ensure water
evaporation did not increase the acid strength.

Results

Laboratory Studies of SCC Behavior

Effect of Oxidizing Ions on Zirconium Cracking. Zirconium is known to be susceptible to SCC in certain
oxidizing environments, such as ferric chloride and nitric acid.67 Since acid analysis revealed that several
of these ions could be present in the sulfuric acid, as trace contaminates, a factorial type experimental
approach was taken to examine the effect of these ions. Based on the acid analysis chloride, ferric,
fluoride and nitrate ions were selected for testing. The level at which each ion was tested and the results
of the tests are presented in Tables I and 2. The results indicate that:
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* Ferric and nitrate ions cause cracking of zirconium in 65% sulfuric acid at 130 0C.

* Chloride ions do not cause cracking of zirconium exposed to 65% sulfuric acid at 130'C.

* Fluoride ions at the 0.3 ppm level, in combination with ferric ions, accelerate cracking of
zirconium. Fluoride ions, by themselves, do not cause cracking of zirconium in 65 % sulfuric acid
at 130°C.

* No other combinations of the four ions affected the SCC resistance of zirconium in 65 % sulfuric
acid at 130'C.

The influence of the corrosion potential (E•,,) on the cracking of U-bends is compared in Figure 1 and
Table 3. Both the plant acid sample and the reagent acid sample with trace amounts of oxidizing ions crack
U-bend specimens while the reagent acid sample (without the addition of the trace oxidizing ions) does
not. The E. values of the solutions producing SCC in U-bends is at least 400 mV more noble than the
non cracking reagent grade acid. Schematically, this is shown in Figure 1 by comparing the E. values
in the different solutions to the anodic polarization curve for zirconium in 65% sulfuric acid. Note that
the E,, values for SCC fall near or above the transpassive region of the polarization curve; suggesting
stability of the zirconium oxide surface film is critical to the SCC process. It is interesting to note that
long term U-bend exposures in sulfuric acid concentrations above and below 65 percent did not produce
cracking of U-bend specimens as given in Table 4; again emphasizing the critical nature of electrode
potential and film stability in the SCC process.

Effect of Acid Strength on Zirconium Cracking. Having shown that trace quantities of oxidizing ions can
initiate SCC of zirconium in sulfuric acid, the effect of acid strength was investigated. These results are
summarized in Table 5. Note that the oxidizing power of the solutions, as measured by Eo, has been
maintained by the addition of ferric ions but the ,,cid strength has been varied. This results in the cracking
of U-bend specimens only in the 65 and 67 percent sulfuric acid solutions. U-bends in acid solutions of
63 percent and 72 percent did not cik even though ferric ions were present.

The ability of the oxidizing ions to induce SCC in only a narrow range of sulfuric acid concentrations; but
not across the range of acid concentrations, again suggests that SCC of zirconium in sulfuric acid is
controlled by more than the redox potential of the solutions. Indeed, the lack of SCC in acid strengths
outside of a relatively narrow range suggests that the acid itself is critical to the growth of the crack while
the electrode potential is critical to crack initiation. Thus, while zirconium oxide film stability may be
impaired by ferric ions in 63 or 72 percent sulfuric acid, cracking does not occur.

Effect of Strain on Zirconium Cracking. A factorial type approach was used to screen physical and
niicrostructural parameter for their effect on the potential for zirconium to SCC in sulfuric acid. The
factorial type approach ensures that each parameter, individually and in combinations with the other
parameters, is considered for its ability to cause cracking.

Strain was chosen as a parameter because of observations that cracks were restricted to locations of
unusually high strains, such as batten strip fillet welds, while jower strain locations, like circumferential
butt welds, were free of cracking. In addition, laboratory screening tests, on low strain C-ring and weld
specimens, did not indicate SCC. The presence of a zirconium weld was selected as a varipble, not for
its ability to produce a residual strain, but because welding produced an iron rich, grain boundary
precipitate previously associated with intergranular corrosion in sulfuric acid. Thus, it was important to
know if the cracking experienced by zirconium was really intergranular corrosion exacerbated by high
strains or truly a cracking phenomena independent of grain boundary phases. Lastly, temperature was
investigated because of its usual and recognized effect on corrosion anl cracking processes.
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The levels chosen for each of the variable and the results of the factorial tests are summarized in Table 6.
Note that only the high strain condition significantly affected cracking. Temperatures between 110 to
130°C and grain boundary phases, as produced by welding, did not significantly affect the cracking
process.

Slow strain rate tests were used to further investigate the mechanical factor on the cracking process. Test
results are shown in Table 7. Using this test method, the 65 percent plant acid produced a failure strains
of 7.3 percent while the failure strain in distilled water was 28.5 percent.

Examination of Table 7 shows the failure strain of zirconium is greatly reduced in sulfuric acid below 70
percent and above 63 percent acid strength. For example, the failure strain of zirconium in 70 percent
sulfuric acid is 31.5 percent but in 67 percent sulfuric acid it is 6.3 percent. Further, secondary cracks
are present on the 67 percent sulfuric acid specimen indicating a high probability of SCC. The 70 percent
sulfuric acid specimen failed in a completely ductile manner and did not display secondary cracks. This
type of failure morphology was repeated in sulfuric acid concentrations of 63 percent and below. These
finding were consistent with or without an oxidizer in the sulfuric acid, although the oxidizer did lower the
failure strain somewhat.

The data for sulfuric acid without an oxidizer is plotted in Figure 2 to emphasize the loss of ductility for
zirconium in a relatively narrow range of sulfuric acid strength. This figure clearly shows that in-situ
straining can induce SCC without the presence of oxidizing ions. Compare this behavior to the
performance of U-bend specimens tested in identical environment as summarized in Table 7. In these tests,
the U-bends, strained in the atmosphere, do not develop SCC unless an oxidizer is also present in the acid.
This again emphasizes the zirconium oxide film is capable of providing protection from SCC but
destabilizing the film by increasing its corrosion potential to the transpassive region, through the
introduction of oxidizers, can initiate the cracking progress. However, the data also clearly shows that
in-situ straining in oxidizer free environments also induces SCC. Therefore, it appears the primary role
of oxidizers is to destabilize the zirconium oxide film and expose the underlaying unfilmed zirconium to
the sulfuric acid. Crack propagation, then, depends on a critical balance between the dissolution rate of
the unfilmed zirconium and its repassivation rate. Hence, the low failure strains and cracked U-bends
occur only in a relatively narrow sulfuric acid range of greater than 63 percent but less than 70 percent
sulfuric acid.

Laboratory Studies of SCC Countermeasures.

Heat Treatment and Shot PeeninM. Two conventional methods to control SCC are heat treatment and shot
peening. Both methods were tried on U-bend samples and the results are given in Table 8. Note,
relatively low heat treatment temperatures and typical peening intensities by ZrO. shots were effective in
preventing cracking of U-bend specimens. It should be intuitively obvious that both heat treatment and shot
peening are only effective SCC mitigation methods under conditions of static strain. In situations where
strain is dynamic the beneficial effects of both heat treatment or shot peening could be negated.

Hydrocarbon Addition. The addition of isopropyl alcohol to sulfuric acid was found to reduce zirconium's
tendency to SCC in slow strain rate tests. The data in Table 9 shows relatively small additions of isopropyl
alcohol, in the range of 0. 1 to 0.2 extract saturation") (ES), greatly increases the failure strain and reduces
or eliminates secondary cracking indicating a reduced tendency for SCC. It is worth noting the beneficial
effects of the isopropyl alcohol were demonstrated under dynamic, slow strain rate conditions. This
indicates the isopropyl alcohol alters the balance between the corrosion rate and the repassivation rate of
unfilmed zirconium surfaces produced by in-situ straining.

(I) Extract saturation is the ratio of moles of hydrocarbon to molks of sulfuric acid. Each 0.1 ES is approximately equal to 4% isopropyl
alcohol.
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Field Testing of SCC Countermeasures

Field U-bend Exposures. U-bends were installed in two locations in an operating unit:

* 65 % Plant Acid + 0 ES and
* 65 % Plant Acid + 0.1 ES.

The 0 ES condition was used to check the reliability of laboratory heat treatment and shot peening data
while the 0. 1 ES condition was chosen to verify the beneficial effect of hydrocarbon in preventing SCC
of zirconium.

The field test results verified the laboratory data. That is, in the 0 ES location the "as fabricated" U-bends
cracked while heat treated or shot peened U-bends did not. In the 0.1 ES test none of the U-bends
cracked, confirming the inhibiting effect of the hydrocarbon on the SCC of zirconium in sulfuric acid.
Table 10 summarizes the field U-bend tests.

Pressure Vessel Mock Up Testing. A small pressure vessel was designed so that strains in the batten
strips, clad, nozzle liners, and the applied pressure stresses would equal or exceed those in the actual
vessel. The operating conditions for the vessel mock up was 65% Plant Acid (OES), 130°C, and 425 pisg.

Three vessel mock ups were fabricated. One was employed as a control to demonstrate that strains in the
mock up were sufficient to induce SCC and the other two were employed to determine if heat treatment
and shot peening could be effectively applied to typical fabrication geometries and actual construction
techniques. A U-bend specimen was installed in each vessel mock up to ensure that the plant acid was
capable of inducing SCC of zirconium. As summarized in Table 11, the "as fabricated" vessel mock up
developed SCC within 3 days of start up while no SCC developed in the heat treated or shot peened vessel
mock ups.

Discussion
SCC Mechanism

Corrosion potential measurements of zirconium in sulfuric acid solutions suggests a situation that is common to
several recognized SCC systems; the separation of the metal - environment interface by a protective surface film.
In this specific case, zirconium oxide, which is thermodynamically stable in sulfuric acid solutions of less than
approximately 70 percent, is the protective surface film. In addition it is well recognized that film rupture can lead
to SCC of iron based alloys.") Following these arguments therefore, SCC of zirconium initiates when the protective
surface film is mechanically or chemically damaged in a localized area. As discussed above, two means of locally
rupturing the zirconium oxide exist: (1) in-situ mechanical straining or (2) electrochemical attack at film defect sites.
This is sequentially shown in the schematic representation in Figure 3.

ZrO 2 film rupture, by mecha-,ical straining or electrochemical attack, exposes unfilmed zirconium. Corrosion of
the unfilmed zirconium precedes at a rate determined by the corrosion potential and current density for the specific
concentration of sulfuric acid until growth of the ZrO2 causes repassivation. Schematically, the film defect dissolves
at an initial rate greater than the ZrO2 covered surrounding surface; initiating an incipient crack. Continued growth
of the film defect to form a true crack then requires the corrosion rate to be approximately equal or slightly grater
than the repassivation rate. This is characteristic of the behavior between approximately 64 to 69 percent acid. If
the repassivation kinetics dominate, crack growth ceases and very low, uniform corrosion would be the typical mode
of metal loss. This characterizes the behavior in less than 64 percent acid. If the corrosion kinetics dominate, the
incipient crack will be obliterated by high metal loss rates; as characterized by behavior in greater than 69 percent
acid.
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Based on the laboratory time to failure data, zirconium SCC in sulfuric acid solutions does not appear to be
influenced by the presence of chloride (halide) ions and the ferric (oxidizing) ions appear to be primarily involved
in film breakdown. This suggests that sulfuric acid is the environment responsible for SCC and, following the
above discussion, anodic dissolution may be the prime crack propagation mechanism. That is, the sulfuric acid
intensely but locally corrodes the unfilmed crack tip while the crack walls are passivated almost as fast by film
growth; maintaining the critical balance for crack growth between active and passive behaviors. The relatively
narrow sulfuric acid range in which zirconium appears susceptible to SCC supports this argument. In addition, this
argument is also supported by the lack of hydrides on fracture surfaces, thus eliminating a hydrogen embrittlement
argument. Further, the absence of striations or indications of incremental crack growth makes a film induced
cleavage mechanism unlikely.

Another possible, although less likely mechanism for crack propagation, is absorption induced cracking. This
mechanism must be considered because it can not be eliminated by metallographical examinations. In fact, the crack
inhibiting effect of the isopropyl alcohol in sulfuric acid can support either the absorption or the anodic dissolution
argument. In the case of the anodic dissolution model, the isopropyl alcohol perhaps functions by increasing the
resistivity of the crack tip solution and, consequently, the corrosivity. For the adsorption induced cracking
mechanism, the isopropyl alcohol may function by coating the crack surfaces and interfering with chemsorption,
thus acting in a manner analogues to increasing the crack tip soluo'on resistivity. We can only speculate that
hydrogen, below the threshold level for hydride formation, may be the absorption species, although, it is certainly
possible that another unidentified species is responsible.

SCC Countermeasures

Three countermeasures to zirconium SCC in sulfuric acid have been demonstrated in laboratory and field testing.
Two of the countermeasures, heat treatment and shot peening, appear to function by icducing the likelihood of
mechanical film rupture. As such, their effectiveness is expected to be limited to cases where the strain is somewhat
less than 5%. The third countermeasure, addition of isopropyl alcohol to sulfuric acid, can be effective in cases
where the strain is dynamic, however, its mechanism of inhibition is not known.

Heat treatment and shot peening mechanically modify the residual stress-strain filed of the component. This is
schematically illustrated by the stress-strain curves in Figure 4. Note that these curves apply equally to pressure
vessels or U-bend stress corrosion cracking specimens.

The first point illustrated in Figure 4 is that fabrication, of U-bends or pressure vessels, yields areas that have been
subjected to large amount of plastic strain, as represented by Point 1. The superposition of thermal stresses,
pressure stresses, and other applied stresses during vessel operations pushes Point 1 along the plastic flow curve
towards Point 3. The incremental strain, between Points 1 and 3, is the in-situ applied strain that can rupture the
ZrO2 film and lead to SCC.

The second point illustrated in Figure 4, is heat treating and shot peening produce identical effects, although the
degree may vary. The stress reduction, with the accompanying strain relaxation, occurs in both heat treating and
shot peening decreasing the likelihood the superposition of applied operation induced stresses will cause further
plastic deformation (from Points 2 to 4) with the accompanying ZrOQ cracking. Note, however, that sufficiently
high strain or a dynamic load applied after heat treatment or shot peening, will render either treatment ineffective.
Note, also, that shot peening modifies the stress-strain field on the near surface only; therefore exposure in
environments with even low rates of uniform or localized corrosion will negate the beneficial effect with time.
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Summary

Zirconium exhibits susceptibility to SCC in 64 to 69% sulfuric acid. This susceptibility significantly increases,
when small amounts of oxidizing ions, such as Fe"3 and NO3 , are also present. Control measures such as heat
treatment, shot peening and isopropyl alcohol addition, are found to be effective in preventing the SCC of zirconium
in 64 to 69% sulfuric acid.
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TABLE 1

3 X 2 Factorial - Zirconium (UNS R607021 in 65% H2SO at 1300C
with constant chloride ion content

I. Matrix

Level

Variable High Low

Fe"3 (ppm) 105 0

F (ppm) 0.3 0

NO, (ppm) 300 0

II. Data

Variable Constant
4

Fe 3  F NO 3  CI Test Result
(Welded "U"-bend)

1. 0 0 0 200 NO CRACK 504 HRS

2. 105 0 0 200 CRACK 72 HRS

3. 0 0.3 0 200 NO CRACK 504 HRS

4. 105 0.3 0 200 CRACK 24 HRS

5. 0 0 300 200 CRACK 96 HRS

6. 105 0 300 200 CRACK 96 HRS

7. 0 0.3 300 200 CRACK 96 HRS

8. 105 0.3 300 200 CRACK 72 HRS

Ill. Results

Fe 3 and NO 3 ions affect time to failure

F ions with Fe÷ 3 ions decrease time to failure but F ions alone do not cause failure

Cl ions have no affect on time to failure
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TABLE 2

3 X 2 Factorial - Zirconium (UNS R60702) in 65% H2SO at 1300C
with constant ferric ion content

I. Matrix

Level

Variable High Low

CI oprm) 200 0

F (ppm) 0.3 0

NO, (ppm) 300 0

Date

Variable Constant

Cl F NO, Fe 3  Test Result
(Welded "U"-bend)

1. 0 0 0 105 CRACK 72HRS

2. 200 0 0 105 CRACK 72 HRS

3. 0 0.3 0 105 CRACK 24 HRS

4. 200 0.3 0 105 CRACK 24 HRS

5. 0 0 300 105 CRACK 96 HRS

6. 200 0 300 105 CRACK 96 HRS

7. 0 0.3 300 105 CRACK 72 HRS

8. 200 0.3 300 105 CRACK 72 HRS

Ill. Results

F ions decrease time to failure

NO 3 ions cause crack at slower rate than Fe" 3 ions

Cl ions have no effect on failure
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TABLE 3

Corrosion Potential versus Time-to-Failure

Environment Ecorr U-bend Result"'
(MV, SCE) (Time-to-Failure, HRI

65% Plant Acid +220 F, (72)

65% Reagent Grade +186 F (336)
Acid + 50_popm___ Fe_`

65% Reagent Grade -250 NF (768)

"J F = Failure

NF = No Failure

TABLE 4

Corrosion Potential Non-Oxidizing
HSO4 versus Time-To-Failure

Environment Ecorr U-bend Result"'
(MV, SCE) (Time-to-Failure. HR)

63% Plant Acid -248 NF, (576)

65% Reagent Grade -250 NF (768)

72% Reagent Grade -260 NF (576)

i F = Failure
NF = No Failure

TABLE 5

Effect of H2S0 4 Concentration on Time-to-Failure

Environment U-bend Result"' Ecorr
(Time-to-Failure. Hr) IMV, SCE)

72% Reagent Grade +50 ppm Fe 3  NF (576) +204

67% Reagent Grade + 50 ppm Fe F (24) + 190

65% Reagent Grade + 50 ppm Fe 3  F(336) +186

63% Reagent Grade + 50 ppm Fe ,' NF (576) + 252

"' F = Failure
NF = No Failure
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TABLE 6

3 X 2 Factorial - Zirconium (UNS R60702) in 65% Plant Acid

I. Matrix

Level

Variable High Low

Strain 2 5% _< 1%

Temperature 130 0 C 110 0C

Weld Yes No

II. Data

Variable Test Result

1. Low Stress No Weld Low Temp NF "t

2. Low Stress Weld Low Temp NF

3. High Stress No Weld Low Temp F

4. High Stress Weld Low Temp F

5. Low Stress No Weld High Temp NF

6. Low Stress Weld High Temp NF

7. High Stress No Weld High Temp F

8. Hiah Stress Weld High Temp F

Ill. Result
High stress/strain affect cracking. All other primary and cross product variables are not significant.

"' NF = No Failure
F = Failure

TABLE 7

Zirconium (UNSR60702) - Comparison of Slow Strain Rate and
U-bend Test Results

Environment Slow Strain Rate Results"ll U-bend Result'2'
(% ! 2 110°C) (Time to Failure, Hr 130 0

C)

72% H2SO4  38.9 NF (576)
72% HSO, +50ppm Fe 3  20.2 NF (576)

70% HSO, 31.5
70% H2SO, +50ppm Fe

3  
17.2 _

67% H2SO, 6.3 NF (576)
67% H2SO4 +50ppm Fe*3  4.9 F (<24)

65% HSO, 17.8 NF (768)
65% HSO, + 50ppm Fe 3  7.2 F (336)

63% H1SO, 37.9 NF (576)
63% HSO, + 50ppm Fe 3 11.4 NF (576)

60% HlSO4 31.4 NF (504)
60% HSO, +50Oppm Fe" 3  16.1 NF 1504)

Plant Acid 7.3 F (<72)
Distilled Water 28.5 NF (672)

"'1 Strain Rate was 2.5 x 10 Sec'

ta F = Failure
NF = No Failure
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TABLE 8

Laboratory Results of Heat Treated and Shot Peened
"U -Bend Specimens Tested at 130 0 C

I. Heat Treated

Environment Heat Treatment Cracked (HRS)
OC/HRS

Plant Acid 425/1 N (480)

None Y (72)

Plant Acid 370/4 N (1080)

None Y (264)

Plant Acid 425/4 N (1080)

None Y (72)

II. Shot Peened

Environment Shot Peened Crack (HRS)
Intensity

Plant Acid 8A N (864)

1OA N (864)

None Y (216)

6A N (864)

Plant Acid 6A N (864)

8A N (864)

__ None Y t2i6)

TABLE 9

Effect of Hydrocarbon Additon on Dynamic
Strain Tests"'

Environment Slow Strain Rate Results
(% E, @ 1 10 0 C)

5.2
66% Plant Acid

65% Plant Acid 7.3

66% Plant Acid + 0.2 E.S. (2) 22 9-36.2

65% Plant Acid + 0.1 E.S. 23.8-34.4

"'" Strain Rate was 2.5 x 10e/Sac
#2 E.S. equals extract saturation. Ratio of moles of hydrocarbon to moles of sulfuric acid.
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TABLE 10

Effect of Hydrocarbon Addition - Lab and Field Test Results

I. 65% Plant Acid + 0 Extract Saturation

U-bend Treatment Lab Resulti" Field ReauW"

As-Fabricated (Control) F 4/5 (F. <336 HR)

Heat Treated (425*C) NF 0/2 (NF, 336 HR)

Shot Peened NF 0/2 (NF, 336 HR)

II. 65% Plant Acid + 0.1 Extract Saturation

U-bend Treatment Lab Result Field Result"'

As-Fabricated (Control) NF 0/2 (NF, 336 HR)

Heat Treated (425°C) NF 0/2 (NF. 336 HR)

Shot Peened NF 0/2 (NF. 336 HR)

... Number of cracked U-bends/Total number of U-bends exposed.

"' F = Failure
NF = No Failure

TABLE 11

Results of Vessel Mock-up Field Tests

Vessel Mock-up U-bend Mock-up.'
Condition Result Result

As-Fabricated F F (Nozzle Liner, 72 HR)

Heat Treated (4250C) F NF (504 HR)

Shot Peen F NF (504 HR)

• F = Failure

NF = No Failure
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Current Density (A/Cm2)

A +220mv Plant Acid
B + 186mv Reagent Grade Acid + 50 ppm Fe'3

C -250mv Reagent Grade Acid

ZIRCONIUM OPEN CIRCUIT POTENTIALS IN
65% H 2SO4 SOLUTIONS

FIGURE 1

% H2S0 4  % Failure Strain
(E_)__ _ EF/E-'r 2 )

60 31.4 1.0

63 37.9 1.21

65 17.8 0.57

67 6.3 0.20

70 31.5 1.0

72 38.9 1.24

1.2 o

1.0

E_ 0.88
EF.

0.6

0.4

0.2

I I II I I I
60 62 64 66 68 70 72

X SULFURIC ACID
"' Strain rate was 2.5 x It101Sec.
SResults normalized by dividing the Failure Strain by the 60% H2SO. Failure Strain.

Results of Slow Strain Rate Tests in Reagent Grade Sulfuric Acid

Figure 2
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60 63 65 67 70

% Sulfuric Acdd

ZIRCONIUM CORROSION RESISTANCE DUE TO ZrO2

* > 70% H2S0 4 - Oxide Chemically Attacked

* <70% HfS0 4 - Oxide Thernodynamically Stable

"BUT

Breakdown can occur by Two Paths

* Mechanically - physical cracks by strain in oxide film

* Electrochemically - oxidizing Ions degrade oxide film

FIGURE 3A
SC.C OF ZIRCONIUM IN IISO.

1.0-

EF
E F'

oI IIII

60 6365 67 70

% Sulfuric AMd

ZrON BREAKDOWN EXPOSES UNFILMED METAL

e Crack Initiation determined by At of Fresh Metal
Generation (FMG) vs. W&I of Repassivatlon (RIP)

0 <64% HSO - e
RP >h> FMG - General Corrosion, ductile failure

0 <64%-69% H2S04
RP ae FMG - Local oxide breakdown, SCC

RP < FMG - no SCC, general corrosion

FIGURE 3A
SCC OF ZIRCONIUM HIS0,
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1. As bbiicatad.

3. As fabricasd phis operstioo stmuss.
4. Sum relieved phis oprotim amoos..

3

FIGURE 4A

STRESS REDUCTION BY HEAT TREATMENT

1 . As fabricated.

"'• 2..Aftr.sotpenin.
/ 3. As fabricated plus operaton stresns.

Cr P. 4. Sbin peened plus operation stresses.

FIGURE 4B

STRESS REDUCTION BY SHOT PEENING
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WHAT HAS HAPPENED TO "SA-516-70"

T.T. PHILLIPS
JACOBS ENGINEERING GROUP, INC.

P.O. BOX 53495
HOUSTON, TEXAS 77052

D.M. KLOSS
KDM & ASSOCIATES

143 KLOSS RD.
SEALY, TEXAS 77474

ABSTRACT

ASTM SA-516-70 pressure vessel steel has become the Industry
standard for pressure vessel construction. Recent failures
and wide spread cracking of pressure vessels in numerous
environmental cracking services has prompted investigations
into possible cracking mechanisms. The purpose of this paper
is to demonstrate increased hardenability and resistance to
postweld heat treatment softening that can be expected with
microalloyed SA-516-70 pressure vessel steels containing
levels of Columbium permitted by the ASME code.

INTRODUCTION

This paper will attempt to answer the question "What Has
Happened To SA-516-70". Recent materials failures and
difficulties with obtaining and meeting stringent HAZ
hardness and base metal toughness requirements in the
pressure vessel industry has prompted several research
projects. This test program was undertaken to demonstrate
the magnitude of the problem and to show some of the reasons
why many current heats of SA-516-70 steel on the market
today do not perform in the trusted and predictable manner
historically established for this grade of steel.

It will be shown that the unspecified element limits
contained in ASME Section II A, SA-20, the specification for
pressure vessel steel plates, are too high for steels
fabricated to the ASME code Section VIII Div. 1 preheat and
post weld heat treatment rules when the weldments are
intended for critical service applications.

It will be shown that the use of carbon equivalents to
assess HAZ hardenability is invalid for steels that contain
(Cb) as a microalloying element.
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It will be shown that the HAZ of steels containing (.025 -

.027% Cb) when welded with the SMAW process at ambient
preheat and a 335F interpass temperature will have a HAZ
hardness of 340 HV 10 Kg vickers in the as welded condition.

It will be shown that steels containing (.024 - .031% Cb)
resist stress relief softening at 11OOF to 1200F.

BACKGROUND

ASTM SA-516-70 pressure vessel plate has become the "Bread
and Butter" material of choice for modern day pressure
vessel construction. Availability of the lower strength
grades is poor with long deliveries and often duel certified
with grade 70 on the same certified material test reports
(CMTR's) when delivered.

Prior to the early '60's, SA-212B "Firebox Quality" steel
was used extensively for pressure vessel construction. The
need for pressure vessel steel materials with better low
temperature (below -20F) toughness brought on the advent of
aluminum killed fine grain steels with superior -50F impact
toughness. SA-212 was discontinued and replaced with two new
ASTM standards. SA-515 silicon killed course grained steels
for moderated temperatures, similar to the SA-212B material,
and a new SA-516 standard for fully aluminum killed steels
made to fine grain practice for low temperature service were
introduced. During the late 1960's and early 1970's, a
number of pressure vessels constructed of SA-515 steels
cracked during hydrostatic testing due to low ambient
temperature toughness. SA-515 steels gradually fell out of
favor with designers and SA-516 steels were specified with
greater frequency.

By the mid to late 1970's, a history of predictable preheat
and PWHT behavior had been developed for medium carbon,
silicon, manganese steels. A comfort zone of usage with-in
accepted ASME code rules for preheat and PWHT of P No.1
materials had developed for SA-516-70.

By the late 1970's and early 1980's a new breed of SA-516-70
was being sold to the pressure vessel industry under the,
old and by then well established and trusted, SA-516-70
material specification.

STEEL MAKING PRACTICE

Over the period of years from 1960 to 1980, steel making
practice changed in two important ways. Pipe line
construction demanded higher yield strength steels with
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higher toughness and low hardenability with good weldability
based on the accepted practice of low carbon equivalency.
Carbon equivalents of .43% to .45% were, and still are,
common.

To meet this demand, the world steel making practice
developed special hot and cold finishing techniques with
microalloying additions of Cb, V, Ti, N, and B to achieve
specific properties for specific taylor made applications.
Pipeline steels with 60, 65,and 70,000 psi minimum yield
strengths were developed and a new era in steel making
began.

The second change that gradually occurred over this period
was an increase in the levels of tramp elements Cu, Ni, Cr,
Mo in finished steel due to the increased tramp element
levels in the scrap used in steel making.

These tramp elements are strengtheners and also increase
yield strength. The typical carbon levels have been lowered
to .16% to .18% in the new breed of steels compared to
1970's vintage SA-516-70 of .24% to .30% to compensate in
part for the increased strengthening caused by the tramp
element levels present in todays steels. The carbon levels
are also lowered to compensate for strengthening affects
caused by microalloying additions.

TEST PROGRAM

Several heats of modern SA-516-70 material containing up to
.031% (Cb) representing several plate thicknesses were
welded with the GTAW, SMAW, and SAW welding processes.
Coupons were welded with and without preheat and tested as
welded and with PWHT at various times and temperatures.

TEST RESULTS

Both Heats of material shown in Table 1 were sold as SA-516-
70/65 normalized produced to fine grain practice and duel
certified by the foreign steel mill. The certified material
test reports (CMTR's) for each heat of steel reported the
levels of Cb and V as 0.00%.

The materials were analyzed with "argon discharge optical
emission vacuum spectroscopy" to obtain the results shown.

The trend in resistance to PWHT softening is obvious from
the data in Table 2 and is consistent with other published
data for steels containing small amounts of Cb (Ref.1-4).
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Materials with 3/8" and 1/2" thicknesses sold as SA-516-
70/65 duel certified containing from 0.024% to 0.031% Cb
were also welded with the GTAW, SMAW and SAW welding process
with similar results. A PWHT temperature of 1200F for 8hrs
was required on these welded coupons to safely reduce
hardness levels to below 225 HVlOkg.

CONCLUSIONS

ASME Section VIII Div. 1 permits P-i carbon steel materials
to be welded with ambient preheat up to 1-1/4" thick and
requires PWHT at 11OOF minimum for one hour per inch of
thickness for thicknesses over 1-1/4". Test results
presented in this paper demonstrate the increased
hardenability and resistance to softening that can be
expected with Cb containing mircoalloyed SA-516-70 plate
that meets ASME fabrication requirements.

ASME Section II Part A, SA-20 permits up to 0.03% Cb for
product analysis. As has been shown by the test results in
Table 2, this limit is too high for pressure vessel steel
plate fabricated to hardness limits specified for critical
service applications commonly required in todays industry.
These test results have demonstrated the need for a
nonmircoalloyed steel industry standard for purchase of
steels intended for critical service applications where
hardness control is required.

The following formula is typically used to report carbon
equivalents:

C.E. = C + Mn/6 + Cr+Mo+V/5 + Cu+Ni/15

This carbon equivalent formula does not account for Cb.
Therefore the increased hardenability afforded by Cb is not
accounted for with the conventional carbon equivalents
reported.

Many fabricators in the United States purchase SA-516-70
plate from local supply houses in small quantities for
pressure vessel construction. Fabricators should beware of
small quantity purchases and review CMTR's for the presence
of small amounts of Cb in all plate purchased. This is
especially critical when hardness limits are required.
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TABLE 1

Ht# C Mn P S Si Ni Cr Mo Cu V Cb

A 0.18 1.09 .013 .001 0.23 0.05 0.03 0.01 0.02 .004 .027

B 0.18 1.12 .013 .002 0.26 0.05 0.03 0.01 0.01 .002 .025

TABLE 2

Matl Matl Weld IPT PWHT HAZ Heat
Ht# CE Thk. Process Peak Input

HV10Kg Joules/"

A/B .38 2" SAW 350F None 255 96,000

11OOF 253
@2hrs
1150F 248
@4hrs
1200F 223
@4hrs
1250F 225
@4hrs

A/B .38 2" GTAW/SMAW 335F None 341 46,875

11OOF 317
@2hrs
1150F 223
@4hrs
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Abstract

The four types welded junction, 316L / 25-22-2LMn / 2RE69, 316L / 25-22-2LMn /
SAF2205,316L / 329J2L / SAF2205 and 316L / P5 / SAF2205, have been studied by
means of scanning electron microscopy, electron-probe microanalysis, metalloscopy,
X-ray photoelectron spectroscopy, Auger electron spectroscopy and second ion mass
spectroscopy. These specimens were tested in industrial urea synthesis media for one
year. It is found that the corrosion resistance of weld zone is closely related to alloy
composition, structure and nature of passive film. The order of corrosion resistance of
weld metal is as follow: 25-22- 2LMn > 329J2L > P5. It is just the same as the order of
corrosion resistance for base metal. The welding technique has obvious influence on
corrosion resistance of weld zone. The technique of 2-pass filling-wire is better than
that of self-melting and filling-wire. The nature of passive film formed on welded junc-
tion is similar to the base metal. The more Cr20 3 or Cr20 3 • xH 20 the passive film con-
tains, the better the corrosion resistance of welded junction. Besides Cr 20 3 , the passive
films also contain Fe20 3 , oxides of nickel and oxides of molybdenum. It seems that the
urea molecule has been incorporated in the oxides. There has a remarkable change of
the ratio between a- and y -phase and the concentration gradient of element in the
metal or in the passive film in the weld junction zone. The welding flaw, alloy composi-
tion segregation and discontinuity of passive film in the weld zone will easily cause local
corrosion. The measure for further improvement of corrosion resistance of weld zone is
discussed.

Key terms: stainless steel, weld zone, urea medium.

Introduction

It is well known that industrial urea synthesis media may cause severe corrosion of met-
als. Stainless steels can be used in these media with a proper amount of oxygen. At pres-
ent, the Cr-Ni-Mo stainless steels used in urea industry have two types of structure.
The one is widely applied austenitic steel, such as 316L and 2RE69. The other is
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austenite-ferrite duplex stainless steel, such as 329J2L and SAF2205. In urea high pres-
sure equipments (reactor, stripper, high pressure carbamate condenser and high pres-
sure scrubber) stainless steels go into the making of lining, tower plate, heat exchange
tube,pipeline and valve etc.. Same steel or different steels are usually welded together in
an equipment. Corrosion failure of equipment is of frequent occurrence in weld zone.
Recently, it has been found that the heat exchange tubes in high pressure carbamate
condenser was damaged, which occurred not only in weld zone in urea medium but also
on outer surface of tubes in condensation water. The tubes made of 316L stainless steel
suffered from stress-corrosion cracking in hot water-steam system with a certain
amount of chloride and oxygen. The austenite-ferritic duplex stainless steel is far more
resistant to stress-corrosion cracking in chloride solution than 316L stainless steel.
However, the investigation published in literature laid emphasis on corrosion behaviour
of stainless steel base metalf" 31 . There has been only little information about the corro-

sion of its weld zone. The chief purpose of this work is to study the corrosion character-
istic and to find the new method to improve corrosion resistance of weld zone.

Experimental

The chemical composition of stainless steels and welding wire used for this study is giv-

en in Table 1. Four types of welded junction, 316L / 25-22-2LMn / 2RE69,
316L / 25-22-2LMn / SAF2205, 316L / 329J2L / SAF2205 and 316L / P5 /
SAF2205, were studied. The butt-weld of stainless steels were carried out with tungsten
inert gas arc welding. The inert gas was 99.99%Ar. Two welding techniques were used,
namely, two passes of filling-wire and filling wire after self-melting. Welding current
was 40-60A. Welding voltage was 12-13V. The mode of butt-weld were plate-plate,
plate-tube and tube-tube. The specimens for corrosion test were cut from welded junc-

tion followed by machining, washing with deionizing water and alcohol and putting into
the solution at the top of a urea reactor and a HP carbamate condenser. After exposure
for one year, these specimens were taken out and rinsed then dried.

The content of a-ferrite and chemical composition of main elements at welding

cross-section were measured by quantitative metallography and electron-probe
microanalysis(EPMA) respectively. The corrosion morphology of weld zone was ob-

served by metalloscopy and scanning electron microscopy (SEM). The passive films on
the base metal and weld zone of stainless steels were studied by X-ray photoelectron
spectroscopy(XPS), Auger electron spectroscopy(AES) and second ion mass

spectroscopy(SIMS).

Results and Discussion

A. Weld Zone Microstructure
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Metallographic section of weld zone shows that the welding technique has an influence
on macrostructure in weld zone. The macrostructure for two-pass filling- wire weld is
relatively even while the macrostructure for filling-wire after self-melting is clearly di-
vided into two parts. Because 316L, 2RE69 and 25-22-2LMn are all austinite, the
microstructure of weld-metal is also austinite . For 316L and SAF2205 butt-wk"d,the
microstructure of weld-metals are a+y duplex phases. Their x-ferrite percentages in the
middle of welding cross section or in the welding backside are given in Table 2. It can be
noticed from Table 2 that the distribution of a-ferrite percentage in the weld zone ex-
hibits a maximum and a minimum.

B. Element Distribution in Weld Zone

Distribution of main element in the middle of welding cross section is shown in Figure
2. It is evident that the distribution of element present frequently a sudden change at the
weld junction zone. According to the distance for that change, the width of weld junc-
tion zone can be estimated to be about 35-210 pm. The width of weld junction zone de-
pends on the species of element and on the concentration difference of element in the
base metal and in the weld metal. The bigger the concentration difference, the wider the
weld junction zone. From a corrosion-resistance viewpoint, the chromium should be
firstly considered for estimating the width of weld junction zone. The data obtained by
electron-probe microanalysis have indicated that the chromium content in the weld
zone is generally less than that in the original welding wire.

In addition, the fluctuation amplitude of Mo, Mn, Cr and Ni content in the weld zone is
stronger than that in the base metal. This means that these elements segregated in the
weld zone. It is worth notice that a remarkable concentration fluctuation of Cr and Ni
content occurred in 316L / 25-22-2LMn self-melting and filling wire / SAF2205, this
abnormal segregation about Cr and Ni may be due to unsuitable welding operation.

C. Corrosion Morphology of Weld Zone

After corrosion test of welded junction specimens, the surface of 2RE69 base metal and
25-22-2LMn weld metal showed a bright silvery or white colour, SAF2205 and 329J2L
showed a light yellow or yellow brown colour, whereas 316L and P5 exhibited brown or
brown-black colour. According to the observation under stereomicroscope it is clear
that the order of corrosion resistance is as follows: 316L/ 25-22-2LMn/ 2RE69>
316L / 25-22-2LMn / SAF2205 > 316L / 329J2L / SAF2205 > 316L / P5 / SAF2205.

As has been discussed above, the butt-weld specimen for 316L / 25-22-2LMn self-
melting and filling-wire / SAF2205 showed a bad corrosion resistance because of ab-
normal segregation of Cr and Ni, But its corrosion resistance was obviously improved
through a suitable welding practice. From the viewpoint of corrosion resistance,in gen-
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eral, the welding technique of 2-pass filling-wire was better than that of self-melting

and filling-wire.

In the every welded junction, the corrosion extent of weld junction zone and heat-effect
zone is larger than the other zones. For 316L and SAF2205 butt-weld, the knife-line
attack(KLA) was observed in the weld junction zone at one side or both sides when use
329J2L or P5. Moreover, a corrosion ditch emerged in their heat-effect zones after the
specimens exposed in urea media for two years.

Surface topography of welded specimens after corrosion test was also examined by
SEM. Corrosion characteristic of welded junction in different zones was distinctive. As
for welded junction of 316L / 25-22-2LMn / 2RE69,the 25-22-2LMn / 2RE69 side
showed a good corrosion resistance(see Figure 2 b,c,d). However, intergranular attack
occurred in the partially melted zone and heat-affect zone of 316L side(see Figure 2 a).

In the welded junction of 316L / 25-22-2LMn / SAF2205, the corrosion characteristic
of 316L/ 25-22-2LMn side was similar to the side in the 316L/ 25-22-2LMn/
2RE69 (Figure 3a), but the other side 25-22-2LMn / SAF2205 suffered from
intergranular attack in the partially melted zone and heat-affected zone(Figure 3b).
However, the intergranular attack extent for SAF2205 was less than that for 316L, as
shown in Figure 3c.

The corrosion resistance of welded junction 316 L / 329J2L / SAF2205 was not as good
as previous two welded junctions. Besides intensified general corrosion, the partially
melted zone and heat-affected zone were more widened, the holes and grooves ap-
peared locally in these zones. Moreover,the net cracks were also observed in the compo-
site zone(see Figure 4).

The welded junction 316L / P5 / SAF2205 caused rather severe general corrosion and
selective corrosion in the composite zone and knife-line attack in the weld junction
zone, so that its corrosion resistance was the least.

Although there was interference of corrosion products, the surface composition in weld
zone measured by SEM was substantially consistent with previous results obtained by
EPMA.

D. Passive Film on the Weld Zone

Previous work(4- 51 has shown that 316L and 2RE69 stainless steels are passivated under
the condition of normal supply of oxygen in the urea media. Their passive films are
composed of Cr20 3 , Fe20 3 , oxides of nickel and oxides of molybdenum. Cr2O 3 and
Fe20 3 are much more than others. The urea molecule has been incorporated in the ox-
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ides. The outmost layer of passive film contains more hydroxides and the oxides are in
the inner layer. Passive film formed on the duplex stainless steel SAF2205 in the urea
media has similar composition to that on the 316L or 2RE69 stainless steel. The XPS
spectra of passive film formed on the SAF2205 stainless steel in the urea solution in HP
carbamate condenser are shown in Figure 5. Composition profile of passive films
formed on the base metal and weld zone was measured with AES and SIMS. The ap-
parent thickness of passive film is estimated from composition profile curve and listed in
Table 3.

From Table 3 it can be seen that the apparent thickness of passive film formed on the
SAF2205ss lies between 2RE69 and 316Lss. This order just coincides with the order of
their corrosion resistance and Cr content in the steels. Moreover, the composition and
thickness of passive film on the weld zone are inhomogeneous. The passive film on the
weld zone is obviously thicker than the correspondent base metal. As shown in Figure 6,
a quite large composition variation, such as Cr and 0 occurs in the weld junction zone.
This phenomenon is consistent with the result obtained from EPMA.

Owing to discrepancy, diffusion and segregation of element, existence of various weld-
ing flows and imperfection of passive film, the corrosion resistance of weld zone is cer-
tainly reduced. In order to improve the corrosion resistance of weld zone, three meas-
ures would be taken: l.Adopt high corrosion-resisting weld wire; 2.Choose proper
welding technique and good welding operation; 3.Decrease segregation in the base met-
al and weld wire.

Conclusion

1. The corrosion resistance of weld zone of four welded junctions in the urea media is as
follow: 316L / 25-22-2LMn / 2RE69> 316L / 25-22-2LMn / SAF2205> 316L /
329J2L / SAF2205 > 3161 / P5 / SAF2205.

2. In regard to corrosion resistance, 2-pass filling-wire are better than filling- wire af-
ter self-melting.

3. Chemical composition and microstructure of weld zone have substantial
inhomogeneity. In similar manner, the composition and thickness of passive film on the
weld zone are also inhomogeneous. After a long time test, the local corrosion has taken
place in the weld junction zone and heat-affected zone of SAF2205 and 316Lss.

4. Increasing Cr content in the weld wire, decreasing segregation of base metal and weld
wire and adopting a correct weld technique would further improve the corrosion resist-
ance of weld zone.
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Table I Chemical composition of stainless steel and welding wire (wt.%)

Type C Cr Ni Mo Mn Si S P N

316L 0.027 17.86 13.28 2.51 1.66 0.38 0.009 0.030

2RE69 0.018 24.9 22.2 2.07 1.62 0.30 0.001 0.012 0.13
SAF2205 0.016 22.15 5.55 2.60 1.62 0.35 0.002 0.022 0.135

25-22-2LMn 0.020 24.63 22.15 2.06 4.48 0.19 0.006 0.014 0.12

TIG329J2L 0.020 22.30 7.80 2.80 1.40 0.40 0.006 <0.035

Avesta P5 0.03 22.47 14.4 2.41 1.40 0.38 0.015 0.022

Table 2 a-ferrite percentage of 316L / SAF205 weld zone

Welding 316L UZ Composition UZ SAF2205
technique by 316L zone by 2205

329J2L,2-pass 0 17.1 24.0,40,21.5 27.3 50.8
filling-wire (47) (28.8)

25-22-2LM n, 9.4 10.9,6.8 24.0 50.8
2-pass filling-wire (9.4)9(6.8) (23.0)

25-22-2LM n
self-melting and 0 3.9 19.19.5 52.2

filling-wire (13.9),(19.16)

Note: UZ denotes unmixed zone, parentheses denotes value in the welding backside.

Table 3 Apparent thickness of passive film on the weld zone

Thickness by AES Thickness by SIMS
Type (nm) (min)

2RE69 3000 5

SAF2205 23400 10-20

316L 52400

25-22-2LMn composite zone 2800,4500 5-10

329J2L composite zone 43000 20

25-22-2LMn / SAF2205 unmixed zone 4000 8-10

329J2L / SAF2205 partially melted zone 68000

25-22-2LMn / 316L partially melted zone 27000

329J21/ 316L unmixed zone 84000
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Figure I The main elements distribution in the middle of welding cross section
a. 2RE69 / 2 5-22-2LM n 2-pass f illing-wire / 316L
b. 2RE69 / 25-22-2LMn self-melting and filling-wire / 316L
c. SAF2205 /25-22-2LMn 2-pass filling-wire / 31 6L
d. ASF2205 /329J2L 2-pass f illing-wire / 31 6L
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(a) (b)

(c) (d)

Figure 2 Surface topography of welded junction 316L / 25-22-2LMn
2-pass filling-wire / 2RE69 after corrosion test

a. 316L heat-affected zone(left) to unmixed zone(right)
b. unmixed zone of 316L side (left) to composite zone(right)
c. composite zone of 2RE69 side (left) to unmixed zone(right)
d. unmixed zone of 2RE69 side (left) to partially melted zone (right)
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(a) (b)

(c)

Figure 3 Surface topography of welded junction 316L / 25-22-2LMn
2-Pass filling wire / TX483 after corrosion test

a. 316L heat-affected zone(upper) to partially melted zone(lower)
b. partially melted zone of TX483(left) to heat-affected zone(right)
c. TX483 base metal
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Figure 4 Surface topography of composite zone of welded junction
316L / 329J2L 2-pass filling-wire / TX483 after corrosion test
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Figure 5 XPS spectra for several elements of passive film formed
on 316L in the H.P. carbamate condenser urea solution
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Figure 6 Cr and 0 contents in passive film formed on welded junction
zone 25-22-2LMn / TX483 as a function of position
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Abstract

One of the greatest difficulties in current corrosion
engineering is the ability to accurately quantify localized
attack. Considerable efforts are made to measure corrosion rates
either by electrochemical measurements or by long term exposure
testing but the interpretation of results is always complicated
by the presence of different forms of localized corrosion. It is
thus important to characterize corrosion problems both in terms
of uniform and localized metal losses. Since these problems can
lead to systems-dependent surface transformations, the
quantification of characteristic shapes and defects produced
during corrosion attack could greatly enhance the inspection
methodologies presently practised in the industry.

The description of complex self-repetitive geometries became an
art and a science when the concept of a fractal was popularized
in the mid-1970s by Mandelbrot. Fractal arguments involve the
rules of scaling with non-integer exponents to express time or
space dimensions. Such expressions have been shown to be
particularly relevant for the description of natural processes
and shapes including those encountered during the corrosion of
metallic structures. This paper will review the experimental
techniques which are used for the evaluation of surface profiles
and describe the links with fractal geometry.

Key terms: corrosion, surface profile, fractals, modeling,
roughness parameters.
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Introduction

'Fractal' is a term coined by Benoit Mandelbrot' in the 1970s to
describe complex patterns, shapes, curves or functions which can
be expressed by

bulkosi ze diLfenBi0 (1)

in which dimension is almost always a non-integer. Such
expressions have been shown to be particularly relevant to
natural processes and shapes. In particular, considerable
success has been demonstrated in the application of fractals to
measurements of coastlines2. Since then, numerous workers have
extended the theories of fractal geometry to related subjects
such as flow through porous media3 , theories of multilayer
adsorption of gases4 and bimolecular chemical reactions5.

Chaos theory, another new tool for the understanding of complex,
non-linear natural phenomena, has been recently applied to
metallic dissolution6' 7 and to electrochemical impedance in
corrosion"'9 . Good progress has been made recently with
percolation theory in so-called 'atomistic' models of corrosion
10, but as yet, there are few uses of fractal geometry for
similar atomic models of corroding surfaces. In the
solidification of metals by dendritic growth, the Diffusion
Limited Aggregation (DLA) model has been used to good effect"1 .
This type of model was constructed from the 'random walk'
technique whereby individual atoms diffuse at random in the
liquid and crystallise according to specified rules to form
remarkably realistic dendrites. There would appear to be much
scope for similar models of corrosion processes which involve
the dissolution of metal atoms from solid to liquid phase with
some degree of randomness, but according to rules associated
with electrochemical potential and varying properties of the
passive films at the interface.
The modelling of surfaces and landscapes in their broadest sense
is not new and has been accomplished with spectacular success by
Mandelbrot' and others 12"13 . Although the application of fractal
geometry has been discussed in relation to corrosion and
fatigued surfaces' 4 , this paper describes the first steps to
obtain correlation of fractal models with laboratory-determined
surface profile data.

A pivotal part of this approach is the correlation between the
kinds of traces obtained from surface profile with time series
which constitute electrical signals: both are amenable to the
same kinds of analysis techniques. It will be demonstrated that
corroding surfaces, in this case, of pure copper, can be
modelled by fractal geometry and tools currently being used for
the analysis of chaos and associated parameters in many other
systems. Application of similar principles to localized
corrosion of aluminium alloys has been described elsewherea.
Fractal representations of corroded surfaces have been studied
using white noise, 1/f noise and Brownian algorithms. This
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paper will describe how fractal models have been correlated with

values of traditional surface roughness parameters.

Theory

In electronics, white noise is considered to represent the most
random or stochastic behaviour. It consists of many separate
frequencies combined over a wide spectrum. Over a period of time
which is long compared to the lowest frequencies in the noise,
the noise has a mean amplitude, x., and the probability of the
noise having any instantaneous value is given by a Gaussian
distribution in which the probability, p, of a value x is of the
form

p(x) =Ae-B(x-X) 2  (2)

where A and B are constants and x. is the true mean value. In
effect, a white noise time sequence is wholly uncorrelated from
point to point. The effect of an algorithm for 1/f noise on a
modelled surface profile is the same as that of an electronic
filter removing high frequencies such that 1/f represents the
spectral distribution of the profile. This results in a
'smoother' profile.

Profiles generated by Brownian fractal algorithms have a
spectral distribution of 1/f 2 . Although, mathematically speaking,
they are obtained by integration of the white noise (1/f°)
signal, the equivalent effect in electrical science is that
such a time series is filtered even more than the 1/f models,
high frequencies are less dominant and resulting profiles
therefore appear even less rough than 1/f surfaces. Considerable
use has been made of Brownian fractals for creation of
computer-simulated landscapes and surfaces', and there are many
algorithms available' 5 . One which was selected for this study16 ,
possessed the significant advantage of input of a value of D,
the so-called fractal dimension. Previous workers have shown
how, as D increases from 1.00 to 2.00, increasing amounts of
surface roughness are observed"' 5 . In corrosion it is not at all
obvious what the effect on the fractal model or on the value of
D will be since, depending on current density, electrochemical
polishing (implying the production of a smoother surface) may
occur. In the terminology of surface profiles, it could be
envisaged that more material might be lost from the peaks than
from the valleys. Alternatively, in localized corrosion such as
pitting, the opposite might be true. Validation of a proposed
model is also not straightforward, as will be demonstrated
below.

Experimental
Corrosion

Samples of pure copper, 99.99% by weight, cut from bar and in
the annealed condition, were polished to 0.25 pm diamond finish
using a Leco automatic polishing system such that surface finish
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was accurately reproducible. Specimens were then corroded in 3%
NaC1 solution, with added hydrochloric acid to pH 3 in order to
prevent the build-up of corrosion product. Galvanostatic
conditions of 100 pA/cm2 were applied so that precise amounts of
charge produced measurable surface changes, as quantified by the
change in the surface profile parameters. After each stage in
the corrosion process, the sample was withdrawn and sets of five
surface profiles taken such that parameter values for each stage
could be found. Each measurement consisted of a traverse of 4 mm
which covered of the order of ten grains. Thus, grain boundaries
were deliberately included in each measurement. Because the act
of measurement resulted in a slight scratching of the surface,
care was taken to ensure that each measurement did not cross the
path of any previous measurement. After each set of
measurements, the specimen was returned to the corrosion cell so
that the cumulative effect of galvanostatic exposure could be
determined. (It was determined that the slight scratching during
measurement did not affect the subsequent corrosion.)

Profile measurements

Measurements of surface profile were made by means of a Rank
Taylor Hobson Form Talysurf with a 0.2 pm diamond tip probe. The
instrument creates a line scan of a real surface by pulling the
probe across a pre-defined part of the surface at 1 mm/s. Let us
define the co-ordinate axes in the plan- of the surface as x and
y. Vertical deviations (in the z-axis) are measured and the
data is digitised and stored in the form of an x-z map. The set
of x-z co-ordinates form the familiar description of a surface.
It is important to realise that since the equipment is recording
a z-displacement of the probe with time, the usual x-z
geometrical description is actually a time series. To facilitate
the visualisation process, the display is distorted because of
the use of different scales to plot the x and z information.
Thus, for example, x is usually plotted in mm, whilst z is
plotted in pm. The problem of human visualisation exists
because a real surface plotted with two such different scales on
the x- and z-axes does not 'look' real. However, when both axes
are plotted on the same scale, the surface can be seen to be
much 'smoother' than at first thought; indeed, it is very
difficult for the human eye to distinguish the features which
are under scrutiny. Scaling represents a critical part of the
analysis of fractals and considerable care must be taken to
ensure that errors are not made".

Scaling

Fractal algorithms generate unscaled output and it is necessary
to apply scaling to the numbers representing the co-ordinates in
both the x- and z-directions. The z-direction scaling is
straightforward because of the need to correlate the x-spacing
with the actual times (distances) at which the Talysurf probe
makes measurements. Since this distance was always 0.25 pm, all
modelled surfaces were plotted with this spacing. It is not
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sufficient to scale z-values using single value parameters such
as the maximum peak height, for example, because these may vary
considerably from one profile to another. In order to sensibly
scale the co-ordinates in the z-direction, use was made of the
parameter, Rq which represents a root mean square value of the
profile amplitudes. Co-ordinates for all modelled surfaces were
scaled using the ratio Rq(real)/Rq(model). As can be seen from
the results, the effect of this is to fix Rq for both model and
real surfaces. Because of its effect primarily in the
z-direction, those parameter values which represent effects in
that direction are also, in general, brought towards a better
fit. However, this procedure also highlights the differences in
parameter values which relate to the x-direction and it is here
that the value of the model can be evaluated.

Modelling and software analysis

Three algorithms were used to model a copper surface: white
noise, 1/f noise 13 and Brown noise16 . White noise was created
using a random number generator such that ssuitably large sets
of data points with a normalised distribution were obtained. In
the other two cases, random number data sets were used as input
for algorithms from the literature and the outputs analysed by
the ttechniques described. Five surfaces were produced from each
algorithm.

The manufacturer's software for the Talysurf instrument was used
for tthe analysis, it being capable of generating over twenty
surface profile parameters. In this study up to twelve of what
were considered to be the most useful parameters were selected
and monitored and of these, the six listed in Table 1 were
chosen for this paper. The software carries out analysis of raw
data in a sophisticated but standard way, allowing for filtering
of values to remove unwanted form and waviness from the
profiles. As far as possible, however, the comparison of real
surface with fractal surface was made using raw data from the
real surfaces because of the uncertain ways in which the
software might influence the interpretation of the results.
However, it is impossible to eliminate filtering effects caused
by the probe tip which, depending on surface profile, is better
able to measure high points on the profile than low points.
Inevitably, any profile obtained by mechanical means will carry
some character resulting from the measurement mechanism.

Plots were obtained using Microsoft EXCELTm V4.0 for WINDOWSTM
V3.1, which also produced a proportion of the random number
files used for input to the algorithms. Other random numbers
were obtained using Microsoft FORTRAN (Version 5.1). Use was
also made of the Chaos Data Analyzer available from Physics Data
Software.

Statistical methods

In each of the sets of data reported, whether real or model,
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comparisons were made of five independent data sets. The means
and standard deviations of the resulting parameter values were
used. It is accepted that five sets may not be statistically
significant and that many more would be desirable. Nevertheless,
a pragmatic approach was necessary in balancing the need for
mathematical rigour with the amount of practical effort
involved.

Results

The values of surface parameters obtained from the corrosion
experiments are shown in Table 2 and their variation with time
is shown in Figure 1. A typical profile from each of the
algorithms used to model surfaces is shown in Figure 2a-d. The
white noise and 1/f profiles are shown in Figure 2a and b. Using
the Brown algorithm, values of D = 1.00 and D = 1.75, Figure 2c
and d, only were used for limitations of space. For comparison,
a sample of a single grain from the most heavily corroded
surface is included, drawn using the same scales as for the
other profiles, Figure 2e. For each algorithm, analysis of five
such surfaces, each containing 1,000 data points and plotted
over the values stated above gave five sets of profile
parameters listed in Table 3. (The parameter values for the
corroded copper surface in Table 3 are for limited areas
covering single grains, such as shown in Figure 2e, whilst those
values in the bottom line of Table 2 are means of five sets of
up to 16,000 points and include grain boundaries.)

Discussion

The data from Table 2 clearly show how roughening of the copper
surface, as evidenced by increase of the traditional roughness
parameter, Ra, occurred during the galvanostatic exposure. The
parameters, in general, all showed increases in value to a
maximum value which indicated that the copper had reached a
situation in which material loss was uniformly distributed and
that general corrosion was occurring by the end of the exposure.
This is to be expected under the current density and electrolyte
conditions used. In contrast, the parameter, lamq, continued to
increase throughout the test, which must lead to the conclusion
that the geometry of the copper surface was still changing. The
low values of the standard deviations obtained, assisted by the
high numbers of data points used, is taken as evidence that the
means of five profiles were satisfactorily self-consistent.

Initial inspection of the profiles in Figure 1 leads to the
conclusion that surfaces generated from white noise sources can
be considered to be a 'worst-case' model upon which to build.
The 1/f model also would appear not to be a satisfactory model,
whilst of the two Brown models shown, the one having D - 1.75
would seem to represent the closest model. When the parameter
values in Table 3 are examined, several conclusions can be
reached. The technique of z-direction scaling by normalising Rq
leads to similar values of Ra because both are averages obtained
by similar methods. Rt will always be subject to fluctuation
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because, being a single value parameter, it is subject to
statistical variation in each data set. Of the two other
parameters, it would appear that a better correlation exists
between the copper surface and the Brown model with D = 1.00,
contrary to the visual evidence of Figure 1. Obviously, this
analysis is insufficient for validation of a model. Standard
deviations in Table 3 are not as good as in Table 2 because the
means were obtained over sets of 1,000 data points, equivalent
to 250 pm in the x-direction, rather than the 4 mm traverse used
in the corroded profiles.

To widen the scope of the validation process, use was made of
the Chaos Data Analyzer software in order to include newer
parameters from more modern analysis methods. Based upon the
numbers of points (1,000) used in each data set, some problems
were highlighted with respect to the algorithms being used.
Frequency analysis of the profiles of Table 3, considered as
time series, showed that the Brown algorithm was generating a
frequency response only poorly consistent with 1/f 2 . Frequency
response is thus seen to be vital in determining whether a
realistic model has been achieved. Inspection of correlation
dimensions, listed in Table 4, show that the corroded model does
have behaviour somewhere between the Brownian D = 1.50 and 1.75
fractal surfaces and highlights the need for considerable care
in the validation of surface models. Further work is continuing
to improve upon both the algorithms and the analysis techniques.

Conclusions

Algorithms used in fractal geometry have been applied to
corroding copper surfaces and correlations attempted with
standard surface profile parameters. As was expected, white
noise models were shown clearly not to fit a real profile,
neither did models based on 1/f algorithms. In agreement with
previous work in other fields of surface modelling, it appears
that the most promising approach is to be obtained using
Brownian algorithms. The correlation with traditional surface
profile parameters met with mixed success. Difficulties of
interpretation were found and further work is necessary to
achieve better results. Full analysis of the output from
algorithms is important, particularly with respect to such
properties as frequency response and fractal dimensions, if
models are to be successfully validated against real surfaces.
Awareness of the ambiguities arising from the interpretation of
the wide range of surface parameters is vital, and limitations
of the applicability of the new tools of chaos and fractal
geometry must be fully examined. However, considerable scope
exists for the development of new models of corroding surfaces
which may overcome current problems of life-prediction.
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Table 1 Summary of parameter values used in this analysis.

Parameter Description

Ra Roughness average: the average
departure of the profile from a mean
line. Prone to giving the same value
for different waveforms.

Rq Root mean square value of the profile:
Statistically more sensitive than Ra.
Used in this analysis as a means of
scaling amplitude (z-coordinate) to
match a real profile.

Rt Highest peak to deepest valley from
total profile

S An average or mean spacing of the
small adjacent peaks on a surface, but
not those which cross the mean
line.Sensitive to fine surface
deviations caused by material
breakdown.

Lamq The average wavelength of the profile,
adjacent and mean peaks included,
based on a RMS value.

Rsk The symmetry of the profile about the
mean line. •ndicates whether the
spikes on the surface are
predominantly above (negative) or
below (positive).
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Table 2: Effect of corrosion on Surface Profile Parameters

Means

Time Is Ra Rq Rt S lamq Rsk

0.00E+00 0.15 0.17 0.66 1.68 18.78 -0.12

1.80E+03 0.59 0.69 2.66 2.02 69.21 0.13

1.26E+04 0.40 0.48 2.91 3.05 36.64 0.17

1.98E+04 0.94 1.08 5.08 4.97 60.00 -0.11

1.15E+05 1.50 1.89 12.21 9.23 71.49 0.80

3.67E+05 4.24 5.16 29.66 17.39 137.02 0.16

5.56E+05 4.50 5.73 32.07 16.21 134.29 0.97

9.77E+05 4.60 5.56 26.14 22.54 189.76 -0.54

Standard Deviations

0.OOE+00 0.02 0.02 0.09 0.09 3.40 0.11

1.80E+03 0.01 0.02 0.10 0.18 1.59 0.04

5.40E+03 0.02 0.03 0.15 0.26 13.38 0.03

1.26E+04 0.03 0.04 0.42 0.49 3.45 0.23

1.98E+04 0.05 0.03 0.62 0.79 9.70 0.11

1.15E+05 0.08 0.05 0.92 0.31 2.00 0.33

3.67E+05 0.33 0.42 4.33 2.19 8.95 0.24

5.56E+05 0.38 0.59 2.64 1.05 8.51 0.19

9.77E+05 0.81 0.98 5.15 2.84 34.73 0.23
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Table 3: Comparison of surface profile parameters for different
models and for a corroded copper surface, shown in Figure 1

Means

Surface Ra Rq Rt S lamq Rsk

White noise 4.01 5.03 30.92 0.75 1.45 0.00

1/f noise 3.99 5.03 27.38 0.59 1.92 1.03

Brown noise 4.41 5.03 16.76 34.35 181.59 -0.13
(D-l.00)

Brown noise 4.30 5.03 20.92 5.68 21.10 0.10
(D=1.75)

Corroded copper 4.31 5.03 20.73 20.23 173.79 -0.33
grain

Standard deviations

White noise 0.08 0.09 3.06 0.02 0.03 0.07

1/f noise 0.11 0.14 1.75 0.02 0.05 0.12

Brown noise 1.26 1.38 4.59 17.27 39.42 0.40
(D=1.00)

Brown noise 1.04 1.10 2.95 0.47 4.08 0.12
(D=1.75)

Corroded copper 1.72 1.70 4.66 1.45 72.85 0.24
grain

Table 4: Comparison of values of Correlation Dimension obtained
from analysis of fractal and real surfaces.

Surface Correlation Dimension

Brown noise (D-1.00) 1.711 +/- 0.209 (Emb. Dim. = 5)

Brown noise (D-1.50) 2.261 +/- 0.250 (Emb. Dim. = 5)

Brown noise (D-1.75) 2.506 +/- 0.260 (Emb. Dim. = 5)

Corroded copper surface 2.370 +/- 0.44 (Emb. Dim. = 5)
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Figure 1: Effect of corrosion on surface profile parameters

a. WHITE NOISE

b. 1/f MODEL

c. BROWNIAN MODEL (D=1)

d. BROWNIAN MODEL (D=1.75)

e. COPPER SURFACE

Figure 2: Sample surface profiles for white, I1/I and brown noise compared to a corroded copper
surface.
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Abstract

Liquid metal embrittlement (LME) is a rare but potentially catastrophic failure mechanism for chemical process equipment.
Aluminum heat exchangers that process natural gas liquids are particularly at risk due to mercury contamination in natural
gas feedstocks. Mechanisms of liquid metal attack peculiar to the AI/Hg system include amalgamation, amalgam corrosion,
LME and intergranular attack that is preferential to weldments.

The paper reports the results of a program directed at prevention and remediation of liquid metal attack of cryogenic
aluminum heat exchangers. The specific topics discussed are (1) detection of liquid metal embrittlement using acoustic
emission techniques (2) a chemical process to remove mercury from contaminated equipment (3) surface treatment methods
to prevent mercury attack of equipment exposed to mercury (4) methods to assess the condition of the oxide in aluminum
equipment.

In general, corrosion and cracking of aluminum can be mitigated by several engineering approaches. Metallurgical selection
of non-susceptible alloys, choice of proper welding procedures and surface treatments to strengthen the oxide can be utilized
when new equipment is fabricated. For contaminated equipment, selective oxidation and complexation of mercury can be
utilized to prevent mercury attack and to remove existing amalgams. LME can be detected using AE to assist decision making
for critical components handling liquified natural gas. Surface condition also can be assessed using capacitance techniques
to further aid decisions regarding remediation.

Introduction

Elemental mercury (Hg') is a contaminant to some natural gas feedstocks used in ethylene, LNG and ammonia production
processes.!' 3 ) Mercury likely is present in a variety of other natural gas systems, however, it is only during liquefaction that
significant quantities precipitate and accumulate. Cryogenic heat exchangers constructed primarily of aluminum alloys have
experienced failures in welded piping due to contact with mercury during plant shutdowns or deriming operations when the
temperature of the piping exceeds the melting point of Hg.

Research has been directed at understanding the chemical interactions between mercury and aluminum that give rise to
catastrophic failures. The historical objectives have been:

1. To predict the most likely location for Hg attack. This includes the metallurgical questions regarding which
aluminum alloys or welded metallurgical structures are most at risk.

2. To understand mechanistically the preference of Hg for grain boundaries and the role of the surface oxide

on Al in mitigating Hg attack.

3. To measure the fracture properties of alloys embrittled by Hg so as to estimate serviceability.

This paper reviews a portion of the existing information on Al/Hg interactions from an engineering viewpoint in an effort
to clarify methods of preventing Hg attack of aluminum.
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A two year research project co-sponsored by the Gas Research Institute and four industrial sponsors (Tenneco. Dupont.
Oxychem, Lyondell) was conducted in an effort to provide engineering solutions to the materials related problems in
aluminum cryogenic equipment that is contaminated by mercury.

This work focused on four areas:

1. Methods to treat aluminum surfaces so that Hg attack is prevented.

2. Methods to detect and locate liquid metal embrittlement (LME) in an aluminum cold box (cold box is the
industry term for a cryogenic heat exchanger).

3. Methods to assess the surface condition of contaminated surfaces.

4. Methods to remove mercury from aluminum without corrosion to the aluminum.

A condensed account of the principle objectives, results and conclusions of this research program is presented.

Technical Background

Mercury can degrade materials by four basic mechanisms:

I. amalgamation
2. amalgam corrosion
3. liquid metal embrittlement
4. galvanic corrosion

Amalgation

Amalgamation is the process by which mercury forms liquid solutions with various metals, primarily aluminum, tin, gold,
silver, and zinc. Of these, only aluminum has mechanical significance. The affinity of aluminum for mercury is mediated
by the oxide (A1,0 3) that protects the aluminum surface. The oxide on aluminum is not homogenous and contains numerous
defects. In general, mercury lacks the ability, because of surface tension, to diffuse through cracks or defects and hence
cannot reach the underlying metal. This lack of wettability, however, can be mitigated by thermal or mechanical stresses,
by chemical environments and by temperature.

In situations in which Hg can breach the aluminum oxide and contact the underlying surface, the rate of amalgamation
depends, in a major way, on metallurgical and microstructural condition. It is observed, for example, that mercury
amalgamates selectively with weldments and more rapidly with particular alloys. Table 1 provides a list of aluminum alloys
and the kinetic degree to which they amalgamate with Hg.

The primary manifestation of amalgamation is loss of mechanical strength in weldments. Amalgamation does not require
stress nor does it require mediation by a conducting electrolyte to occur.

Amalgam Corrosion

Amalgam corrosion is the combined action of Hg and moisture on susceptible materials, primarily aluminum and tin. The
difference between this mode of attack and simple amalgamation is that the corrosion process propagates with minuscule
amounts of mercury.
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The reaction scheme is:

Hg + Al - Hg(Al) amalgam [I]

Hg(Al) + 6H20 -AI203.'3 0 + 3H 2 + Hg [21

Hg + Al - Hg(Al) [3]

etc.

Amalgam corrosion regenerates the reactant and hence is self-propagating so long as water is available. If sufficient moisture
and mercury are present, aluminum structural components can be penetrated fairly rapidly. The rate of attack is mass transfer
limited but does not proceed as rapidly as liquid metal embrittlement (LME) discussed below. Amalgam corrosion is selective
to the same aluminum alloys as simple amalgamation, however, it can affect all aluminum alloys to some degree.

Liquid Metal Embrittlement (LME)

Liquid metal embrittlement by mercury is distinct from amalgamation in that it produces rapid brittle fracture and affects a
much broader range of materials (aluminum, nickel-copper alloys, brasses, copper alloys, tin alloys, some stainless steels: see
Figure 1). The mechanism of LME of aluminum involves liquid diffusion of mercury atoms in grain boundaries. Cracks
usually initiate and propagate via the grain boundaries. LME is distinct from stress corrosion cracking in that no purely
electrochemical proce&ses are involved.

The unusual aspects of LME, as opposed to other fracture processes, are that the crack propagation rate can be exceedingly
fast and the stress intensity required for crack propagation can be very low. Figure 2 illustrates the fracture rate with which
aluminum cracks propagate in smooth tensile specimens having Hg surface contamination. The limiting crack velocity is
approximately 100 cm/s which is reached due to the limit of liquid diffusion of mercury (not surface diffusion or vapor
diffusion). In Figure 3, the limiting stress intensity factor for mercury LME of aluminum is shown. For weldments it can
approach 5 ksi in' which translates into a critical defect size of 10"' mm.

LME is not limited to aluminum but can affect high strength steels as well. Susceptible materials include 4140 RC 35-40
at elevated temperature, precipitation hardened stainless steels also having high strength and high hardness, and copper-nickel
alloys.

Galvanic Corrosion

Galvanic corrosion caused by mercury deposits on steel in corrosive environments has been observed. Mercury serves to
accelerate acid dissolution and to aggravate localized corrosion such as pitting. The situations in which mercury deposits
contact steel are found in gas/water separators in gas production and when mercury from gauges contaminates process piping
in chemical plants.

Engineering Solutions to Mercury Problems
In Aluminum Heat Exchangers

Ethylene and LNG plant operators face tough decisions if cold box equipment becomes contaminated with Hg. Hg
contamination can be avoided by employing sulfur impregnated carbon beds to adsorb Hg in gas feedstocks. however, the
beds can saturate unexpectedly allowing Hg to enter the cold box. The more common occurrence is that Hg is an unknown
contaminant to a feedstock that originated from an undocumented source.

If the cold box becomes contaminated. the amount of mercury and its location are often unknown and not easily estimated.
As long as the cold box is operating below the freezing point of Hg (- 40 C), no acute problems exist related to materials.
At some point, however, the cold box will see ambient temperatures during a scheduled outage, an unexpected shutdown or
due to deriming operations (deriming is used to remove solid gas hydrates and condensed water from cryogenic equipment
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by allowing it to warm above the dew point of water or above the hydrate point).

The problems that face LNG or ethylene plant operators (and engineers) involve several issues:

1. If a cold box is thought to be heavily contaminated or if actual leakage has occurred due to Hg damage.
some operators elect to replace the cold box or to construct a spare if damage is detected during an outage.
The question then becomes how to construct new equipment to withstand Hg attack.

2. If a cold box is placed off stream and allowed to warm to ambient, it is often necessary to assess the
condition of the equipment prior to plant start-up. Assessments must be performed without causing any
LME damage.

3. If mercury contamination is certain or if it is detected, then remediation of the equipment is often desirable.
The questions here involve removing mercury without causing corrosion or cracking of the aluminum welds.

4. If Hg contamination is uncertain or in situations where mercury has been removed from equipment, the
assessment of localized LME and/or amalgamation is of concern. Under these circumstances it is desirous
to understand the condition of the oxide on aluminum.

Surface Treatments to Prevent Hg Attack

A particularly critical location of mercury attack is at a weld. For LME or amalgamation to occur, the weld metal and Hg
must be in intimate contact. This can occur by pooling of mercury in low areas, by Hg accumulation behind a back-up ring
used in piping welds or by surface adsorption. Two aspects of welds make them highly susceptible. The metallurgical
condition, i.e. grain boundary chemistry, gi ..n size etc., is known to be of higher susceptibility than the base metal. Once
in contact with Hg. cracks form in weldments easily and they propagate readily because of residual stress resulting from
welding. Secondly, the oxide (A1.0 3) that is formed during welding is inhomogeneous and epitaxially disjointed, thus allowing
Hg to penetrate and reach the underlying substrate in a facile manner.

Three approaches have been suggested for providing weldments that are resistant to Hg attack. The first involves selection
of alloys and consumables that result in resistant microstructures. To date, such combinations have not been identified that
satisfy all the mechanical criteria as well as the LME resistance criteria. Secondly, weld geometry has been examined from
the perspective of elimination of backing rings. This approach is recommended, however, in and of itself, elimination of
backing rings does not remove the possibility of Hg attack. Thirdly,surface treatments have been examined that have
properties that prevent Hg ingress.

An investigation was conducted to determine the abilities of three types of surface treatments to produce surface conditions
unfavorable to Hg attack. The experimental plan was developed with the knowledge the LME crack initiation is the rate
determining step in equipment failure. The critical oxide properties were postulated as related to mechanical ability to resist
loading (oxide strength and fracture toughness) and ability to withstand thermal stresses.

Experimental

Surface treatments examined are listed in Table 2. Aluminum plates (5083-0) were welded with 5183 filler metal then
machined to produce tensile specimens. The gauge section of 50 percent of the test specimens contained a perpendicular cross
sectinn of weldment including heat affected zones (HAZ) and base metal. The remaining 50 percent of the specimens were
oriented identically to the welded specimens except they were machined from base metal only.

Two test methods were used to measure the ability of the surface treatments to prevent LME. In the first method, tensile
specimens were exposed to Hg under constant load using a proof ring apparatus as shown in Figure 4. The second method
used a dynamic stain apparatus referred to as the slow strain rate (SSR) method"5) as illustrated in Figure 5. The data
generated by the constant load method are times to failure under load as a percent of yield strength. The data generated by
the SSR method are times to fracture at a constant extension rate and the resultant fracture morphology.(6
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Results and Conclusions

Constant load data (Table 3) indicated that aluminum surfaces will withstand Hg attack for extended periods (months) under
considerable loading. This is due in part to the fact that, in the absence of dynamic strain from mechanical or thermal
stresses, Hg will not usually penetrate the surface oxide because of the surface tension properties of Hg. Under dynamic
strain or surface wear conditions, however, the oxide can fracture due to low oxide ductility or can be physically removed.
The SSR data (Table 4) indicate LME occurs at fractions of air ductility, however, significant improvement is seen for the
various surface treatments.

The SSR data (Table 4) indicate that merely providing a surface treatment that makes the surface oxide thicker does not
necessarily improve resistance to dynamic strain. For example, the 6 hour steam oxidation was inferior to the four hour
treatment. The sulfuric anodization was generally inferior to shot peening of the air oxide in spite of the fact that anodization
produces a thick (0.0005-inch) surface film. Figure 6 compares the performance of the various surface treatments.

It was concluded that surface treatments can be utilized to provide improvement to the surface condition of aluminum and

thereby can reduce the likelihood of mercury attack of cold box equipment.

Detection of LME in Contaminated Equipment

Unfortunately. access to cryogenic equipment (i.e. the cold box) used in ethylene and LNG manufacture is limited. It is
difficult, therefore, to use traditional methods of inspection and non-intrusive methods of detection such as radiography and
ultrasonic. In fact, ultrasonic techniques will not readily identify LME nor will radiography in most situations due to the very
tight cracks that are formed by LME. Vi-sual inspections of accessible locations using borescopes will identify major
accumulations of Hg. but they will not identify LME or localized amalgam corrosion.

Acoustic emission (AE) has been proposed as a viable method to detect active LME in contaminated equipment. Placement
of the acoustic transducers is critical to success and. therefore. the limited access to piping and internal components hinders
this approach as well, to some extent. Another concern with AE is that to record acoustic signals it is required to perturb the
system, i.e. to apply an internal pressure function. This could be very detrimental to equipment in which LME has initiated
given the extremely low stress intensity required to propagage LME (see Figure 3). Research was conducted in an effort to
identify safe and effective techniques to detect LME in aluminum heat exchanger using AE.")

The experimental program was developed to determine the ability of AE to evaluate LME in Al-alloys. Four series of tests
were performed as shown below:

Series I - Evaluation of Compact Tension Specimens for AE Response in Hg.

Series 2 - Evaluation of Pipe Specimens for AE with Internal Pressure and Hg.

Series 3 - Evaluation of Pipe Specimens for AE Using Pressure Cycles and Hg.

Series 4 - Evaluation of Kaiser/Felicity Effects with Compact Tension and Pipe Specimens with Hg.

Experimental

The alloy examined was alloy 5083-0 which is commonly used in the construction of cryogenic equipment in ethylene plants.
Pipe and plate material was evaluated in both welded and non-welded condition. Welding procedures were typical of those
used in fabricating equipment.

The IT compact tension (CT) specimens were machined per ASTM E-399. A nominal specimen thickness of 0.25 inch was
used for these specimens. Side grooves were machined in the specimens in an attempt to enforce planar crack growth and
test validity. Both welded and non-welded CT specimens were employed. The welded specimens were oriented so that the
crack would be growing in the weld metal parallel to the direction of the weld.

Pipe specimens were fabricated from nominal 5-inch O.D. pipe. To fabricate the pipe samples, sections of pipe were butt
welded together using a full penetration single V weld. Samples were tested both with and without aluminum backing rings
on the inside of the pipe at the weldment. The pipe specimens were machined on the ends to provide a true O.D. on which



the pressurizing fixture could seal.

Series 1 - Evaluation of Compact Tension Specimens for AE Response in Hg. CT specimens were instrumented
with a PAC R1I5 sensor. The sensor was a 150 KHz resonant device with a 40 dB gain, integral preamplifier and a 100 kHz
to 300 kHz bandpass fidter. The sensor was connected to a PAC 3000/SPARTAN AE instrument where an additional 40 dB
of gain wa; Trniied. The detection thrv.7hold was adjus:ed to 40 dB. A total of four CT specim•,s were tested: Two non-
welded and two welded.

Series 2 - Evaluation of Pipe Specimens for AE with Internal Pressure and Hg. Pipe specimens were monitored using
the same type of AE sensors and instrumentation described in Series 1. For these tests, however, two sensors were used.
The test set-up used in Series is shown in Figure 7. The AE sensors were place on either side of the butt weld in the pipe
sample. A manually operated, air driven hydraulic pump was used to hydrostatically pressurize the specimens to failure.

Series 3 - Evaluation of Pipe Specimens for AE Using Pressure Cycles and Hg. The pipe specimens in Series 3 were
tested using the same AE sensor configuration used in Series 2 except that a linear array of four sensors were used. Two
sensors were on one side of the butt weld and two were on the other side of the weld. The main difference in Series 2 and
3 tests were in the pressure cycles employed. The pipe specimens were initially pressured to 450 psi for ten minutes. This
pressure corresponded to approximately the normal working pressure of the Al pipe specimens. After this initial hold, the
pressure was varied and then held for different periods of time. Following the pressure/hold sequence. the pipe specimens
were subjected to rapid cyclic pressurization at one or more pressure levels in an attempt to initiate liquid metal attack in the
pipe specimen. The initial pressure sequence was then repeated again followed by pressurization of the pipe specimens to
failure.

Series 4 - Evaluation of Kaiser/Felicity Effects with Compact Tension and Pipe Specimens with Hg. Series 4 AE
tests were conducted using the same AE instrument settings and similar laboratory techniques developed in the previous three
series of tests. Series 4 tests involved experiments on both CT and pipe specimens using multiple load or pressure cycles.
The typical cycle configuration consisted of a ramp to a designated load or pressure followed by a hold period until the AE
signal subsided. Then, the load or pressure was decreased to approximately one half the previous maximum value and
increasing again to a higher value of load or pressure. This sequence was continued until failure of the specimen was
obtained.

Results and Conclusions

Based on the experimental program, the following conclusions were made:

1. Major differences in the performance (corrosion and cracking) were observed when Al 5083-0 was tested in inert
environments as compared to the Hg environment. When Hg was present, the material was subject to amalgamation
and liquid metal embrittlement (LME). This behavior was observed for both stressed IT compact tension (CT)
specimens or pressurized pipe specimens.

2. Maximum susceptibility to Hg attack was noted under conditions of (a) prolonged load cycling of the pressurized
pipe specimen which produced the low failure pressures relative to similarly cycled control (Hg-free) specimens, and
(b) when a surface wetting agent was used to promote surface contact of the Al-alloy and Hg which produced
increased Hg attack. LME and strength loss.

3. Acoustic Emission (AE) monitoring of both CT specimens and pipe specimens was successful in observing
characteristic emissions from most specimens. Low amplitude AE was most prevalent during the initiation of the tests
during periods of low loads in the CT specimens or low pressure (<500 psi) in the pipe specimens particularly when
surface wetting agents were used to promote active Hg-attack. The AE was somewhat random but mostly continued
during hold periods following partial or total unloading of the specimen. Higher amplitude AE appear to occur
during hold periods at maximum load in a particular loading cycle. By comparison, this behavior was very limited
and attenuated rapidly in the control specimens.

Aluminum Oxide Assessment

The exact nature of mercury deposition on aluminum surfaces during operation of cryogenic heat exchanger equipment is not
known exactly. Specifically. the physical state of the mercury (droplets. finely dispersed particles, pools) and its predominant
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location of deposition cannot be predicted exactly. When the cold box or liquefaction heat exchanger is shut down and
allowed to warm, the mercury coalesces to form droplets or pools which reside on an aluminum oxide covered surface.

The physical and chemical properties of the oxide determine, in large part, whether mercury will cause damage to the
underlying metal. Oxide thickness, strength, and fracture toughness influence the rate of mercury ingress. The principle
objective of this project was to correlate oxide dielectric properties with mercury ingress during thermal cycling and, thereby,
to develop methods to assess the condition of oxides to resist mercury attack.

The capacitance of the Hg/AI.OAI interface was postulated to provide the necessary information on protection. The
magnitude of capacitance is related to oxide thickness and other dielectric properties (frequency dispersion is related to
microstructural properties of the A120 such as fractures, fissures, holidays, etc). This postulate was tested by measuring oxide
impedance of four surface conditions during thermal cycling. Mercury contact with the aluminum substrate was detected as
an electrical short (impedance. Z = 0).

Experimental

The oxide assessment utilized equipment shown schematically in Figure 8. It consisted of aluminum (5083-0) block, to which
was attached a plexiglass cylinder that contained mercury. The oxide on the aluminum was sandwhiched between the
aluminum and mercury. Electrical connection was made to the aluminum and to the mercury with leads terminating at an
impedance analyzer (Solamon). The mercury and aluminum were positioned in a bath containing isopropyl alcohol which
was capable of cycling between +40 C and -40 C. Dielectric properties (complex impedance) were measured as a function
of temperature. Four surface conditions were examined as shown in Table 5. The test procedure entailed cooling the system
to -40 C and measuring impedance as a function of time. The rate of temperature change was 5 ± 1 degrees/minute.

Results and Conclusions

The plots of impedance vs. temperature measured during thermal cycles from -40 C to +40 C for two surface conditions are
provided in Figures 9 and 10. Oxide impedance data indicated that SO, SP, and SAA surface treatments did not survive a
complete cycle from +40 C to -40 C. Survival in this case denotes the ability to prevent mercury from contacting
(electrically) the substrate aluminum.

Presumably, oxide fractures were caused during thermal cycles by the difference in thermal expansion of metal and oxide.
When covered by mercury, air oxidation is prevented; hence, the aluminum cannot heal itself and mercury can diffuse through
cracks or fissures to contact the underlying metal. The chromic acid anodized surface survived in excess of nine (9) complete
cycles and thus, demonstrates the feasibility of surface treatment to resist mercury degradation. It is not known conclusively
what characteristic is imparted by the chromic acid treatment to improve resistance to mercury.

Mercury Remediation

Given the fact that mercury can reside on aluminum surfaces for indefinite periods without producing damage, the opportunity
exists to remove it or to react it to an inert form. Such a process would restore contaminated equipment to a usable condition.
Hg, however, is not easily converted to stable inorganic compounds. Hg wil: react with HS or polysulfides to form HgS.
This reaction is self limiting, however, due to the accumulation of HgS(s) on the surface of Hg'. HgS is not soluble in water
or organic solvents. Secondly, Hg0 is relatively insoluble in aqueous and hydrocarbon systems, thus precluding the opportunity
to simply flush it from contaminated surfaces by contact with an appropriate solvent. Its gas phase solubility is even less,
hence desorption by contact with warm gas is not feasible because of the time and quantity of gas required.

A third possibility to remove Hg is to react it with an organic based chelating agent to form a soluble organometallic
compound. The transformation that must be accomplished is the oxidation of Hg to Hg2÷ and subsequent complexation to
a compound that is soluble in either an aqueous or non-aqueous system.

A chemical formulation as described has been developed and is now under patent application. The technical feasibility of
mercury removal depends on (1) the cleaning solution's ability to selectively oxidize and sequester Hg and (2) being non-
corrosive to other metals and alloys. Table 6 shows the corrosion rate of several engineering alloys exposed to the Hg
cleaning solution. Figure I l shows the rate of complcxation of a Hg pool under mildly convective conditions at ambient
temperature.
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Future Trends

Hg is an extremely aggressive and detrimental corrodent to aluminum. The observed mechanisms of attack ,are becoming
better understood as research focuses on the microstructural and metallurgical aspects of LME and amalgamation. Likewise,
increasing awareness of the importance of the surface oxide on aluminum has led to new avenues of engineering research
to p:everat d•gradatioa of niaiwcl6.

The use of stainless steels to replace aluminum in cryogenic heat exchangers is certainly an option for ethylene and LNG plant
operators. however, the cost differential is a factor of 2-3. The added capital requirement may be offset by reliability in
critical applications.

Another obvious way to prevent Hg corrosion of aluminum is to scavenge the Hg from all contaminated feedstocks. This
technology is presently evolving along two lines. Sulfur impregnated activated carbon beds are now being used to adsorb
Hg to below ppb levels in natural gas. Secondly, an ion exchange system is under development that utilizes an adsorbent
that can be regenerated. thus avoiding disposal issues.

For aluminum equipment now operating in a contaminated condition or that may become contaminated in the future, the key
issues discussed previously involving detection and remediation are key to prevention of damage. Lastly, by careful
evaluation of operating conditions, it may be possible to prevent precipitation of Hg in aluminum equipment or to maintain
the equipment below the Hg freezing point, even during scheduled outages.
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TABLE 2

Selected Surface Treatments Code

Base Welded Treatment Surface Treatment
Metal Specimens Code I I

B-0 W-0 N No surface treatment

B-1 W-1 SAA Sul uric acid anodized, 0.5 mil,
boiling HPO seal per mil A-863

B-2 W-2 SAA same as 1

B-3 W-3 CAA Chromic acid anidized, 0.2 mil

B-4 W-4 CAA same as 3

B-5 W-5 SP2 Steel shot peen, shot size MI-
230, intensity .02A

B-6 W-6 SP2 same as 5

B-7 W-7 SP4 Steel shot peen, shot size MI-
230, intensity .02A

B-8 W-8 SP4 same as 7

B-11 W-11 SPZ4 Ceramic shot peen, shot size MI-
Z 150, intensity .004R

B-12 W-12 SPZ4 same as 11

B-13 W-13 SPZ8 Ceramic shot peen, shot size MI-
Z 150, intensity .004R

B-14 W-14 SPZ8 same as 13

B-15 W-15 S0110/1 Steam oxidized, 11OC/1 hr.

B-16 W-16 S0110/1 same as 15

B-17 W-17 S0110/4 Steam oxidized, 11OC/4 hr.

B-18 W-18 S0110/4 same as 17

B-19 W-19 S0160/1 Steam oxidized, 160C/1 hr.

B-20 W-20 S0160/1 same as 19

B-21 W-21 S0160/4 Steam oxidized, 160C/4 hr.

B-22 W-22 S0160/4 same as 21

B-23 W-23 S0160/6 Steam oxidized, 160C/6 hr.

B-24 W-24 S0160/6 same as 23

B-25 W-25 N No treatment

B-26 W-26 N No Treatment

R16



TABLE 3

Constant Load Test Data

Specimen Surface Stress Test Time Surface
ID Treatment (ksi) (hours) Failure Crack

1747-B-1(') SAA___ 23.0 4069 NM3) NM_ _

1747-W-1 SAA 23.0 4141 N N

1747-B-2 SAA 26.0 4141 N N

1747-W-2 SAA 26.0 4141 N N

1747-B-3 CAA 23.0 4069 N N

1747-W-3 CAA 23.0 4141 N N

1747-B-4 CAA 26.0 4141 N N

1747-W-4 CAA 26.0 4141 N N

1747-B-15 S0110/1 23.0 4069 N N

1747-W-15 S0110/1 23.0 4069 N N

1747-B-16 S0110/1 26.0 4069 N N

(1) B = bare metal
W = welded

(2) see Table 2

(3) N = no fracture of tensile specimen

(4) N = no surface cracking or corrosion observed
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TABLE 4

Effects of Surface Treatments on Time to Failure
Ratio and Surface Corrosion in SSR Tests

Avg TTF(s)
Surface Avg TTF Avg TTF(n) Surface

Specimen Treatment (hours) (1) Corrosion (2)

B N 5.7 1.00 3

W N 5.1 1.00 3

B SAA 7.5 1.30 4

W SAA 4.6 0.90 4

B SP2 9.3 1.63 1

W SP2 8.3 1.63 1

B SP4 7.1 1.25 1

W SP4 8.8 1.72 1

B S0160/6 13.3 2.30 2

W S0160/6 6.5 1.27 2

B S0160/4 15.9 2.79 2

W S0160/4 7.5 1.46 2

B N (no Hg) 48.8 -- --

W N (no Hg) 85.9

(1) Avg TTF(s) = average time to failure with surface treatment.

Avg TTF(n) = average time to failure without surface treatment.
Both cases exposed to Hg.

(2) Surface corrosion observations
1 = smallest amount of surface corrosion
4 = largest amount of surface attack
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TABLE 5

Surface Conditions Examined for Thermal Cycling Study

Condition Code Description

Shot Peen SP Ceramic shot peen
Shot size MI-2 150
Intensity 0.008/A

Chromic Acid Anodize CAA Boiling chromic acid for
20 minutes

Steam Oxidation SO Normal (see below) then
160 C steam for 1 hour

Normal Air Polish to 600 grit finish
Water rinse
Air dry at 100 C

Sulfuric Acid Anodize SAA Normal then boiling H2o4
per MIL A-863, 0.5 mil
thick

TABLE 6

Corrosion Rates of Engineerina Alloys
Exposed to HQ Decontamination Solution

Corrosion Rate

Alloy/Metal g/cm2/day

Al < 10-7

Cu 6 x 10. 7

Steel (1010) 6 x 10-7

Hg 0.5

304SS < 10_7

316SS < 10.7
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Abstract

The effect of different inhibitors on the electric resistance of the passive film on AISI 304
stainless steel in simulated paper mill environment (300 ppm SO427, 300 ppm CI', pH = 5,
T = 55 'C) was investigated by using a new Contact Electric Resistance (CER) in situ
technique at room and elevated temperatures in the potential region from -1.3 to + 0.2 VsHE.
Thiosulphate was found to decrease the surface film electric resistance by a factor of 10 to
100 at the potential range of operating paper mills. A minimum amount of about 10 mg/l of
thiosulphate is needed for this detrimental effect to take place. Among the several inhibitors
investigated hydrogen peroxide was found to be very effective in preventing the effect of
thiosulphate. A mechanism is proposed for the effect of hydrogen peroxide. Also, a method
and a technical arrangement for the prevention of the localized corrosion caused by
thiosulphate in actual paper mills is presented.

Introduction

Thiosulphate, a decomposition product of the bleaching agent dithionite, is known to cause
pitting of AISI 304 stainless steel in paper mill wet end environment"'2-

3. Pitting has been
found to occur at all potentials positive to -0.15 VsHE' whereas in other works3'4 authors
found an upper limit of 0.1 VsHE above which pitting did not occur. The upper limit of
potential is attributed to the thiosulphate ceasing to reduct to sulphide on the metal surface.
It has been suggested2 that formation of sulphide takes place on the nickel rich areas of steel
surface. The higher the nickel content in Fe-Cr alloys is, the lower is their resistance to the
pitting corrosion in thiosulphate solutions 2. It has been found' that the addition of several
anions, e.g. NO2 HPO2-, B402, CO2, P0- and OH- in solution containing thiosulphate
reduced the anodic peak of the polarisation curve and inhibited stress corrosion cracking of
AISI 304 SS. The effect of the above mentioned anions is accounted for changes in the
repassivation process and creation of insoluble salts or hydroxides on the surface of the
steel.

The present work was undertaken to investigate the effect of thiosulphate on the electric
conductivity of the surface films on AISI 304 stainless steel by using the new in situ CER
technique 6 and to investigate the effectiveness of certain inhibitors in preventing the
unwanted effects of thiosulphate.

Experimental

The Contact Electric Resistance (CER) method is basically similar to the direct current
potential drop (DCPD) technique commonly used to measure crack length but has some
important new features. The CER method consists of accurate measurement of the electric
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resistance (ER) between two periodically contacted metallic specimens. In the present work
these two specimens were the walls of a fatigue crack in a single edge notched plate sample
cyclically loaded below the corrosion fatigue crack growth threshold. The samples of
commercial grade AISI 304 stainless steel were 200 x 25 x 2 mm (Fig. la) with a 600 cut
and with an air fatigue crack of 3 - 3.5 mm length. The sample and contacts for measuring
ER of the central part of the sample with a crack (points A) were plated with a chemically
stable varnish (except the 1 cm2 surface area near the fatigue crack - nondashed part of the
sample in Fig. la), placed into an electrochemical cell and fixed in electrically insulated
grips of an Instron 1195 testing machine. During cyclic loading of the sample this machine
provides an accuracy of 0,1 % in reproducibility of maximum and minimum loads, which
results in the reproducibility of the relative displacement of the cyclically contacting crack
walls at the level of 10-9 m.

A direct current of 10 A was passed through the sample generating a voltage signal
depending on the ER of the sample. The ER of the sample during cyclic loading was
measured using a double (Thompson) bridge, and was continuously recorded by an X -t-
recorder. Since the methods of sample preparation and the details of CER measurement have

6been described elsewhere6, we note that the experimental setup provided the measurement
of ER with an accuracy up to 0.02 % and the sensitivity of 10-9 Q.

The schematic explanation of the variation of the ER of the sample at cyclic loading is given
in Fig. lb, where points A indicate the points of current supply and connections of the
double bridge. If there is no crack in a sample and its ER is equal to R1, then after growing
the fatigue crack at the maximum tension load of the cycle (when the crack is fully open,
i.e., its walls do not touch each other) the sample resistance grows by a factor of R2 due to
decrease of its cross-section area. At the minimum load of the cycle (zero or compression)
the crack walls will touch each other which is equivalent to shunting the resistance R2 by the
contact resistance R equal to the ER sum of the successive chain: metal-film-electrolyte
between the crack walls-film-metal. Thus, at the cyclic loading of a sample with a crack its
ER cyclically varies from R, + R2 at the maximum load and the full opening of the crack to
R, + R2R/(R2 + R) at the minimum load. The variation of ER of a sample during each cycle
(AR) is determined by the equation (1) and the contact ER at the minimum load of the cycle
(R) by equation (2):

AR= - (1)
(R + R)

R R2(R2 -AR) (2)

AR

Resistance R 2 is a constant which depends upon the specimen size, fatigue crack length and
specific electric resistance of the investigated metal. For any particular specimen the AR
value depends upon R (eq. 1), i.e. upon the electrolyte composition and the electrochemical
potential. AR values corresponding to different potentials are continuously measured and
recorded, and then used to account R from equation (2).

The experiments were carried out at the temperature 55 TC in normally aerated supporting
electrolyte containing 300 mg/I of C1- and 300 mg/! S042-. The solution pH was adjusted
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at pH = 5 with sulphuric acid. The potentials were measured against Ag/AgCl-reference

electrode and were recountered and reported in this work against SHE.

Experimental Results

Some experimental data and conclusions from the previous works6 devoted to CER-method
are important for this investigation and have to be shortly listed as following. The contact
electric resistance (R) is independent of the ionic electrolyte conductivity, but is defined by
electronic conductivity between the crack walls. R is equal to the electric conductivity of the
films on the crack walls. R is assumed to be zero at the most complete reduction of the
films on the crack walls during cathodic polarization. Any increase in the R obtained by
polarization to more positive potentials is due to an increase of the electric resistance of the
films on the contacting crack walls. The changes of the cyclic loading frequency (0.04 - 0.4
Hz) and direct current value through the specimens (0.03 - 30 A) have no noticeable effect
on the R-potential behaviour, but the changes of minimum and/or maximum loads or stress
ratio of the cycling loading do have an effect on this behaviour. For this reason, all the runs
in the present work were carried out by constant values of direct current (10 A), frequency
(0.2 Hz) and stress ratio (0.10) of cyclic loading.

The dependence of the electric resistance of the surface film on the applied potential (R-E
dependence) was obtained as follows. The surface of the sample was reduced for 10 - 30
min in the electrolyte of interest at potential -1.1 V(SHE). The surface film electric
resistance at this cathodic potential was taken as a conventional zero. After stabilization at
this potential, the potential was increased in steps. Each further potential step was made after
a stabilisation of the surface film electric resistance at the previous potential.

The effect of increasing amounts of thiosulphate on the electric resistance of the surface film
of AISI 304 stainless steel is shown in Fig. 2 as a function of the electrochemical potential.
The film resistance in supporting electrolyte increases to about 10 x 10-6 0 when the
potential is increased to -0.6 V. Between -0.6 V and -0.4 V the resistance decreases slightly.
At -0.35 V the film resistance increases very sharply and continues to increase as the
potential is further increased. Additions of thiosulphate are seen to reduce the film resistance
at all potentials, this effect being most pronounced at the potentials of operating paper mills.
A minimum amount of about 10 mg/l of thiosulphate is needed to have an effect on the
surface film resistance at the potential of 0 V (Fig. 3).

Fig. 4 shows the effect of several added anions on the surface film resistance. The effect of
29 mg/l of sulphide is seen to be extremely deleterious in comparison of the effect of 50
mg/l of thiosulphate.

As it is clear from comparison of the data in Figs. 3 and 4, additions up to 300 - 500 mg/l
NO 3 - P04-, MoO4-, CO-, anions into supporting electrolyte with 50 mg/l S203- had no
noticeable effect on the film resistivity. These anions are not possible candidates to be the
inhibitors for thiosulphate containing solutions. Only N02- anions have some beneficial
effect which is probably connected with its competitive adsorption and/or reduction resulting
in the increase of the surface pH-values.

As it is shown in Fig. 5, hydrogen peroxide additions sharply increase the electric resistance
of the surface films on stainless steel in the thiosulphate containing electrolyte. This shows
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that hydrogen peroxide may be used as an effective inhibitor in the paper mill industry. Its

inhibition action is apparently based on two main mechanisms:

H 202 + 2H + 2e <-+ 2 H20 (1)

4 H20 2 + Na2 S20 3 - Na2SO 4 + H2SO 4 + 3 H 20 (2)

Owing to the first reaction of the cathodic reduction of hydrogen peroxide, a strong
alkalization has to occur on the surface, which promotes the passivation of stainless steel
independently of the thiosulphate concentration in the electrolyte. Acgording to the second
reaction hydrogen peroxide chemically oxidizes thiosulphate up to less aggressive sulphate
anions. Probably this interaction proceeds very slowly at room temperature, but it sharply
accelerates even by heating up to 55 'C. The data in Fig. 6 may be considered as an
experimental support of this preposition.

At room temperature and at the potential E = -0.3 V the cathodic polarization current of
stainless steel in the supporting electrolyte containing 0.01 M Na2S 20 3 is nearly proportional
to the hydrogen peroxide concentration. It shows that reaction (2) is too slow to decrease the
concentration of hydrogen peroxide participating in reaction (1). At 55 "C increasing of the
hydrogen peroxide concentration up to definite limit has no effect on cathodic current. It is
necessary to underline that this limit is very close to 0.03 - 0.04 M H.0 2, i.e. to the
hydrogen peroxide concentration, which is three - four times higher than the thiosulphate
concentration in the supporting electrolyte. These amounts are close to the stoichiometric
ratio of hydrogen peroxide and thiosulphate (4:1) in the reaction (2). It shows that chemical
interaction according to reaction (2) proceeds very fast at the temperature 55 °C and only
excess of hydrogen peroxide is able to participate in the cathodic reduction.

Based on these results a simple method was proposed how to automatically contiol the
minimum necessary hydrogen peroxide concentration to inhibit the passivity breakdown of
the stainless steel in the presence of thiosulphate during paper mill operation. This method
consists of the cathodic current measurements with a special three electrode system inserted
e.g. in the pipe-line. If under potentiostatic control (e.g. at the potential -0.3 V) cathodic
current would be lower than a definite value (e.g. i < 0. 1 mA/cm2, see Fig. 6), hydrogen
peroxide containing solution has to be pumped into the pipe-line until cathodic current
would increase up to a desirable level and then pumping has to be stopped. After some time
cathodic current will decrease again owing to possible occasional increasing of the
thiosulphate concentration and/or hydrogen peroxide decomposition. At decreasing or
increasing of the cathodic current out of the preadjusted limits the commands will be
automatically sent to start or to stop the pumping of hydrogen peroxide. It is clear that for
realization of this method there is no need to continuously measure the thiosulphate and/or
hydrogen peroxide concentrations.

Conclusions

I. The electric resistance of the films on AISI 304 SS in simulated papci mill condi-
tions was measured in situ using a new contact electric resistance method.

2. Thiosulphate was found to decrease the surface film electric resistance by a factor of
10 to 100 at the potential range of operating paper mills.
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3. A minimum amount of about 10 mg/l of thiosulphate is needed for this detrimental
effect to take place.

4. Hydrogen peroxide was found to be a very effective inhibitor in preventing the effect

of thiosulphate.
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Figure 1. Scheme for measurement of the Contact Electric Resistance (CER) of the sample with a
fatigue precrack (a). The electrical analog of the sample (b). (1) Sample, (2) electrochemical cell,
(3) potentiostat, (4) direct current source, (5) double bridge, (6) amplifier, (7) recorder.
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Figure 2. The electric resistance of the films on AISI 304 SS in dependance upon the electrochemicai
potential and thiosulphate concentration.
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Figure 5. Dependance of the film resistance of AISI 304 SS upon the electrochemical potential,
thiosulphate and hydrogen peroxide concentrations. Hydrogen peroxide was added into thiosulphate

containing electrolyte at E = -0.4 V (indicated by arrow).
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Abstract

Pulp making technology is continually undergoing process
changes. In recent years, the importance of environmental
aspects has increased. This has resulted in stricter
environmental laws that force pulp mills to adopt processes with
reduced environmental impact. Several changes in pulping
processes are likely to take place in the near future, in
response to environmental and market forces. One way to reduce
the environmental impact is to reduce the use of fresh water and
thus to recirculate process waters. It is very likely that the
recirculation of process waters would result in an enrichment of
chemical compounds in process waters. These changes will most
probably lead to a situation where the composition of the
cooking and washing liquors will change. Naturally it is
considered that these changes will most probably have a negative
impact on corrosion resistances of the construction materials
used today. This will lead to a situation were carbon steel,
which is still used in digesters and in vessels close by, does
not have inherently a sufficient corrosion resistance any
more.This study is mainly focused on stainless steels and their
resistance towards pitting corrosion in different kraft liquors.
Some experiments were also made to compare the corrosion
resistances between carbon steel and stainless steels. The
changes in delignification methods concern modifications in the
parameters of cooking and/or adding new handling units of the
pulp just after the cooking process. This study covers two extra
units, i.e. a hot alkali extraction unit and an oxygen
delignification unit, added into a continuous cooking line using
softwood only. Electrochemical tests were performed with liquors
that were taken from the process before and after installing the
hot alkali extraction unit and the oxygen delignification
reactor. The results indicate that these process changes made
the liquors less aggressive.
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I. Introduction

Studies concerning the corrosion of carbon steel in kraft
pulping liquors have been published by several authors (1-6).
The first theories concerning the corrosion of carbon steel in
kraft liquors were formed approximately 40 years ago by Ruus and
Stockman, and others (7-11). These theories are still applied
today to estimate the corrosion rate of carbon steel in kraft
liquors.

In recent years, the importance of environmental aspects has
increased. This has resulted in stricter environmental laws that
force pulp mills to adopt processes with reduced environmental
impact. One way to reduce the environmental impact is to reduce
the use of fresh water and thus to recirculate process waters.
It is very likely that the recirculation of process waters would
result in an enrichment of chemical compounds in process waters
(12). This enrichment would also effect the composition of the
liquors, and the liquors would most probably become more
aggressive towards existing construction materials. This would
lead to a situation where the corrosion resistance of carbon
steels might not be sufficient. The changes in delignification
methods concern modifications in the parameters of cooking
and/or adding new handling units of the pulp just after the
cooking process. This study covers two extra units, i.e. a hot
alkali extraction (13,14) unit and an oxygen delignification
unit, added into a continuous cooking line using softwood only.
Delignification by hot alkali extraction is known to lowei
lignin contents after cooking and washing at a high pH level at
high temperature, without excessive loss of yield. Hot alkali
extraction (HAE) prior to oxygen delignification accelerates the
lignin removal (13).

Of special interest, when using stainless steels in kraft
liquors is their resistance towards localized corrosion.
Localized corrosion is one of the most dangerous forms of
corrosion. Pitting and crevice corrosion are two common
localized corrosion types. Localized corrosion is typical for
metals, e.g. stainless steels, where corrosion resistance is
based on a protective passive layer. This study is mainly
focused on stainless steels and their resistance towards pitting
corrosion in different kraft liquors. Some experiments were also
made to compare the corrosion resistances between carbon steel
and stainless steels.

The electrochemical measurements showed that during the runs of
the polarization curves, the reactions taking place in the test
solution in order to reach the thermodynamic balance of sulfur-
oxygen compounds affected by the voltage, had an effect on the
polarization curve itself. Therefore one should be very careful
in interpreting this kind of polarization curves. The study on
the reactions taking place in the liquors will continue.

II. Experimental

In the hot alkali extraction, oxidized white liquor was used in

stead of sodium hydroxide. This had as a consequence that both
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the potassium/sodium ratio as well as the chloride content
increased more than had been the case with pure NaOH.

The corrosivity of the filtrates from the continuous cooking
unit and the proceeding pressure diffuser, as well as from the
pulp storage tank before and after the HAE unit and the oxygen
delignification unit was measured. The filtrates were analyzed
at the mill and were tested by laboratory measurements in order
to see the corrosivity of these filtrates. The tests carried out
in the laboratory were electrochemical in nature. The corrosive
components in these filtrates were sulfides, thiosulfates,
chlorides, and sulfate anions. The anodic polarization curves
measured in these filtrates for three different steel grades
were assumed to show the pitting corrosion resistance of these
steel grades.

A. Test Materials

The experimental materials were two different types of stainless
steels and a carbon steel. The nominal compositions of the test
metals, S31603, S31254 and K02502, are given in Table 1. The
carbon steel that was tested in this study is a commonly used
structure material at Finnish pulp mills.

The stainless steels that were used in this study were
austenitic. Nickel, which is needed in a stainless steel to
achieve an austenitic structure, has in general a good corrosion
resistance in general. Nickel is especially known for its good
corrosion resistance in alkaline solutions (15). In fact, the
corrosion resistance of stainless steels to sodium hydroxide is
roughly in proportion to their nickel content. Both Nickel and
Molybdenum are known to increase the pitting resistance of
stainless steel alloys.

B. Test Liquors

Most of the experiments to evaluate the corrosion resistances of
carbon and stainless steels in cooking and washing liquors have
principally been made with artificial liquors. To achieve as
reliable results as possible, original liquors were employed in
this study. The liquors that were used were taken from both
hardwood and softwood lines of a Finnish pulp mill. Altogether,
14 different liquors, from strong black liquors to weak brown
stock washing liquors, were used in this study. This study also
examines how some specific process changes will influence the
chemical compositions and the aggressiveness of the pulping
liquors. During the experiment, a hot alkaline extraction unit
and an oxygen delignification unit were installed.

Laboratory analyses were performed at the pulp mill to examine
the chemical compositions of the test liquors. The Redox
potential, pH and temperature of each liquor were measured in
connection with the sampling of the liquors. The variations of
measured values are given in Table 2.

836



After sampling, the liquors were immediately transported to the
laboratory, where electrochemical tests were performed. The
electrochemical tests were made in the Laboratory of Corrosion
and Material Chemistry of Helsinki University of Technology.
During the transportation, the liquors were stored in heat beds.
Temperature changes and long storage times can result in changes
of the chemical equilibrium of the liquors. This again would
effect the results in the electrochemical tests. The equilibrium
between sulfur compounds is known to be sensitive to changes. It
is also known that different sulfur compounds have different
aggressiveness concerning the corrosion of steels.

C. Laboratory Experiments

The evaluation of the resistance towards pitting corrosion was
made by laboratory tests using an electrochemical test method.
The electrochemical test method that was employed in this study
was the cyclic anodic polarization curve. The tests were carried
out at temperatures similar to the ones in the process. All test
liquors were stirred well before starting the experiments. The
runs were made using an EG&G PARC 273 potentiostat and M352
SoftCorr software. The cell that was used in the test was a so-
called Avesta cell, which has been developed to improve
reliability of localized corrosion tests by reducing the
possibilities to crevice corrosion (16). The cell provides a
condition for the working electrode, where the crevice area is
continuously flushed with distilled water. A platinum electrode
was used as the counter electrode. At high test temperatures the
heat distribution in the original cell was insufficient. By
circulating the solution with a laboratory pump, a more uniform
heat distribution was achieved. Local concentration variations
near the specimen were also avoided by circulating the test
liquor. Because of the high test temperatures the calomel
reference electrode Radiometer K401 was placed in a reservoir
which was maintained at room temperature. The reservoir was
connected to the test cell with a salt bridge and a Luggin
capillary. The test cell is shown in Figure 1.

Prior to electrochemical experiments, the test materials were
ground to a surface finish of 800 mesh. After the desired
surface finish was achieved, the test metals were pickled. The
stainless steels were cleaned in a solution containing 15%
nitric acid for 20 minutes and the carbon steel in a 10%
sulfuric acid solution for 10 minutes. After cleaning, the
samples were rinsed in distilled water and immediately attached
to the test cell. Before starting the experiment, the test
metals remained unpolarized until the change of the free
corrosion potential was less than 0.2 mV/s. The cyclic anodic
polarization curves were measured using a scanning rate 10
mV/min and the threshold current density for reverse scanning
was set to 5 mA/cm2 . These values are given in the standard
practice for cyclic polarization measurent, ASTM G61 (17). The
size of the exposed surface was 0.95 cm2 . After the experiments,
the samples were investigated visually in order to detect pits
and other anomalies caused by the reactions that might have
taken place on the exposed surface.

837



III. Results and Discussion

The aim of this study was to determine the corrosion resistance
towards pitting. The results can be obtained in two different
ways. One method is to examine the obtained polarization curve
and the other method is to examine the exposed surface visually
after the electrochemical test. When examining the polarization
curve, the risk for localized corrosion can be seen in the
hysteresis loop. In case the material is exposed to localized
corrosion during an experiment, a hysteresis loop will be formed
in the cyclic polarization curve. The magnitude of this loop
will indicate the resistance of the test material towards
pitting corrosion. The other corrosion type that also forms a
hysteresis loop is crevice corrosion. When testing the pitting
resistance with electrochemical test methods, one has to be sure
that the possibility for crevice corrosion is eliminated. To
eliminate the crevice corrosion in our experiments, a so-called
Avesta cell was applied in this study. The elimination of
crevice corrosion is important, as it would be very difficult to
analyze the polarization curves if both corrosion forms would
emerge during a test.

The other way to analyze the results in electrochemical tests is
to examine visually the exposed surfaces. To achieve as reliable
results as possible it is necessary to combine the polarization
curve analysis with a visual analysis. For instance, the
polarization curves obtained for some liquors are not reliable
because of certain oxidation reactions between sulfur compounds
that occur in kraft liquors when changing the potential. This
will result in a polarization curve that shows the oxidation
reactions of the liquor, instead of the metal's passivation
behaviour. In cases like these it is important to analyze the
surface visually. However, if the sweep rate is too fast, it
could be possible that pits don't have enough time to emerge
even if the metal is susceptible to pitting corrosion.

A. Stainless Steels

Two stainless steel types are focused in this study. Cyclic
anodic polarization curves were obtained for both the steel
types in each test liquor. By comparing the polarization curves
of the two metals , we were able to see that there were no
distinguishable differences between the polarization behaviour
of the test metals in any of the tested liquors. Figures 2 and
3 present the polarization curves of the two steels in a weak
brown washing liquor. By examining the figures, it can be seen
that there is no noticeable differance concerning passivation
between these two steels. Thus, for a more detailed examination
of the polarization curves we focus only on one of the steels,
i.e. S31603.

By analyzing the obtained polarization curves and exposed
surfaces, we could conclude that these two stainless steels
where resistant towards pitting. No results indicated that these
two metals were susceptible to pitting corrosion in any of the
14 test liquors.

838



B. Carbon Steel

Polarization curves for the carbon steel, K02502, were also
obtained in two test liquors. The two liquors that were used in
the carbon steel experiments were taken from the pressure
diffuser filtrate and the diffuser filtrate from the continuous
digester line. This line uses softwood as raw material. The
cyclic polarization curves for the carbon steel reveal that
significant general corrosion took place during the experiment
and that the carbon steel was susceptible to pitting corrosion
in both test liquors. The cyclic anodic polarization curve for
the carbon steel in diffuser filtrate liquor is shown in Figure
4. The small loop indicates that the carbon steel might be
susceptible to pitting corrosion. This was confirmed when small
pits were detected on the surface of the test metal, when it was
examined visually after the experiment. In the second
experiment, the carbon steel's passivation behaviour was
examined when exposing it to pressure diffuser filtrate liquor.
The cyclic polarization curve for this experiment is shown in
Figure 5. This polarization curve has a large hysteresis loop,
which indicates pitting. After the experiment, the exposed
surface was examined and one could notice that part of the
surface had been covered with pulp deposits. This part was
severely corroded, which explains the large hysteresis loop in
the curve. The clean part had also been attacked by corrosion
but not as severely as the covered part. Pitting corrosion was
detected on the clean part of the surface.

C. Process Changes

As mentioned earlier, some process changes took place during the
study. A hot alkali extraction unit and an oxygen
delignification unit were installed into the continuous softwood
line. The polarization curves of the stainless steel for the
pressure diffuser filtrate and the diffuser filtrate, before and
after the installation are shown in Figures 6-9. The curves
reveal that the equilibrium potentials for the steel in both
liquors have moved somewhat in the oxidizing (i.e. more noble)
direction. The open circuit and reversible potentials were
approx. 200 and 350 mV more anodic for the test material in both
liquors after the installation. The polarization curves also
reveal that the test metal's corrosion resistance has improved.
Tables 3 and 4 give the liquor compositions before and after the
installation. The decrease of total sulfur content might be one
reason for the improvement in corrosion resistance.

IV. Conclusions

The aim of this study was to analyze the aggressiveness of some
common steels in different brown stock washing liquors. Several
changes in pulping processes are likely to take place in the
near future, in response to environmental and market forces.
Significant cha.,ges will occur in the chemical recovery
processes, too. These changes will most probably lead to a
situation where the composition of the cooking and washing
liquors will change. Naturally it is considered that these
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changes will most probably have a negative impact on corrosion
resistances of the construction materials used today. This will
lead to a situation were carbon steel, which is still used in
digesters and in vessels close by, does not have inherently a
sufficient corrosion resistance any more.

In this paper, the effect of a hot alkali extraction and an
oxygen delignification towards stainless steels was examined.
Electrochemical tests were performed with liquors that were
taken from the process before and after installing the hot
alkali extraction unit and the oxygen delignification reactor.
The results indicate that these process changes made the liquors
less aggressive.

When comparing the cyclic anodic polarization curves of the two
stainless steels in the 14 different liquors that were tested,
it could be noticed that their corrosion resistances did not
differ noticeably. All tests were performed in liquors that had
been taken from a real kraft pulping process. Both steels showed
very good pitting resistance in all test liquors.
Electrochemical experiments for carbon steel were performed in
two of the 14 test liquors. In both experiments, the results
indicated that the carbon steel is susceptible to corrosion. The
results also indicated that if the carbon steel has pulp
deposits on its surface, a severe corrosion will take place
beneath these deposits.

Electrochemical methods are often employed to estimate the
corrosion behaviour of metals in cooking and washing liquors. To
get as reliable results as possible, it is important to analyze
the results, not only by examining the polarization curve, but
also to examine the exposed surfaces visually. This is necessary
because in some liquors the potential change will lead to some
oxidation reactions between sulfur compounds, which again will
result in unreliable polarization curves. This means that sulfur
compounds are in a dynamic state if the temperature and/or the
potential is changed.
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Table 1. Nominal compositions of the test materials in % by
weight (18).

Materialj9C j Si % Mn % Cr % Mo % Ni %

UNS S31603 0.03 1.00 2.00 16.0- 2.0 - 10.0-
max max max 18.0 3.0 14.0

UNS S31254 0.02 0.80 1.00 19.5- 6.0 - 17.5-
max max max 20.5 6.5 18.5

UNS K02502 0.25 0.90 - -

max max

Table 2. The variation of measured values.

Analysis Variaton of Values

pH 9.2 - 11.9

Redox potential (SCE) -704 - -130

Temperature (°C) 73 - 90

Na g/l 3.90 - 32.10

K g/l 0.09 - 2.04

s2- mg/l 0.31 - 3294

tot S g/l 0.45 - 12.00

So42- g/l 0.37 - 5.97

$2032- mg/l n.d. - 9498

Cl- mg/l 56 - 439

HC03- g/l 1.9 - 70.7

So3 2- mg/l 0 - 40

( n.d. = not detectable )
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Table 3. Chemical compositions of the pressure diffuser liquors
before and after installing the hot alkaline extraction
unit and oxygen delignification unit.

Pressure Diffuser]F Before After

Na g/l 6.40 6.80

K g/l 0.38 0.53

tot.S g/l 8.00 4.60

s2- mg/l 736 1124

S042- g/l 1.36 2.67

S20 3
2- mg/l 581 153

C1E mg/l 139 163

Table 4. Chemical compositions of the diffuser liquors before
and after installing the hot alkali extraction unit and
oxygen delignification unit.

Diffuser j Before After

Na g/l 3.90 7.20

K g/l 0.20 0.54

tot.S g/l 3.36 5.00

s2- mg/l 288 32

S042- g/l 0.89 2.80

S20 3
2- mg/l 113 170

C- mg/l 61 166
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Figure 1. A draft of the test cell.
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Figure 2.The cyclic anodic polarization curve of S31603 in a

weak washing liquor at 90*C.
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Figure 3.The cyclic anodic polarization curve of S31254 in a
weak washing liquor at 90 0C.
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Figure 5.The cyclic anodic polarization curve of K02502 in
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Abstract

Nickel 200 is generally applied as a construction material of evaporators used during thc
production of sodium hydroxide. In many cases accelerated corrosion of evaporator pipes is
observed. The corrosion of nickel 200 depends on many factors. The concentration of
oxidizers in the concentrated solution is one of the basic factors. It was assumed that an
electroless nickel Ni-P coating on nickel 200 could be one of the methods of anticorrosion
protection. Solutions, similar in contents to the solution concentrated in evaporators, wcrc
used, with a variable oxidizer (sodium chlorate) concentration. The concentration of NaCIO,
h-a-s been study on the electrochemical protection of Ni 200. The corrosion current densities
of electroless nickel and nickel 200 have been determined. Thc conditions of electrochemical
protection of Ni 200 have been described.

Key terms: nickel cvaporators, clectrolcss nickcl, galvanic cells. clectrochemical
protection.
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Introduction

Nickel and its alloys arc generally used in the chemical industry in view of their high
corrosion resistance. One of the alloys - nickel 200 is used as a construction material during
the production of sodium hydroxide, in particular for the construction of evaporators, in which
extreme temperature and pressure conditions are maintained'- 3 . In many cases significant
corrosion of evaporators is observed, mainly on the internal pipe surfaces of the exchanger,
in which the NaOH solution, obtained in the diaphragm electrolysis of sodium chloride,
undergoes concentration. The corrosion devastation is frequently local in character. In one of
the Polish factories producing sodium hydroxide by the above mentioned method, an dverage
corrosion rate of pipes equal to 0.35 mm/year was noted. The pipe thickness, originally equal
to 2.1 mm, decreased in some cases to 1.3 mm after two years of operation.

A number of factors affects the corrosion of nickel evaporators. The most important are: the
temperature of the solution and the concentration of the concentrated hydroxide, the contents
of oxidizing species in solution (mainly sodium hypochlorite and chlorate), oxygen contents
and the turbulent flow of the solution through the evaporator pipes'-'. Up till now, the
deciding factor affecting the corrosion of nickel apparatus has not been determined. The
analysis of the results of most papers has pointed to an essential role of the presence of
oxidizing compounds in the concentrated solution. Sodium chlorate, formed during
electrolysis, is partially degraded with the evolution of oxygen in statu nascendi, which is
capable of oxidizing the passive layer to the nonstoichiometric oxide NiO1 .8 . This oxide does
not exhibit good adhesive properties and is washed out by the flowing NaCl suspension in
the soda lye 6. Counteraction to the formation of some amounts of oxidizing compounds in the
catholyte of the electrolyzer is frequently very difficult.

During investigations on the possibility of decreasing the excessive corrosion rate of the
exchanger pipes, we noticed that the application of an electroless nickel protective layer
would be one of the possible solutions.

Electroless nickel coatings are widely used because of their quality and advantages: high
resistance to corrosion, high resistance to abrasion, the possibility of producing even layers.
Good protective properties are demonstrated by coatings exceeding 20 [tm and with a
maximum 11-13% phosphorus content7.

The determination of the electrochemical character of the Ni-P coating ;n relation to nickel
200, as well as the comparison of the corrosion rate of both materials and the investigation
of the Ni-P/nickel 200 cells were the aim of this work.

Experimental

I. Electrodes
Ni 200 electrodes have been used in the form of plates (dimensions 80*12*1 mm, area 22
cm 2). Some of the plates have been covered with an Ni-P coating. Before coating, the
electrodes were prepared by: treatment with abrasive paper, washing with water, pickling in
30% nitric acid (30'C), activation in a 10% HCI + 10% H2S0 4 solution and rinsing in water.
Ni-P coatings have been obtained from a bath, which contained, apart from the main
components: sodium sulphate and sodium hypophosphite, also thiourea, sodium acetate, lactic
acid and propionic acid' 9 . The temperature of the bath was equal to 85-90'C and its pH 4.3-
4.8. The thickness of the obtained coatings was in the 60-70 [im range. X-Ray analysis has
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shown that the Ni-P coatings contained 11-13% of phosphorus.

II. Solutions
Investigations have been carried out in solutions similar in contents to the solutions
concentrated in the evaporator. A 50% NaOH and 10% NaCI solution without sodium
chlorate has been used as well as solutions with the same concentrations containing 0.3, 0.6
or 1.0% of sodium chlorate. The temperature of the solution was equal to 145-150'C and
was similar to conditions in the evaporator.

11I. The measurement technique
DC electrochemical measurements have been carried out, including the determination of the
corrosion potentials, potentiodynamic polarization curves and the registration of currents in
Ni 200/Ni-P cell. The Corrosion Measurement System CMS 100 for DC measurements from
Gamry Instruments was used. It functions as a potentiostat, galvanostat and zeroammeter,
controlled by a computer. The enclosed software allows the determination of, amongst others,
the corrosion currents and potentials, the instantaneous electrode corrosion rate and the Tafel
constants for the anodic and cathodic process. Potential measurements were carried out with
a calomel elcetrode (SCE) with an appropriate salt-bridge.

Results and Discussion

Polarization curves for Ni 200 and Ni-P, respectively, exposed to NaOH + NaCI environ-
ments with various amounts of oxidizer have been presented in Figures 1 and 2. In Table 1
the corrosion potentials (E,,,) and the corrosion rates (ic,,,), determined for each electrode,
have been presented. In all cases the electroless nickel coating was anodic to nickel 200,
while the corrosion rate of the nickel coating exceeds the Ni 200 corrosion rate. For Ni 20(0
a tendency is observed of an increase of the corrosion rate with the increase of the oxidizer
concentration in the solution. In the case of Ni-P coating, after a certain concentration of
NaCMOO is exceeded, a decrease of the corrosion rate to a quantity characteristic for nickel 200
is observed. This is probably caused by passivation of the coating surface. During exposition
an increased passivation tendency of the Ni-P coating is observed, especially in solutions with
higher sodium chlorate solutions. The electrodes were covered with black oxides. The surfaces
of Ni 200 electrodes practically did not change.

Taking into account the observed differences in the electrochemical properties of both types
of electrodes, the electrodes were coupled to form a cell in order 4o dcterminc the galva-
nic currents. The changes of currents in Ni 200/Ni-P cells, investigated in each solution, have
bccn presented in Figure 3.

Ii a solution with no oxidizer and a solution with a moderate oxidizer concentration the
current flow ensures cathodic polarization of nickel 200. In these conditions the protecting
action ot the Ni-P coating is maintained during the whole investigation cycle lasting 30
hours. The presence of the oxidizer causes a significant increase of the polarization current.
The positively anodic character of the coating is sustained for over 10 hours of exposition in
a solution containing 0.6% of sodium chloratc. After a longer time (15 hours), a tcndcncy is
observed of pole reversal in the system. In the case of the solution with the higihest
concentration of the oxidizer (curve 4), this phenomenon occurs after approximately 2 hours.

The Ni-P coating, in comparison to the Ni 200 alloy, exhibits an increasingi tendency to
uidclgo passivation Inlthe applied lut ions. especial ly at hiigher oxidizer concentrations. As
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the result, a decrease of the corrosion rate of this material is observed. At the same time one
may conclude that the increased passivation of the coatings in solutions with high oxidizer
concentrations favours the effect of pole reversal of the system. On the other hand, one should
keep in mind that in industrial conditions the coating passivation could be hindered by the

erosive interaction of the flowing sodium chloride suspension. As the result, constant renewal
of the coating surface will proceed, favouring the maintenance of protecting properties.

During a correct electrolysis process the contents of oxidizers should be minimum and not

exceed 0.3%. In these conditions the Ni-P coating will be anodic and ensure the electro-
chemical protection of Ni 200.

Summary

The nickel 200 alloy is resistant to corrosion in an NaOH environment due to passivation
abilities. Excessive amounts of oxidizers, mainly sodium chlorate, cause a change of the
corrosion potentials in the direction characteristic for the active state. As the result, the
passive layers are much thinner and do not exhibit the previous protective properties.

The carried out investigations have shown that the electroless nickel coatings are anodic to
nickel 200 in concentrated sodium lye solutions. The coating maintains its anodic character
in low sodium chlorate concentration solutions. The obtained results of laboratory
investigations are promising, they should be carried out in a larger scale and in industrial
conditions as they have shown that the electroless nickel coating on a Ni 200 base may
extend the lifetime of elements from this alloy, and in the case of breaks in the coating it will
ensure the electrochemical protection of the exposed base.
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Table 1. Potentials and corrosion currents for investigated electrodes.

NaCIO, Ni-P Ni 200

concentration E,.. vs. SCE i j E... vs. SCE i=.

M [mV] [mA/m 2]1 [mY] [mA/m1]

0 -1171 383 -1021 14

0.3 -1090 593 -976 70

0.6 -1047 244 -962 130

1.0 -1014 175 -948 140

2

-0,95
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o 1,000* /

C -1,100
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Fig. 1. Polarization curves for Ni-200, exposed in an NaOli + NaCI cnvironrncnt, for
various chlorate concentrations.
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Fig. 2. Polarization curves for Ni-P, exposed in an NaOH + NaCI environment, for
various chlorate concentrations.
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Abstract

Over the course of 17 years, an amines manufacturing plant incurred three unscheduled shutdowns
as a result of tube failures in a process fired heater. Corrosion failures occurred several times in
the convection bank and once in the radiant section. An attempt was made to solve the problem by
upgrading the materials; however, this was not successful as the replacement alloy also corroded,
albeit at a lower rate. Moreover, this solution was thought to have transferred the problem
downstream to the radiant section. This prompted the formation of a team consisting of plant
maintenance, operations, and process engineering, plus corporate process and corrosion engineers
to study conditiors in the fired heater which could produce corrosion. The team also instituted an
non-destructive testing, NDT, program along with criteria for equipment retirement until the
corrosive species was identified.

Key terms: corrosion, proactive, nitriding, carboxylic acid.

Introduction

In an effort to control costs, manufacturing plants operate with the smallest staff deemed necessary
to run the facility safely. Sometimes, this results in decisions that have to be made using a limited
amount of data. A safe way to operate under these circumstances is to replace equipment before it
has reached the end of its useful life. Recognizing that this conservative approach can be costly,
corrosion corrective action teams have been formed to evaluate equipment life, and take a proactive
approach to the issue of corrosion. This paper uses an example at a plant to describe the approach
and define the benefits of the program.

Mechanical Description

The fired heater employed at one of Air Products and Chemicals, Inc. production facilities utilizes a
radiant coil operating in series with multiple convection tubes to superheat the reactant streams fed
to our amination reactors (Figure 1). The heater, which has the capability to bum either fuel oil or
natural gas, originally utilized only the radiant coil for heat transfer purposes. The convective
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section was added in the early 1980s in an effort to increase efficiency in light of the energy crisis
and corresponding increase in hydrocarbon fuel costs.

The original material of construction for the radiant coil was UNS S31600, Type 316, stainless
steel. The decision to use this material was based on experience from another Air Products and
Chemicals, Inc. plant, which had been manufacturing amines for some time. UNS S31600 gave
acceptable service life and was compatible to the process fluids.

Service History

The heater has suffered various mechanical problems since it was placed in service in the mid-
1970s. The first problem occurred soon after start-up, when the flame impingement caused severe
thinning of the lower wraps of the radiant coil. This problem was readily solved through
realignment of the burner.

The coil was included in a maintenance inspection schedule which consisted of ultrasonic wail
thickness (UT) measurements. Routine thickness measurements began to show metal loss,
particularly in the lower three wraps of the coil. This was in the area near the exit where tube wall
temperatures were the highest. Since the tubing was specified as schedule 40, there was ample
corrosion allowance in all parts of the coil. The bottom portion of the coil was ultimately replaced
during a plant outage.

Metallurgical analyses of a pipe section revealed that nitriding on the inner diameter, ID, promoted
a metal dusting mechanism, Figure 2. Nitrogen was detected about 0.005 inch (0.13 mm)into the
wall, with most severe attack being 1-2 grains deep. The primary constituent in the process stream
was ammonia. Tube metal temperatures of - 1,000°F (-540*C) near the exit were sufficient to
crack the ammonia and nitride the coil. The particles eroded downstream components, further
compounding the metal loss problem.

A new radiant coil fabricated from UNS S34709, Type 347H SS, was placed in service in the
April 1985. This alloy was chosen because of its improved high temperature properties. Because
of the higher allowable stress levels the corrosion allowance was increased using the same wall
thickness. Finally, nickel alloys which have good nitriding resistance were not specified because
of concerns that particles originating from these metals might be incompatible with the process.
The new coil performed satisfactorily until 1988 when the bottom 1/3 had to be replaced because of
wall thinning. By this time, the convection section had been added to increase both the efficiency
and the capacity of the heater. It was also hoped that the convection section would reduce the
nitriding problem observed in the radiant coil by virtue of the reduced firing rate afforded by
increased heat transfer efficiency.

The first problem with the convection section occurred in the mid-1980s when several of the finned
tubes immediately above the (unfinned) shock tubes failed. The resulting fire necessitated an
unscheduled outage only two years after the convection section had been placed in service.
Inspection of the failed tubes and others in the immediate vicinity of the failure revealed severe
thinning along the inside-bottom of the tube wall. This "trenching" effect suggested that the failure
had resulted because of attack from corrosive liquid. The convection section was replaced with a
new unit constructed of UNS S34709 in hopes that this alloy would provide increased corrosion
resistance at elevated process temperatures.

The fact that "trenching" was found on the bottom of tube remnants indicated that liquids entered
the convection section. Under normal operating conditions, only vapors should enter the fired
heater inlet. Accordingly, the liquids could be formed inside or enter the heater during an upset
condition. Using the temperature profile in the convection section in an analytical approach, we
concluded that the most likely corrosive species were organic acids (carbamates), which became
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corrosive when they concentrated as the liquid boiled to dryness.

Inspection of the radiant coil during the outage necessitated by the failure of the convection section
revealed that nitriding had again caused thinning, but because of the product mix, as well as
various periods of healer downtime, the actual corrosion rate was an unknown. UT measurements
confirmed that only the bottom third of the coil had thinned appreciably, and this portion was
replaced with the same UNS S34709 alloy utilized in the rest of the coil.

A second failure of the convection section resulted in another unscheduled outage approximately
two years later. This time the ensuing fire was so extensive that no tube material could be
recovered for meaningful analysis. At this time, it was- decided to upgrade materials of
construction to UNS N08028, Sanicro 28®. This decision was based on three reasons: (1) an
austenitic alloy was needed for the temperatures in the convection section, (2) the higher Cr and
Mo would offer better resistance to the assumed organic acid, and (3) the higher Ni content would
offer somewhat more nitriding resistance than stainless steel, even though there was some concern
from the process compatibility standpoint.

Thinning due to nitriding again necessitated replacement of the bottom third of the radiant coil
roughly one year after the second failure of the convection section. Since nickel alloys were ruled
out because of processing concerns, the coil was replaced with UNS S30409, Type 304H, which
had been aluminized. This decision was made based on a literature review which showed that
aluminum would be resistant to nitride formation. Subsequent analyses revealed that all of the
aluminum corroded away within 18 months. The mechanism of corrosion is not currently
understood.

Roughly 18 months later a third unscheduled outage resulted; this time from a fire that initiated
when the radiant coil failed. An inspection of the radiant coil revealed that failure resulted from a
trench that formed in the middle third of the coil. The trench was reminiscent of those previously
observed in the convection section, suggesting that the increased resistance of the UNS N08028
had allowed the corrosive liquid and hence the corrosion problem to travel further downstream.

A final failure occurred just two months later, this time in the convection section. Inspection of the
tubes revealed they had failed due to general attack associated with nitriding. No trenching in
convection tubes was noted, although this phenomenon always occurred sporadically. It indicated
that the nickel content of UNS N08028 was not sufficient to resist nitriding.

As a result of the repeated failures of the heater system and an apparent increase in frequency of
such failures, a corrosion corrective action team was established to define procedures needed to
eliminate further unscheduled shutdowns, and to launch a more detailed technical analysis into the
root cause of the problems.

Corrective Action Team

The corrective action team approach was applied to this case because of the random nature of the
failures. After the first failure there were opposing viewpoints as to what could have caused it.
One school of thought was that it was not possible to transport liquids to the fired heater. The
other viewpoint was based on analysis, which predicted the presence of liquids in the convection
section. At any rate, it was felt that the problem was riot a recurring one, and the plant continued to
operate without adjustments. When the second failure occurred, it became evident that a more
detailed approach would be needed.

The corrective action team consisted of five people each representing different disciplines in the
company. They included: A materials engineer from a corporate engineering function; a process
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engineer representing corporate chemicals, a plant maintenance engineer, a plant technical engineer,
and a representative from plant operations. The team typically meets every month. Occasionally,
these meetings are done by conference call between the plant and central engineering offices.

The agenda items consist of ongoing problems, each of which was previously assigned to one or
more members. As each problem or action item is completed to the group's satisfaction, it is
removed from the active list. Completion of one item often times generates additional action,
which is then assigned to someone along with a due date. A list of new and incomplete action
items is sent out within one week of the meeting. The minutes along with the action items are sent
out at a later time to a wider distribution.

Root Cause Investigation

The corrosion corrective action team has characterized two modes of corrosive attack. The first is
nitriding, which is a gradual process that causes uniform thinning of metal exposed to ammonia at
metal temperatures from 700-1,100*F (370*C to above 600*C). It is the predominant mode of
attack in the (higher temperature) radiant coil(l). Nitriding rates are generally slow enough and
uniform enough to permit schedul-d replacement of the radiant coil per the corrosion management
plan outlined below.

The other corrosion problem, attack by a condensed liquid phase is characterized by trenching
along the bottom of tubes. This phenomena is more aggressive (faster), and has resulted in the
four unscheduled outages discussed above. Analysis of the convection section failures to date
revealed an unusually consistent pattern:

0 each failure occurred after = 2 years of service despite the fact that the tube material
had been upgraded.

0 each failure occurred in the fin tubes located immediately above the two rows of
(unfinned) shock tubes at the bottom of the convection section.

Analysis of the problems occurring in the fired heater was complicated by two major facts. First,
the plant is operated in blocked-out campaigns, meaning that each of three or four separate product
lines is produced in the same equipment at different times. Each of the product runs, which vary in
length according to sales demand, expose the heater to different compositions, temperatures, and
firing rates. Hence, one has to determine if the observed corrosion problems are related to a single
product line, a consequence of the cumulative effect of multiple campaigns to produce varied
products, or (since most failures occurred shortly after start-up) an artifact of start-up and/or
shutdown transients.

The second item with which the corrosion corrective action team had to contend was the design of

the heater itself. Originally designed for an output of 5MMBTU/hr, 1.5 x 106J/sec, the addition of
a convection section in the early 1980s (Figure 1) not only improved efficiency, but also essentially
doubled the output of the heater. However, as sales increased firing rates were increased
proportionately with throughput, until the design capacity of the heater was ultimately exceeded.
The net result of such operation was* that tube wall temperatures - though well within safe operating
limits - did exceed original process criteria.

One of the first actions taken by the corrective action team involved modification of shutdown
procedures so as to prevent "evidence" from being swept away. This was accomplished by
replacing the (condensible) steam previously used to purge product from the heater with (gaseous)
nitrogen. It was hoped that this change would prevent any corrosion residue that was deposited
during a specific campaign from being washed away by condensate during the clean-up between
campaigns.
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A program was then put in place to collect deposits from the convection tubes after each campaign.
These samples were analyzed using x-ray diffraction, x-ray fluorescence and infra-red analysis (for
organic compounds). Two of the more interesting findings that resulted from these analyses were
the identification of magnetite - or Fe304 - in all samples and the presence of carboxylic acid salts
in some of the samples. The presence of magnetite was surprising since the process is operated
under oxygen free conditions. The occasional presence of carboxylic acids was even more
surprising, since carbamic acids - a common by-product of amine production - were thought to be
the only acids present in the system.

Another unusual finding was the random occurrence of long-chain, aliphatic hydrocarbons in the
scale samples. Since it would be very difficult to form such compounds at the operating conditions
encountered in our facility, it seemed likely that their presence resulted from either trace
contamination of feedstocks materials or lubricating oils that leak from rotating equipment into the
process. However, checks of all feedstocks and lubricating oils used in the process failed to
provide a match with the specific hydrocarbons recovered from the scale samples.

The final aspect of our root cause investigation entailed a modeling effort intended to increase our
understanding of the changes in the temperature profile across the heater as a function of each
campaign. The simulations indicated that tube wall temperatures in the lower portion of the
convection section and radiant coil were much hotter than had previously been anticipated. This
condition was verified by thermocouples which were subsequently placed in the system. The high
temperature condition helped to explain the severity of the nitriding problem.

Proactive Corrosion Management

Because it was necessary to collect data for the root cause investigation over several years, a
corrosion management strategy was developed to prevent additional unscheduled shutdowns until
such time that appropriate corrective actions could be developed and implemented. The key
elements of this strategy are the on-site availability of both a spare radiant coil and a convection
section, and a monitoring program designed to track and quantify corrosion rates. In addition to
providing valuable data for the root cause investigation, the monitoring program minimizes the
chance of an unexpected failure by regularly quantifying the extent of metal loss. The on-site
availability of the spare coils would effectively reduce downtime should an unexpected failure
occur.

The monitoring program relies heavily on UT measurements taken after every campaign.
Measurements are made on the ID of the convection tubes through specially designed inspection
ports, at various points on the outside of the convection tubes, and at regular distances along the
radiant coil. Several of the convection tubes located immediately above the unfinned "shock" tubes
are also inspected visually for evidence of trench formation and/or growth when corrosion scale
(discussed previously) is being collected.

Metal loss data generated from the UT measurements is used to project the useful life of the radiant
coil, and replacement is scheduled accordingly. Note, however, that owing to the uncertainty
inherent in corrosion rates, coil change-outs are made when metal thickness decreases to - 120%
of that required by ASME code. A much less scientific approach is taken for scheduling change-
out of the convection section: since previous failures occurred once every two years regardless of
plant loading or product mix, the convection section is replaced every two years regardless of
trench growth or UT measurements. It is hoped that this approach can be improved upon as our
understanding of the corrosion phenomena responsible for the problem increases.
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Conclusions

The root cause investigation initiated by the corrective action team has helped to shed some light on
the corrosion problems afflicting the fired heater. For example, it is now known that higher than
expected tube wall temperatures are responsible for the nitriding problem, and that a carboxylic
acid of unknown origin is responsible for the trenching that occurs in convection section tubes. A
research chemist has since been consulted to help identify possible mechanisms for the formation
of this acid in our process.

The corrective action team has also reduced operating costs by eliminating unscheduled
shutdowns. Representation from the various functional groups mentioned earlier has been the key
to balancing the competing desires to replace equipment frequently (at great cost) so as to eliminate
any chance of a failure, and the need to minimize expenditures (i.e., equipment change outs) so as
to maximize profit. It is hoped that as our understanding of the relevant corrosion phenomena
grows and our confidence in the UT data builds, we will be better able to maximize profits by
further extending the useful life of both the coil and the convection section.
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FIGURE 1

Schematic of Tube Arrangement From Fired Heater
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Abstract

The solution of corrosion problems in practice may require various testing stages,
which extend from simple simulation of the plant conditions in the laboratory
via pilot scale tests to experiments on site, i.e. in the operating plant.

Pilot plant experiments and on-site experiments are indispensable expecially if
the actual critical corrosion conditions are caused by shortlived intermediate reac-
tion stages which frequently occur in chemical reactions. Such conditions can
only rarely be reproduced in the laboratory in such a way that they are stable over
a suffuciently long experimental time.

The substantially more expensive on-site methods are also necessary whenever
the setting of redox conditions is not reproducible in the laboratory because of the
participation of the redox partners in the desired chemical reactions.

The measurement call developed for these experiments is described and
illustrated, and the potential uses of thes measurement cell are demonstrated.

In addition, the use in practice and the experience gained with this measurement
cell are reported.

Introduction

Materials for apparatuses (reactors, columns and heat exchangers), pipelines,
pumps and fittings for the chemical industry in individual cases are chosen
usually by laboratory corrosion tests, which supplement the initial selection based
on experience data (standards, tables, manuals and company-own experience). In
these laboratory tests, the conditions of the chemical reactions, ie. pressure,
temperature and gas atmosphere, must be simulated so that as far as possible thty
are comparable with the operating conditions.This means that it is necessary to
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simulate not only the corrosiveness of the medium (essentially determined by
the concentration) but also the redox conditions which determine the free
corrosion potential of the metallic materials.

As a rule, a distinction is made between two types of tests which often also
represent a necessary gradation, ie.

a) "immersion tests" in open vessels or in autoclaves for determining the
linear corrosion rate v1;

b) electrochemical tests under the same conditions for confirming the latter
and especially for determining the risk due to local corrosion phenomena,
eg. pitting, crevice or galvanic corrosion.

This method for selecting materials has become established in the past and is
industrial practice.

In specific cases, however, it is extremely difficult to simulate the operating con-
ditions in the laboratory. In these cases, corrosion tests are carried out, for
example in pilot plants, in order to obtain reliable results and information re-
garding material selection. In spite of all these measures, we may find that,
during subsequent operation, corrosion phenomena which are not observed
under laboratory conditions occur in certain cases in parts of the plant, at ma-
terials classified as resistant. Such zones are, for example, very limited regions
with columns or the vapor space of reactors. If such unforseen corrosion damage
occurs, corrosion tests must be carried out locally. Similar to the laboratory tests
"a", electrically insulated coupons are then installed in the corresponding parts of
the plant and are evaluated after several weeks or months. This type of corrosion
test is also used when the operating conditions in the plant change, due to
expansion of capacity, different provenance of starting materials or changes of the
process.

Since the majority of the corrosion processes are electrochemically controlled,
electrochemical corrosion tests have become an additional tool for the corrosion
researcher over the past 20 years. Thus, electrochemical test methods have made
it possible to gain a better understanding of fundamental processes involved in
intergranular stress corrosion cracking of unalloyed steels in nitrate solutions
and alkalis or the sensitivity of various austenitic CrNi steels to halide-
containing media [1-4].

Such investigations make it possible in principle to monitor the corrosion, its
rate and its various manifestations as a function of the potential.

The metal dissolution reactions basically are electrochemical oxidation reactions
and part of the redox system of the chemical reaction medium. Since the position
of the potential determines the rate of metal dissolution, it is possible, with the
aid of tests at fixed potential (so-called potentiostatic tests) to investigate the
dissolution behavior approximately, even outside the potential range which is
established by the redox system present in each specific test. This "substitute" is
however justified only if the effective redox system does not have additional - for
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example inhibitory or complex-forming - effects on the corrosion system and if
the intensity of metal dissolution exceeds the other redox reactions by orders of
magnitude, as is frequently the case for local corrosion.

Compared with the "chemical" corrosion tests, in principle electrochemical
methods also provide more information about the properties of the partial
reactions, but only if the various oxidation reactions determined by the chemical
reaction and by the anodic metal dissolution can be separated. This is the main
difficulty, for example, in the purely electrochemical measurement of the
corrosion rate in electrolytes other than model electrolytes.

In general, however, electrochemical test methods, beginning with the simple
monitoring of the open-circuit potential, make the test procedure substantially
more reliable and clearer but considerably more expensive in terms of apparatus
and definitely more complicated. For example, in the so-called "beaker tests", the
distribution of local anodes and the position of the rest potential may be
completely different compared with a complicated shaped article with a large area
exposed to the same corrosive medium. In this case, it may be very doubtful as to
whether the conditions in such tests at rest potential resemble to conditions in
practice. The electrochemical determination of the corrosion as a function of
potential provides reliable information about the corrosion processes or the
changes therein which must be expected if in practice the potential has a certain
value or if it is shifted in one direction or other by various processes.

It was therefore an obvious step to apply the experience gained over many years
with electrochemical corrosion tests in the laboratory to tests on site, ie. in the
production plant. These pilot and operational tests are indispensable in particular
if the actual critical corrosion conditions are caused by the intermediate reaction
stages which frequently occur in chemical reactions or which are short-lived.
Such conditions can rarely be simulated in the laboratory in a stable manner over
a sufficiently long test period.

The substantially more expensive on-site methods are necessary also when redox
conditions cannot be simulated in the laboratory, owing to the participation of
the redox partners in the desired chemical reaction. In chemical reactions, the
states at the beginning or end of the reaction can in principle be established over a
sufficiently long period in the laboratory if it is not intended to perform such tests
using expensive, fully automated "laboratory autoclaves" with continuous
supply of the reactants and removal of the reaction products.

The measuring cell to be developed should thus permit, in operational corrosion
systems, both the measurement of the open-circuit potential and shifting of the
potential to the anodic or cathodic region (ie. polarization of the coupons). More-
over, the measuring cell should permit the measurement of the potential over
relatively long periods. It should be possible to install dhe measuring cell with the
aid of a flange, for example in a side stream of a plant or directly in a column or a
reactor via a test connection. It would also be necessary to ensure that this
measuring cell can be used at high temperatures and pressures.
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HTHD reference electrode

An essential requirement for electrochemical corrosion tests at high tempera-
tures and pressures is an easily handled reference electrode which is stable over
long periods. The development and theoretical evaluation of such an electrode
is described elsewhere [5, 6]. It uses classical reference electrode half-cells at room
temperature and under pressure and taps the potential with the aid of a Haber-
Luggin capillary of ceramic material at the hot measuring point. As has been
shown, the so-called Soret potential (thermodiffusion potential) is stable if
convection is avoided within the capillary.

The actual half-cell needs therefore to be sufficiently stable in the medium only at
room temperature. Difficulties may arise here owing to the diffusion of gases
such as H2S or NH3 through the frits into the reference electrode.

Usually, the potential values are not corrected. For conversion to a thermo-
dynamically comparable system, for example the standard hydrogen electrode, it
will be necessary to determine the exact values for the thermodiffusion potentials
and chemical junction potentials, but this can be dispensed with in comparative
corrosion tests.

Structure of the measuring cell

Fig. 1 schematically shows the structure of the measuring cell for "bypass"
installation as an example. The reference electrode from below and a pressure-
resistant, electrically insulating wire duct are mounted on a flange which meets
the process conditions (pressure, temperature, material resistance). The coupons
are fastened to a coupon holder and are also electrically insulated. Wires of
identical or similar material are welded to the coupons. The coupon holder also
permits the installation of a counter-electrode for polarization of the test pieces.

Fig. 2 shows the measuring cell, which is flanged to a T pipe section cut open

longitudinally.

Example of use

In a waste gas separation column of the material 18/12/2 CrNiTi, material No.
1.4571, corresponding to AISI 316 Ti, greatly fluctuating corrosion rates were
measued over a very long observation period for coupons which were installed
at various points. To investigate these fluctuations and determine their causes,
the measuring cell described above was mounted on a manhole cover of the
column; the column solution flowed continuously through the cell. For this pur-
pose, the solution was collected inside with a funnel and passed into the
measuring cell and could flow back into the column via a wier.

Under these conditions, the open-circuit potential was monitored with various
materials over relatively long periods, potentiokinetic current density-potential
(i-E) curves were recorded and potentiostatic tests with weight loss determi-
nations were carried out.
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Fig. 3 summarizes, as an example, the i-E curves of three Ti-stabilized steels, a
ferritic CrMo steel and two austenitic CrNi(Mo) steels. For this purpose, the
coupons were first cathodically polarized for 1 h at -1200 mV against SCE20oC in
order to depassivate the coupon surface.

The potential was then changed with different scan rates in ascending and
descending direction. The Figure shows the results for the "forward" curves with
1.3 V/h.

These potentiokinetic curves do not represent equilibrium conditions and
furthermore correspond only to the sum of all electrochemical oxidation and
reduction reactions taking place at the coupon surface. The partial oxidation
reaction assignable to the metal dissolution can be individually determined only
by potentiostatic tests. Nevertheless, certain typical potential ranges can be
derived from these curves. The current curves pass through zero in the range
from -800 to -900 mV SCE20oC as a function of the potential change rate. In the
case of the Ni-free material, it is systematically about 50 to 80 mV below that of
the austenitic steels. The following increase in current corresponds initially to the
active (anodic) metal dissolution. While the materials were still passive in the
region of the rest potentials ER shown, the corrosion rate increased the heavier
the more potentials shifted to lower values after long test times, but as a function
of the material. While the Mo-free austenitic steel was corroded at about -800 mV
at 0.3 mm/a, the corrosion rate of the Mo-containing austenitic steel there still
remained an order of magnitude lower and increased sharply only below this.
The active range of the nickel-free material is the most negative one at about -900
mV, and the dissolution rate of this steel is higher by an order of magnitude than
for the Mo-free austenitic steel.

It should be mentioned that the two peaks of the i-E curve, A and B, are not
associated with correspondingly high corrosion rates but are evidently an expres-
sion of electrochemical oxidation reactions of the medium, as could be shown by
potentiostatic tests in these potential ranges. While peak B is readily reproducible
regardless of material and virtually regardless of the scan rate (also found in
carbamate solutions of the urea process at substantially higher pressures and
temperatures), peak A occurs only in the case of the Ni-containing, austenitic
materials and becomes smaller with increasing scan rate. This may be the effect of
the complexing reaction of Ni in the ammoniacal medium.

Summary

The selection of materials on the basis of laboratory tests can be supplemented
and confirmed with the aid of on-site electrochemical measurements, which
require a reliable reference electrode adapted to the conditions. An example was
used to show that the different results of the abovementioned simple corrosion
tests in the plant are explained by a slow potential drift with increasing operation
times, which was due to a change in the redox conditions within the column.

By checking these redox conditions, which were established and monitored with
the aid of potential measurements with the electrochemical measuring cell
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described, it was possible to avoid further corrosion attack in the column, ie. to
operate the apparatus under conditions which are safe for the material.

Over and above the mere selection of materials, such measurements can
therefore also successfully be used for monitoring process engineering and
operational parameters so that, once a reasonable choice of materials has been
made, it is not called into question during operation as a result of temporary and
particularly unfavorable conditions.
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Abstract

Reprocessing in a urea plant of ammonium carbamate from two melamine plants was feared
to cause variations in the redox potential of the urea synthesis solution. Such variations may
reduce the corrosion resistance of the material of construction of the high pressure process
equipment, i.e. type UNS S31603 (AISI 316L urea grade) and UNS N08310
(X2CrNiMoN 25 22 2). An on-line corrosion monitoring system was felt to be necessary
for early detection of corrosion, so assuring plant safety and performance reliability.

We opted for a radioactive monitoring technique (i.e. neutron activation), because this
technique does not require insertion of probes through the wall of the high-pressure
equipment. Basically, the method operates by measuring the decrease in gamma radiation of
an active coupon exposed to the corrosive environment.
Experience gained with this on-line corrosion monitoring technique is explained, the
following aspects being highlighted:

- method of measurement
- method of activation
- system setup for industrial application
- safety regulations
- interpretation of results
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Introduction

Urea plants according to the DSM stripping process use ammonia and carbon dioxide as
feedstock. Equipment exposed to the process fluids in the high-pressure area of the urea
synthesis section is made either in UNS S31603 (urea grade AISI 316L) or UNS N08310
(X2CrNiMoN 25 22 2). The temperature of the ammonium carbamate solution in this area
of the process is approx. 180'C. Passivity, and so corrosion resistance, of the stainless
steels is maintained by adding oxygen to the gaseous CO2 feed stream. In this way, a redox
system is created which ensures that the corrosion potential of the stainless steel remains in
the passive region of the current vs. potential curve, where corrosion is low. Experience
over many years and many plants all over the world has shown that the corrosion rate is
typically 0.05 - 0. 10 mm/year.
At the DSM plant in Geleen, Netherlands, the waste stream of a melamine plant is aoded to
the feedstock. Before being supplied to the urea reactor, the ammonium carbamate is
concentrated in the tie-in stage. This addition of waste carbamate causes an increased
corrosion rate in the urea plant: 0.10 - 0.15 mm/year is the result of several years of
experience.
A reduction of the redox potential (due to, for instance, insufficient oxygen being added)
may cause the stainless steel to become active.1 2 A simplified representation of active and
passive corrosion of stainless steel with various amounts of oxygen is given in Figure 1. In
Figure la, the central curve shows the relation between the current and potential of a
sample electrode in a urea synthesis solution without oxygen. This current actually is the
algebraic sum of two partial currents: the positive current (a) that corresponds to the anodic
dissolution (oxidation) of the metal and the negative current (c) that corresponds to the
cathodic formation of hydrogen (reduction of the liquid). Only at the active corrosion
potential E,,, do the two currents cancel each other and the resulting current is zero.
Without external current being applied the metal will adopt this potential and active
corrosion occurs. When some oxygen is present (Figure lb), the cathodic current is larger
(more negative), as oxygen is reduced too. There exist two potentials where the net sum
current is zero: at the active potential E., and at the more positive passive corrosion
potential E.. When active, the metal cannot pass the current peak (which is typical for
passivatable stainless steels) and remains active. When the metal is passive anid the
conditions do not change, the metal remains passive. By sL.pplying the carbamate stream
from the melamine plant process conditions change. The consumption of oxygen by this
carbamate stream increases the passive corrosion rate and even may cause activation. When
a high amount of oxygen is present (Figure lc), only one zero current potential exists in the
passive region: the metal is in a stable passive state and the corrosion is low.

Because the waste carbamate of a. second melamine plant was to be added to the feedstock,
so that the ammonium carbamate waste stream was to be substantially increased, it was
feared that the redox potential might diminish so much as to allow corrosion, especially of
UNS S31603, to develop. Experience is that the active corrosion rate of these steels in
ammonium carbamate can be as high as 10 to 30 mm/year. Therefore, a real-time corrosion
monitoring system was installed.
The main purpose of the monitoring was to alert in the case of active corrosion.
Additionally, we were interested in measuring_ ,e passive corrosion rate as a function of
process conditions, i.e. the waste carbamate stream. The reliability of the plant, operating
at high temperature and pressure, was in no way to be endangered.
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The Corrosion Monitoring Technique

Since the plant operates at pressures of about 15 MPa, insertion of probes or electrodes
through the wall of the equipment was out of the question.
Being one of the most reliable non-intrusive methods, a method based on ionising radiation
was chosen for the corrosion monitoring. The method had proven its applicability at DSM
earlier.'

Corrosion monitoring based on a radioactive material utilizes the loss of radionuclides as a
measure of surface loss brought about by corrosion or corrosion-erosion.' Radionuclides are
formed by activating the material under test; this may be a coupon of the material to be
tested or a particular spot on the pipeline or piece of equipment under investigation.
For direct weight loss measurement of the material under test it is essential that E{amma
radiation emitting radionuclides be formed. Gamma radiation is only partly absorbed by
material and can, within certain limits, be detected from outside of the process. The
intensity of the gamma radiation is proportional to the amount of radioactivity and is
measured with a Nal detector. Of course, the measuring signal needs to be corrected for
radioactive decay of radioisotopes. The resulti .g signal is directly proportional to the
thickness of the test coupon.
Another requirement for proper performance of this technique is that corrosion products be
removed so they cannot interfere with the measurement.

The material can be activated by bombarding it with either high energy charged particles
(in the case of thin layer activation; TLA) or with neutrons (in the case of neutron
activation; NA), 5 see Figure 2. In principle, most materials can be activated.6

Method of Activation

The choice of the method of activation, and thus the level of activity of the main
radioisotope formed, is dictated by the required monitoring period, the desired accuracy
and the anticipated corrosion rate. Essential differences between TLA and NA are given in
Table 1. Table 2 shows the minimum detectable corrosion rates achievable with TLA and
NA.

The key data for the monitoring system were as follows:
- overall monitoring period of about 4 years;
- penetration through 20 millimeters of stainless steel;
- anticipated passive corrosion rate approximately 0. 1 to 0. 15 mm/year.

The duration of the monitoring period meant that the radionuclide to be formed had to have
a half life of several years and the energy of the gamma radiation had to be high enough so
as not to be completely absorbed by the pipe wall. The abscrption of gamma radiation is
dependent on the radiation energy. High energy radiation is absorbed to a lesser extent than
low energy radiation. For these reasons we opted for neutron activation of the cobalt
(59Co), present as a contaminant in the UNS S31603 stainless steel to be tested. On being
activated, the "9Co generated 'Co, a radio-isotope with a half life of 5.27 years and
emitting two gamma rays with energy levels of 1173 and 1330 keV, each witn a yield of
approx. 100%.
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Another argument for choosing NA was the required radioactive layer thickness based on
the average passive corrosion rate of 0. 15 mm/year. Because of the homogeneous activation
of the test coupon, any wall thickness could be chosen so long as the accuracy was not
unduly impaired.

In spite of the relatively poor sensitivity, the accuracy of the method was expected to be
good enough, since the monitoring system was intended to detect passive corrosion over a
longer period of time and active corrosion within a few hours (see Table 2).

Irradiation of the target material must not adversely affect its corrosion resistance. Huey-
testing to Stamicarbon Material Specification revealed no difference in the corrosion
resistance of UNS S31603 before and after being irradiated with neutrons. The relevant
literature, too, suggests that at the expected corrosion rates irradiation is unlikely to affect
corrosion resistance.'

System Setup

The corrosiveness of the urea synthesis solution can best be measured at the top of the
reactor or in the line from the reactor to the stripper. Since gamma rays are absorbed by
steel, the thickness of steel intervening between the coupon and the detector should not be
more than, say, 30 to 40 mm. Therefore, the monitoring system was installed in the line to
the stripper (adjacent to a flange, see Figure 3).

In November 1989, two UNS S31603 coupons, whose chemical analysis, microstructure
and Huey test performance were in accordance with Stamicarbon specifications, were
irradiated with neutrons in the BR No. 1 reactor of SCK (StudieCentrum voor Kernenergie,
Nuclear Energy Research Centre) at Mol, Belgium.

Approximately six months after irradiation, the short-lived nuclides had decayed, leaving
only 6'Co, resulting in a level of activity of approx. 5 MBq. With the NA method, the
whole coupon is activated. Since field welding of a radioactive material calls for special
precautions, two non-radioactive strips were welded to the test coupon. This was done in
the Nuclear Energy Research Center in Belgium. The welder was specially instructed and
the welds were radiographed before mounting in the plant. The coupon with the best welds
was chosen. Field welding was done using a special device to protect the radioactive
coupon and to keep it in place during welding. The coupon was mounted in the pipe during
a plant shutdown in May 1990 and was welded as shown in Figure 4, allowing the flow of
fluid to remove all corrosion products from the test coupon. The second coupon was kept,
but not to date used, for reference purposes.

The detector used was an industrial Nal scintillation detector giving pulses whose frequency
is directly proportional to the measured gamma radiation intensity. The detector had to be
very reliable over a long period of time and was cooled with water. The pulses generated
by the detector are counted by a counter and then converted for readout of the surface loss
or corrosion rate in the control room of the plant. This was done by means of an industrial
PC and a purpose-made software program (see Figure 5). Readings, stored on hard disk,
are corrected in terms of natural decay and background radiation (less than 1 % of the
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measured level of activity). Figure 6 shows the setup of the monitoring system in the plant;
the computer and associated hardware are shown in Figure 7.

Safety Regulations

As far as safety regulations are concerned, the NA monitoring system falls in the same
category as industrial radioactive measurements for level and density. An important
distinction is that the radioactive source is in direct contact with the process fluid, corrosion
products may cause low-level radioactive contamination of the product or waste streams.
For the government licence this meant that the system comes under the heading of tracer
applications. This involved the following additional requirements:
- the NA monitoring system must be reported to the authorities;
- the level of the source activity must not exceed a given limit;
- product contamination must not exceed the maximum allowable concentration specified in

the license;
- the source may be handled only under supervision of qualified personnel.

Performance

The system was started up in May 1990 after a two-yearly maintenance shutdown of the
urea plant. It was inspected during the next shutdown in May 1992. We took that
opportunity also to compare the then remaining wall thickness with the data generated by
the on-line NA monitoring system.

The software enables the collected data to be plotted at hourly intervals. Average monthly
corrosion rates are computed from the slope of the curves (the coupon surface loss being
proportional to the decrease in activity). The first derivative with respect to time yields the
corrosion rate. These calculations can, in principle, be done automatically in the control
room to trigger an alarm when a predetermined value is exceeded. On the other hand,
interference from, for instance, other radioactive sources might hamper proper
interpretation of the data and cause false alarms.

Figure 8 shows the relative activity versus time from May 21, 1990 to December 31, 1991.
Figure 9 shows the data from January 1, 1992 to December 31, 1992.

The figures show positive and negative spikes. In the period from October 8, 1990 to
December 31, 1990, a new plant was under construction not far from the urea plant. The
positive spikes observed during this period are due to radiography of field welds. The
negative spikes, however, cannot be explained as yet. For the used data processing
however, these spikes do not interfere.
Initially, at around July 16, 1990 the plant was down for a brief period, when the reactor-
to-stripper line was flushed. This was done again in 1991 and late 1992. Increased levels of
activity were measured during these three periods as there was no urea synthesis solution in
the pipeline and, so, no absorption in the fluid. This is shown in the figure as relatively
broad peaks.
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A couple of weeks later, early 1992, the curve showed a stepwise loss of activity, which
could not be explained. All system components were checked and even the detector was
replaced. A temperature measurement had been added to the system in late 1991 in order to
study the effect of temperature on the corrosion rate. Eventually, we found that the data
processing section got upset on receiving faulty temperature values and so produced
erroneous data. Omitting the temperature measurement solved the problem.

The shutdown period in May 1992 is easy to recognise by the higher level of activity. After
the shutdown the level was somewhat higher than previously.
This difference is due to installation of the replacement detector: both the distance to the
coupon and the detector sensitivity were different. However, this makes no difference since
the measurement is a relative one.

The rough data in Figure 8 and Figure 9 can not be used directly for corrosion rate
calculations. The data first were subjected to a smoothing program based on moving
average. The corrosion rate is calculated from the decrease of activity during a period of
time (after compensation for the natural decay). In Figure 9 the calculated slopes for three
corrosion rates are shown.
A short measuring period yields a relatively large noise in the results. For the detection of
active corrosion this causes no problem. The decrease in a period of, say two hours, is
expected to be much larger than the scatter. However, for accurate measurements of the
passive corrosion rate a much larger period is required. An accuracy of 10 /Am can be
obtained with a measuring period of three days.

Figure 10 shows the average monthly corrosion rates. Process conditions during the first
six months may be assumed to have been constant; daily review of these conditions
revealed no significant changes. Yet, the corrosion rate of the material was increasing. The
explanation is that the passive oxide layer, which had been there ever since fabrication, had
slowly broken down under the given process conditions. A less stable dynamic oxide layer
was formed. This oxide layer is maintained by oxygen present in the process fluid.
Variations in the process :onditions are readily detectable in the case of passive corrosion,
due to the dynamic nature of the oxide layer. Depletion of the oxygen in the urea synthesis
solution would lead to active corrosion in very short time.

The next period we did see varying rates of passive corrosion. This was found to be due to
changes in the carbamate flow from the melamine plant. An increased carbamate flow
corresponds to an increase in corrosion rate.

During the May 1992 shutdown, the coupon was inspected in order to ascertain if the
monitoring results were in agreement with the corrosion that had actually taken place. The
pattern of attack found on the coupon appeared to correspond with that of the same, but
non-activated, material at the top of the reactor. The measured wall thickness loss of the
coupon was equal to the loss established by the NA technique. It is added here that the
micrometer readings need to be corrected with respect to the surface topography of the
coupon. The micrometer yields peak-to-peak readings whereas measurements of the
radioactivity reveal integral material losses regardless of the surface condition.
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Future Research

The software used in the NA monitoring technique is purpose-written. For commercial
equipment the system can be simplified by replacing some of the software by hard
software. It is further advantageous to integrate statistics in the software for easier and
quicker interpretation.
In our applications the radioactive monitoring technique is applied to iron-based alloys. It
might be interesting to investigate whether this technique is suitable for metals like titanium
or non-metals.

Conclusions

1. Corrosion monitoring by neutron activation is well able to show the effects of
changing process conditions on the corrosion performance of materials as far as overall
corrosion is concerned. It is essential that the corrosion products be carried away by the
process fluid. Passive corrosion increased on increase of the carbamate feed stream coming
from the melamine plants.

2. Corrosion monitoring by neutron activation revealed passive corrosion of
UNS S31603 material exposed to a urea synthesis process. Passive corrosion rates ranged
from 50 to 200 em/year. Active corrosion was not detected, nor did it occur, during the
monitoring period.

3. A passive corrosion rate of 10 gm per year can be established in about three days.
Active corrosion (at 10 to 30 mm/year) is expected to be detected within two hours.

4. The wall thickness loss of the test coupon measured by micrometer was equal to the
loss established by the NA technique. Being highly reliable, this technique might allow
plant operators to postpone plant turnarounds without compromising plant safety or
performance reliability.
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Table 1. Main differences between TLA and NA

TLA NA

Irradiated surface beam, approx. 1 cm 2  no beam, whole surface

Irradiated layer thickness approx. 25 - 300 jAm throughout

Useable in special locations, yes no
e.g. pipe bends

Activity distribution depending on particle and homogeneous
energy

Target elements in matrix often high levels, e.g. Fe or low levels, e.g. Co in S.S.
Cr in S.S.

Suitable radionuclide formed "6Co kCo
ion irradiation of S.S. T1/2 = 78 days Ti/2 = 5.2 years

Table 2. Accuracy and lowest detectable corrosion rates for TLA and NA

Parameter TLA NA Unit

Isotope 56Co 6Co

Activity 0.5 5 MBq
Wall thickness 5.0 20 mm
Transmission through walls 0.8 0.4
Gamma-radiation factor 0.046 0.035 (mR/h)/(MBq/m 2)
Efficiency 6000 6000 cps/(mR/h)
Distance r 0.15 0.15 m

Count rate at t=0 4900 18700 cps
Initial layer thickness 0.05 2 mm

Absolute accuracy at t=0, RA=100 %*

Monitoring period
Tm= I hour 36 730 nm
Tm= 8 hours 13 260 nm
Tm = 24 hours 7 130 nm

Minimum detectable corrosion rate at t=0, RA 100 %

Monitoring period
Tm = 1 hour 0.9 18.2 m/year
Tm= 8 hours 0.04 0.8 rm/year
Tm = 24 hours 0.005 0.1 mm/year

* Minimum detectable change in layer thickness based on the activity level at the beginning

of the monitoring period. At time is zero the relative activity (RA) is 100%
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Figure 7. Corrosion monitoring assembly in control room
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Corrosion Upsets Are Probably More Costly Than You Know

Allan Perkins
Rohrback Cosasco Systems
11841 East Smith Avenue
Sante Fe Springs
California 90670
USA

Abstract

Traditional methods of measuring plant degradation, by ultrasonic thickness measurements
or coupons, may provide adequate information on total material loss over an extended
period. However, these methods frequently disguise the underlying corrosion dynamics story.
Advancements in continuous on-line corrosion management systems have greatly improved
the resolution and response to corrosion upsets.

In the chemical industries especially, it becomes increasingly apparent as more of these
automatic monitoring systems are installed, that corrosion is anything but uniform. In many
cases the "acceptable" corrosion rate may be 5 to 10 mils per year. In reality, 90% or more
of the actual corrosion damage typically occurs with corrosion upsets of 50 - 100 mpy. Even
values as high as 1000 mpy are not extraordinary. In this situation when corrosion upsets
are relatively short, for example 60 mpy for two or three days, the average corrosion rate
measured by a coupon or ultrasonics will disguise the true corrosion rate with an average
corrosion rate number of 4 to 6 mpy.

When the time of upset condition can be pinpointed within hours or even minutes in some
cases, it is possible to correlate this with the operating conditions, process chemistry, batch
sequence or chemical treatment change that produced the upset.

Essentially we are talking about reducing corrosion rates at least an order of magnitude
through identification, and reduction of the time when this rapid corrosion is occurring.
This can have a major impact on process containment through corrosion control, and plant
life extension.

This paper shows equipment that is available for this type of continuous corrosion
management, and shows examples of upsets and actual plant applications.

Key terms: Process containment, Corrosion management, On-line corrosion
monitoring, Corrosion upset detection, Corrosion detection sensitivity,
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Introduction

The latest estimate from the United States National Bureau of Standards for the annual cost
of corrosion in the United States alone is now $220 Billion per year. The costs result from
repair, replacement, treatment, downtime, cleanup, and fines etc. This is a substantial
increase from the $100 Billion of the previous estimate. However, much like the U.S.
Federal Deficit it does not seem like real numbers, and possibly therefore does not receive
the attention it deserves. Obviously, the numbers over simplify the problems of corrosion.
Nevertheless, further investigation suggests that little has been done in terms of economic
analyses of corrosion. More importantly, little has also been done in ways to provide
management with return on investment calculations for corrosion monitoring and mitigation.
For example, NACE is only now trying to prepare a document in their technical group in
T-3C, and this is only in the early stages of development. Yet so far this document carries
no reference to the economics, or return on investment, of monitoring methods for the
detection of corrosion upsets, although such techniques are quite advanced. In reality,
modern continuous monitoring methods frequently show that a corrosion problem is most
frequently a series of corrosion upsets. With rapid response to the start of such upsets, an
even greater contribution can be made to reducing the total corrosion occurring.

Measurement Frequency

Inspection versus On-line Monitoring

At first, the difference between inspection and on-line monitoring seems obvious. Inspection
is only done occasionally, while on-line monitoring is done continuously. However, for
corrosion monitoring methods, the division between the two becomes less and less obvious
on further investigation. Even the fastest response on-line electrochemical technique of
corrosion rate measurement is not truly instantaneous in the same sense as say
measurements of temperature or pressure. The fastest corrosion rate measurement is the
linear polarization technique. It typically has measurement times of two to ten minutes for
a continuous on-line instrument.

In general, the electrochemical measurement methods are the nearest to being instantaneous
because they are making measurements which are directly proportional to corrosion rate.
Other methods of corrosion measurement generally determine remaining metal thickness.
With metal thickness measurements, at least two measurements over some finite period of
time are required to compute the average corrosion rate over that time.

The time between metal loss measurement may always be reduced of course, but the
sensitivity and repeatability of each individual measurement limits this. As the time interval
between measurements decreases, the accuracy of the corrosion rate measurement also
decreases in an exponential fashion.
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In essence, the key question becomes not the definition of inspection or monitoring, but the
speed of response to a given corrosion rate change, versus the absolute accuracy of the
measurement. On-line monitoring with a fast response technique relates to enhancing
process containment by prevention. On-line monitoring with a slow response or by
inspection methods relates more to predicting plant failure, but after possible considerable
damage and loss of operating life.

Measurement Methods

Physical versus Electrochemical Methods

Although both physical and electrochemical methods are widely used, there is still some
confusion and even myths about what the various techniques can and cannot do. This is
particularly so in the real world plant environment, where many users are not corrosion
engineers.

Metal loss measurement methods are universal in their application whereas electrochemical
methods, though faster responding, must operate in a sufficiently conductive environment.
In applications where there are multiple phases present, or only low water content,
electrochemical methods become even less quantitative than normal because of variability
in the effective electrode surface area. This variability can come from physical screening
of the electrode area by non-conductive films, or in the case of low water content, or
dewpoint areas from incomplete coverage of the electrodes and the area between the
electrodes. A basic assumption of all electrochemical methods is a known surface area,
since the output current signal is directly proportional to surface area.

Physical Metal Loss Measurement Methods. These are methods to determine metal
loss from changes in a property of the material which relates to its physical geometry
and may be summarized as follows:

1. Ultrasonics
2. Direct Electrical Measurements
3. Surface Activation and Gamma Radiometry
4. Corrosion Coupons
5. Electrical Resistance

Note that we have specifically omitted X-ray inspection here, in the sense that they
do not provide a direct measurement. Any thickness measurements, when they are
made at all, are derived from physical measurements on the film.

All the physical measurement methods measure the change in the physical geometry
of the uncorroded metal, either on a sensing element, or directly on the plant
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material. These methods may be used in virtually any enviroiAment, since they do not
require a conductive media in which to operate. In addition, the conversion
constants have much less variability than those for electrochemical measurements.
However, corrosion rates must be determined by the change in metal loss over some
finite period of time. The response time to corrosion rate changes depends on the
sensitivity and frequency of measurements. The sensitivity of each method normally
dictates the frequency with which measurements may sensibly be taken.

Electrochemical measurement methods. These methods all interact with electrical
characteristics of the corroding surface when this can be achieved and may be
summarized as follows:

1. Linear Polarization Resistance
2. Galvanic Current (Zero Resistance Ammetry)
3. Potential Measurement
4. Potentiodynamic Polarization
5. Electrochemical Impedance Spectroscopy
6. Electrochemical Noise

All the electrochemical measurement methods control either the potential or
electrical current density across a metal and conductive fluid interface, and measure
the other. Regardless of the exact method, all the measurements are made across
the same corrosion surface and fluid interface. A vital requirement for the
measurements is a sufficiently conductive fluid between the measurement electrode-.
and a known wetted surface area of the electrodes for determination of current
density. Probably most sophisticated of these techniques for characterizing the
response of a corrosion interface is Electrochemical Impedance Spectroscopy. The
modeling of an equivalent circuit to match the measured response can be very
helpful in understanding the corrosion mechanisms. It is also useful for calculating
corrosion rates based on the equivalent circuit.

Physical Measurement on a sample versus the actual plant

The main differences in the physical measurement techniques are determined by their use
either directly on the plant, or alternatively on an inserted probe or specimen. In either
case, the location of any plant measurement, or location of a test specimen is critically
important. It may seem obvious that you must measure where the corrosion is present and
not where it is not. Yet frequently direct measurement methods miss bad corrosion areas.
Probe test specimens are often located for mechanical convenience instead of corrosion
severity, such as on the top of a gas pipeline instead of at the bottom where the water phase
accumulates. The advantage of direct plant measurement is that it removes the question
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of variations between the plant material and the material of the specimen. The
disadvantage of the direct plant measurement is the reduced sensitivity and consequent loss
of response to corrosion upsets as they occur.

Ultrasonic measurements give very good analysis if the measurements are made
comprehensively in critical areas, a primary purposes being to pick pitting and localized
corrosion. However, if only point to point measurement methods are used, pitted areas may
be completely missed. The measurement sensitivity on normal ultrasonic measurements on
say a one inch pipe wall is approximately 0.001" at best.

Direct electrical potential measurements on the pipe surface, with an externally applied
large electrical current (sometimes called a fingerprint technique) also only have a sensitivity
of 0.001" at best for general corrosion on a one inch pipe. These type of measurements do
not have the resolution or discrimination of ultrasonics for detection of pitting and cracking.

With both of these direct measurement methods, a 10 mpy corrosion rate would take a
period of five weeks to reach even the threshold of sensitivity of the technique. It would
take considerably longer, typically ten times longer to be able to measure that rate with a
tolerable accuracy.

Surface activation, corrosion coupons and electrical resistance are fundamentally more
sensitive to metal loss because their measurement resolution is proportional to the specimen
thickness, and their measurement specimen is much smaller than the typical one inch pipe
wall. For example, an electrical resistance probe for an average 10 mpy rate would typically
have a 5 mil span. With an instrument resolution of 1 in a 1000 this gives a resolution of
0.000005", i.e. approximately 200 time more sensitive than a direct measurement method.
With this technique only 4.4 hours would be required to reach the threshold of sensitivity
of the technique. To compute such a rate of 10 mpy would take approximately 44 hours.

Corrosion Upset Detection

In plant environments, where it is possible to use electrochemical methods, the most widely
used electrochemical method is the linear polarization method. Figure I shows the graph
produced from an LPR CORRDATA(') logging system, shown in Figure 2 and 3, on a soda
ash plant testing a special corrosion inhibitor change-out. Here readings are being taken at
30 minute intervals with a battery operated data logging unit. Between 11:30 am and 4:30
pm on Oct 2nd, 1992 the corrosion rate went from 5 mpy to 200 mpy.

However in most process plants it is not possible to use electrochemical techniques, and

(1) Registered Trademarks of Rohrback Cosasco Systems
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here the only effective rapid detection method is the electrical resistance metal !oss
technique. Figure 4 and Figure 5 show the 28 day graph of metal loss against time of a
probe in a chemical plant. The system is part of an Integrated Corrosion Monitoring System
( ICMSV ) that continuously monitors a dozen points on the plant every five minutes.
Figure 2 shows that the average corrosion rate for the 28 day period is 8.7 mpy. This is not
an unreasonable corrosion rate and is the type of reading that would be obtained from a
corrosion coupon. From Figure 4 it is apparent that the corrosion rate was almost
exclusively a 57 mpy corrosion upset over a three day period from Aug 22 to Aug 25. With
this system, these upsets are detectable within hours even when using the ER metal loss
technique. The total metal loss in that three days was still only 0.0004 inch or about one
tenth the thickness of a piece of paper.

These characteristics are much more common than they are often recognized to be. This
is mostly because much of the monitoring is still done with coupons and other measurement
systems which attenuate the effect of these upsets because of their slow response. We see
the same effects in chemical plants, refineries, pipelines, pulp and paper, and nuclear
applications.

Conclusions

In many plant applications, there is still frequently a tendency to think of THE
corrosion rate, as though it is some constant value. This has been propagated to some
extent by these long time scale measurements, and the idea of a target corrosion allowance
for a design plant life. As continuous on-line real-time corrosion monitoring in plant
environments grows, it is increasingly obvious that very few corrosive environments are at
all constant. The largest proportion comprise various upsets or excursions. Developments
in electronic monitoring equipment have made it much easier to observe these upsets,
improve corrosion management, and assist plant life extension.

Although the enormous cost o corrosion is now estimated to be $220 billion per annum in
the USA alone, it is increu.ble to see that the total amount spent on in-plant corrosion
monitoring equipment worldwide we estimate is less than $30 Million. It really appears that
the economics of effective monitoring has not been put effectively to management in the
economic justification form that business management understands. As economics is the
basis for nearly all major business decisions, the onus on the corrosion engineer is to
develop and provide these economic justification methods for corrosion monitoring and
mitigation techniques. Even under the most conservative assumptions, there must be more
than sufficient justification to be able to invest in more and better monitoring equipment.
We need to prove how much these systems can save instead of just focusing on how much
they cost.

(2) Registered Trademark of Rohrback Cosasco Systems
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Abstract

The corrosion of ferritic steel is a phenomenon which affects many industries and
requires the outlay of significant capital investment. Corrosive environments may range
from simple atmospheric exposure to the more aggressive conditions of marine service
or process industries. All industrial areas are susceptible including power generation,
transportation, food processing and oil and gas sectors. A good example is the corrosion
of tank floors used in the petrochemical industry. Monitoring for the onset of corrosion
and periodically determining its extent allows greater efficiency in the use of
preventative measures and more accurate planning for plant maintenance and
replacement.

This presentation will describe the nature of the problem from the point of view of NDT
and will briefly assess the applicability of the main NDT methods to the detection and
monitoring of corrosion, i.e. penetrant, magnetic particle, eddy current, radiography and
ultrasonic testing methods.

Attention will then be focused on the use of automated and semi-automated ultrasonic
techniques to map corrosion. The necessary attributes of the instrumentation and the
relative merits of differing data acquisition techniques will be discussed and examples
of ultrasonic images from corrosion mapping will be given.

Introduction

Corrosion is a detrimental process which incurs a massive cost through enforced plant
replacement, preventative measures, monitoring, failures and reduced efficiency.
However, the American National Bureau of Standards (NBS) estimated in 1985 (1) that
15% (or $25 Billion) of their estimate of the total economic loss due to corrosion was
avoidable had state-of-the-art practices been employed. The implication of course is
that through the utilisation of advanced materials of construction, combined with
accurate reliable and non-invasive monitoring techniques, significant cost savings can
be real-ised.

A discussion of advanced materials is outside the scope of this paper, which will
concentrate on comparing a selection of commonly used non-destructive testing (NDT)
techniques suitable for monitoring corrosion, focusing ultimately on automated ultrasonic
corrosion mapping. It is convenient at this point to make some definitions of what forms
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of corrosion will be discussed and what will be meant by monitoring; both from the point
of view of NDT:
A) Wastage. This is a general volumetric thinning of material, e.g. "rusting". The

affected surface is rough and cratered. It is monitored by detecting the wall
thinning and it is quantified by specifying the affected surface area and remaining
wall thickness.

B) Pitting. This takes the form of isolated volumetric voids which break the affected
surface. It is monitored by detecting each pit and is quantified by specifying the
remaining wall thickness.

C) Hydrogen induced cracking I(HIC). This manifests itself as a planar buried
discontinuity oriented predominantly parallel to the vessel's wall. It appears
"stepped" viewed from the side (Figure 1).

D) Stress corrosion cracking (SCC). This is found mainly near welds where residual
stresses occur. Each crack is relatively small, tight and jagged breaking the
affected surface to which they are oriented predominantly normal.

NDT Techniques

It is not possible in this paper to describe all the techniques or all the different
variations applicable to the monitoring of corrosion. The discussion below describes in
brief the various techniques and their pertinent characteristics. Table 1 summarises this
discussion.
A) Visual. In conjunction with a physical dimensional survey, this is perhaps the

simplest and most readily understood form of NDT for corrosion monitoring. Its
main disadvantage is that access is required to the corroded surface. If that
surface is inside or if it is under lagging then it may not be economically viable to
gain access.

B) Penetrant Testing (PT). This is a technique by which visual inspection can be
enhanced by using a dye to reveal the presence of surface-breaking cracks such
as SCC (2). Clearly, access is required to the corroded surface which must be dry
and in good condition. Any abrasive preparation may peen-over the crack's open
end and thus precluding penetrant testing. Being essentially a visual technique, PT
is unaffected by material type and requires relatively little operator
training/experience.

C) Magnetic Particle Inspection (MPI). Like PT, MPI enhances visual inspection by
using magnetic phenomena to reveal the presence of cracks such as SCC which are
surface breaking or very near surface. Unlike PT however, MPI benefits from
abrasive surface preparation, which usually reduces the occurrence of "false-
calls", and can be applied underwater. Its main limitation is that only magnetic
materials (ferritic rather'than austenitic steels) can be inspected by MPI (3).
Further, a medium level of operator training/experience is required.

D) Magnetic Flux Leakage. This technique exploits the same principle as MPI in that
a magnetic field is induced in the inspected component's surface which, in the
vicinity of a near-surface flaw, will "leak" out of the surface. However, rather
than use magnetic particles and visual methods, inductive coils and/or Hall-effect
sensors are used to detect the "leaking flux" that is indicative of cracking. The
technique is therefore more rapidly applied than MPI and can more easily be
automated. Furillo and Polk (4) report the application of this technique to the
inspection of above-ground storage tank floors for soil side corrosion. Applying the
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technique from within the tank means that the sensitivity at the soil-side of the
tank floor will be rapidly reduced with increasing floor thickness, However, the
technique has been shown to be effective at floor thicknesses of 6mm. The
technique is poor for determining the extent of any wastage, pitting or cracking
because the degree of flux leakage is dependent upon many other factors such as
flaw geometry, variations in permeability and variations in coating thickness (such
as paint or liners). Although the technique can be applied rapidly using manually
propelled scanning assemblies, the technique is fairly specialised and the
availability of services relatively limited.

E) Eddy current testing (ECT). This technique is not dissimilar to the magnetic flux
leakage techniques above. However, rather than induce a magnetic field in the
material, an electrical eddy current is induced by placing a coil in proximity to the
component's surface which carries an alternating electric current. Changes in the
material's conductivity, caused by wastage, pitting or cracking, are sensed by the
same or similar coils. As this technique uses conductivity as its measurand it is
only applicable to conducting materials. Further, variations in permeability tend
to have a greater effect than variations in conductivity on the induced eddy
currents. Therefore, the technique is more easily applied to non-magnetic materials
such as austenitic steel, copper and aluminium. The technique has been used
extensively in industry for the detection of wall-thinning, pitting and SCC in heat-
exchanger tubing (5), though the use of multi-frequency "mixing" techniques for
estimating the through-wall extent of any flaws requires a relatively high level of
training and expertise.

F) Radiographic Testing (RT). This technique is termed volumetric because it is
sensitive to buried flaws. It is ideally suited to the detection of material loss such
as wastage and pitting but will be insensitive to HIC which will be oriented
perpendicular to the radiation beam. The technique will also be fairly insensitive
to SCC as they are so tight and small. One advantage of RT is that the resultant
radiograph provides a permanent record of the inspection from which the affected
area can be determined though no estimate of the through-wall extent (or height)
of any flaws can be made. The main disadvantages associated with RT are that
access may be required to both sides of the corroded wall and that ionising
radiation is inherently hazardous to health. Although operation of RT equipment
does not require too great a level of training, interpretation of radiographs
requires considerable experience and a fully trained and certified radiation
protection supervisor (RPS) must be available during testing (6).

G) Manual Ultrasonic Testing (UT). Whereas RT is a through-transmission technique,
UT is more often a reflection or pulse-echo technique. Hence, not only is UT a
volumetric technique, but the range information that is available allows an
estimate of the through-wall position and height of flaws to be made. The
technique relies on the transmission and reception of acoustic pulses in a direction
(or beam angle) relative to the scanned surface which can be selected. Popular
beam angles for manual UT are 0° (normal to the scanned surface) 450, 600, 700
and 900 (the so called "creep wave" which is concentrated on the scanned surface
just in advance of the probe). 00 or "straight beam" probes are used for detecting
wastage and pitting from the opposite surface and HIC from either surface while
angled beam probes are used for detecting SCC from the opposite surface (450,
600) or the corroded surface (700, "creep wave"). Obviously, LIT relies on there
being efficient acoustic coupling between the probe and the component. This
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requires a liquid couplant and reasonably good surface condition. Manual UT flaw
detectors display range and amplitude information in the form of an A-Scan
(Figure 2.) from which the operator determines whether indications are of
sufficient amplitude to be recordable and if so determines their range. Through a
process of "plotting-out" these indications and analysing their echodynamic
characteristics it is possible to determine the nature, length, height, position and
orientation of flaws in the component. Straight beam scanning can be simplified
in that the range to indications (indicative of remaining wall thickness) is of more
importance than the amplitude. Indeed, to meet the demand for simple-to-operate
ultrasonic flaw detectors for use underwater (offshore) for corrosion monitoring,
compact instruments with digital thickness readout have been developed (7).

The manual application of angled beam scanning for the detection of SCC is time-
consuming and laborious requiring a high degree of training and experience from
the operator who must assess each significant indication at the time of scanning
(regardless of the local environment which may be quite harsh) then report them
in some written form some time afterwards. Thus, the results of manual UT are
quite subjective and may vary significantly from one operator to another. The only
assurance that the client has that coverage has been achieved and all unacceptable
flaws have been reported, is that the operator is certified in accordance with a
nationally approved scheme and that the procedure followed was in accordance
with a national standard for manual UT. In other words, the client is totally
dependent upon the integrity and competence of the UT operator. Unfortunately,
there are no safeguards against operator fatigue and simple human-error.

H) Automated UT. The fundamental difference between automated and manual UT is

that with automated UT, probe position is measured in addition to ultrasonic
amplitude and range. Further, each of these properties are recorded by the system,
processed and displayed in a way which allows the operator to interpret the
indication some time after scanning. This relieves the operator of the burden of
interpreting each indication at the time of its detection and gives automated UT
these immediate advantages over manual UT:
- A much larger area can be scanned in a given time.
- A finer resolution scan (in terms of probe position) can be accommodated.
- There is a much reduced risk of inadvertently overlooking significant

indications.
- The resultant image produced allows the operator to dismiss large areas of

spurious "noise" and geometric echoes at once rather than taking note of
each indication breaking the timebase on the A-Scan as the manual operator
does. This has important implications when testing "grainy" materials such as
stainless steels.

- A hard-copy print-out can be obtained of the image thus providing evidence
that coverage has been achieved.

- Hard copies provide a "finger-print" of the component against which
subsequent automated inspections (carried out to exactly the same
procedure) can be compared allowing the spread (over time) of corrosion to

be monitored.
Automation also allows the scanning of a number of probes at once thus increasing the
probability of detection of flaws and reducing the occurrence of "false-calls". It also
allows the use of special probe configurations for the detection and sizing of cracking
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such as delta and time-of-flight diffraction (TOFD) (Figure 3). The non-linear
relationship between range and depth that is characteristic of TOFD can be
automatically corrected by the system.

A major disadvantage of using automated UT techniques is, that in Europe, there are no
national standards governing methods and no national certification schemes to qualify
those writing procedures and working to them. Consequently, clients often have to resort
either to "track-record" or very costly "round-robin" validation exercises to select NDT
contractors and to justify their procedures. Unfortunately, this lack of regulation can
often lead to one of the main advantages of automated UT being lost: its potential for
outstanding repeatability which is essential for periodic corrosion monitoring.

Automated Ultrasonic Corrosion Monitoring

The mode of operation of the equipment will depend largely on the type of corrosion
which is to be detected and/or sized.
A) Amplitude mode. If the system is required to detect SCC then angled beam probes

will be used, as for manual UT, and amplitude and range measurement will be
equally important ultrasonic measurements. In general, each indication recorded
will be assigned a colour (pixel, letter or number) in proportion to its amplitude
and will be positioned automatically (the software taking care of beam angle and
probe skew) in a 3-dimensional "part". This "part" represents a volume of the
component under test and the usual way to image it is in 3 orthogonal views
described (8) as the B,C and D scans. The C-Scan is a top view, the B scan an end
view and the D-Scan a side view (Figure 4). With many instruments, the B, C and
D scan views represent slices through the "part". The control of cursors allows the
interpreter to step through the "part" and view each slice. However, this requires
that data be stored for every block comprising the "part's" volume; i.e. for a
"part" 1000mm x 250mm x 40mm scanned with a 5mm probe-position resolution and
with lmm through-wall resolution there will be 400,000 blocks of data for each
probe. In a special case, called P-Scan ("Projection" Scan), the volume of data is
reduced by arranging for the B, C and D scans to represent projections of all the
largest amplitude indications onto the outer surfaces of the "part". In this case,
data is stored for every block comprising the surface area of the "part's" top, side
and end; i.e. for the above "part" there will be 20,000 blocks of data for each
probe. Clearly, this represents a significant reduction in data requiring processing
and storage. An example of a P-Scan image (amplitude mode) of a component
susceptible to SCC is shown in Figure 5; (the "echo views" represent histograms
of amplitudes across the relevant views).

B) Time-of-flight mode. If the system is required to detect wastage, pitting and HIC
then straight beam probes may be used and• range becomes more important a
measurement than amplitude. This range measurement is often termed the time-of-
flight of the ultrasonic pulse and the flaw detector's timebase is calibrated to
measure it in units of thickness, (mm or inches). Manual UT for corrosion
monitoring if often limited to a sequence of thickness measurements taken at
positions marked-out on a course grid on the surface of the component resulting
in a tabulated numerical indication of remaining wall thickness. Automating this
process allows these measurements to be made on a far finer grid thus increasing
significantly the probability of detection of isolated corrosion pits (7). In general,
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each indication recorded will be assigned a colour (pixel, letter or number) in
proportion to its time-of-flight or thickness and will be positioned automatically
in a 3-dimensional "part" as above. However, unlike in amplitude mode, in time-of-
flight mode, the C-Scan view conveys all the relevant information. This view is
often termed the T-Scan (Thickness Scan). Figure 6 shows a T-Scan image of a
corroded "part" of a ship's hull. The side view and end view represent histograms
of thickness across the relevant surface, i.e. the inner surface profile along the
cursors. In this case the T-Scan represents projections of all the minimum
thicknesses onto the top surface.

Similarly, Figure 7 shows a T-scan image of a component which has suffered from
HIC. Notice the change in "level" along the length of the image indicative of a
'stepped' profile which is characteristic of HIC.

C) Position measurement. To produce a C-Scan image, regardless of whether the flaw
detector is in amplitude or time-of-flight mode, it is necessary to encode the
position of the probe into mutually perpendicular axes in the plane of the scanned
surface.

If the component has a relatively simple geometry (such as a pipe, plate or
hemispherical dome) then a mechanical scanner can be attached to the component by
means of straps, vacuum cups or magnetic wheels (Figure 8). The probe or probes are
then traversed, usually in a raster pattern, in accordance with the required positional
resolution. The position of the probes at any instant is acquired by measuring the value
of two electrical encoders coupled to the probe assembly by some linear mechanical link.

If the component has a complex geometry (reducing elbow, around fixtures etc) it may
be impractical to attach a manual scanner like the one in Figure 8. To overcome this
limitation there are a number of special commercial systems on the market two of which
are described briefly below:
- ANDSCAN (9). This system utilises a scanning-arm assembly the base of which is

fixed by vacuum cups to some convenient surface near to that requiring to be
scanned. The probe is manually scanned at the end of an arm which is free to
rotate and slide at the base assembly and there is some vertical freedom to aid
compliance. The rotary and sliding axes are encoded and the software converts the
scanner's polar co-ordinates to the image's cartesian co-ordinates.

- SEESCAN (10). This system utilises a camera which is directed at the surface of
the component under test. The probe has a source of light attached which is
clearly resolvable on the camera's video image against the background of the
component's surface. As the probe is scanned, a videoprocessor algorithm is applied
to track the spot of light and its "X" and "Y" cartesian co-ordinates are passed to
the flaw detector part of the system where they are used to position ultrasonic
data on the resultant C-Scan image. In theory, any automated flaw detector
system could be linked to a camera system in this way as the video processor
emulates a pair of mutually perpendicular encoders provided that the
videoprocessor output is scaled and coded in a way which is compatible with the
relevant ilaw detector.

D) Calibration. Whether the flaw detector is used in amplitude or time-of-flight mode,
it is important to set some reference sensitivity. In amplitude mode, this is
normally done by following the same procedure as for the calibration of manual UT
flaw detectors except that the time varying gain (or distance amplitude correction
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- DAC) is automatic. In time-of-flight mode, it is normal to set the reference
sensitivity against a single reflector (such as a flat bottom hole - FBH) at a depth
equal to the wall thickness of the component under test. For the detection of
pitting, the scanning sensitivity requires to be just high enough to avoid grain-
noise or "grass" being recorded on the T-Scan. A typical level might be
approximately 6dB above "grass". For the detection and identification of HIC and
other laminations, the scanning sensitivity requires to be much lower. A typical
level might be equivalent to setting the second back-wall echo (BWE) to 100% full
screen-height (FSH). Automated flaw detectors normally allow the user to create
more than one image from a given probe which in turn allows the concurrent
acquisition of data at different sensitivities from a single probe.

Timebase calibration must be performed using the same criterion as the system's
software. If the system measures time-of-flight to an echo pulse's leading edge, then
the probe-delay must be established by measuring between consecutive pulse edges. If
the delay were to be established to the pulse's peak but the software records time-of-
flight to the pulse's leading edge then significant errors can be introduced because the
wavelength of ultrasonic signals are relatively large: (e.g. a 4MHz compressional wave
pulse has a wavelength in steel of approximately 1.5mm).

Position calibration is usually very simple with modern automated ultrasonic flaw
detectors. The procedure usually requires the operator to "zero" the system at some
datum then to move the probe(s) to some other position having entered either the co-
ordinates of the second position (relative encoders) or the direction of travel between
the datum and the second position (absolute encoders) with respect to the component
under test. The flaw detector's software is thereafter "aligned" and the resultant "part"
will resemble the actual component.

Concluding Remarks

If corrosion were to occur only at accessible areas of plant, and leaks and failures could
be tolerated, then there would be little demand for complicated NDT systems and
procedures. However, in reality, corrosion occurs where access to the corroded surface
is costly or where man-access may be hazardous. At the same time, there is increasing
legislative pressure to prevent leaking due to its inherent impact on the environment.
Consequently, there is an increasing market for rapid, objective, non-invasive, accurate
and highly repeatable NDT procedures for detecting the onset of corrosion, determining
the type of corrosion and monitoring its spread over time.

Automated UT techniques are not the be-all and end-all of corrosion monitoring but do
offer a viable alternative to many of the currently employed techniques. Automation can
reduce the time to perform an inspection, can reduce the number of personnel required
to perform the inspection, can provide a means for recording results and can increase
repeatability; all of which add up to potential cost savings and increased confidence in
NDT as a means of corrosion monitoring. Of course, there is a down-side. The
specification of automated equipments, the methods for the application of automated UT
and the certification of personnel are not currently addressed by national standards or
training schemes.
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Another distinct advantage of automated UT corrosion mapping is that resultant data
may ultimately be automatically assessed using a fracture mechanics approach to predict
very rapidly the integrity of the component. For example, the ASME 'B31G' (ii) or
'RSTRENG' (13) techniques could be applied in the case of piping.
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Figure 1. Hydrogen induced cracking (HIC).
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AUTOADAPTIVE EMAILTEST AZ90
FOR CORROSION MONITORING OF GLASS-LINED REACTORS

Hamert Jean-Marie
De Dietrich Equipement Chimiquý
67110 ZINSWILLER FRANCE

Abstract

In the Chemical and Pharmaceutical Industry, glass-lined vessels often contain very
corrosive and harmful products. To prevent major problems such as batch contamina-
tion, leakages or explosions, it is important to detect as soon as possible a failure of the
glass-lining.
The well-known electrolytic method of detection has been improved by using a
permanent comparison of a reference current passing between these electrodes and a
defect in the glass-lining.
This is made possible with the microprocessorised glass-guard to detect a leak rate
independent of the product conductivity, to be self monitoring and to give an evaluation
of the conductivity.
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Introduction

Glass-lined steel vessels are used in the chemical and pharmaceutical industry when the
chemical conditions are too harsh for other materials or when the products can be
contaminated by small amounts of metals.

As they often contain very corrosive and/or harmful products, it is easy to understand
the importance of a failure detection in the glass-lining.

The most usual way to detect failures in the glass-lining is the high voltage spark test
which is performed at 20,000 V during manufacturing and at 6,000 V when the vessel
is installed. Field tests which are generally performed once or twice a year are very time
consuming. Before entry is permitted for inspection, vessels have to be secured
according to confined space entry regulations and company safety procedures (electri-
cal lock-out, draining, cleaning). The main disadvantages of this method are
- the high cost of the downtime of a vessel or of a whole production flow
- the possibility for a vessel to be destroyed or heavily damaged between the inspections
The continuous monitoring of the glass-lining during the process is a good solution to
this problem as long as it is performed by using a reliable method allowing an early
detection of a failure.

This early detection may avoid big leakages in the workshop, dangerous mixtures with
heating fluids, contamination of valuable batches or explosions.

It also makes the defect potentially easier to repair and can in many cases save the cost
associated with a vessel change out.

The continuous monitoring of the glass-lining is based on the electric insulating
property of the glass and the electric conductivity of the fluids contained in the vessel.
If a difference of potential is maintained between an electrode in contact with the fluid
and the steel part of the vessel (figure 1) there is no current as long as there is no defect
in the glass-lining.

I. Basic principles

For a given voltage, the intensity of the leak current flowing between the electrodes and
the enamel defect depends on the conductivity of the fluid, the size of the defect and the
distance between this defect and the electrodes.

A. Influence of the conductivity of the fluid (figure 2)

The intensity of the leak current measured under 12 V D.C. for a defect size of 2.5 mm2

increases quickly up to a conductivity of 10 mS/cm and can be then considered as
constant.
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B. Influence of the size of the defect (figure 3)

The leak current increases with the size of the defect from 0.2 to 1 mm 2. A much slower
variation is noticed for larger defects.

C. Influence of the distance between electrode and defect

1. In a reactor: in the case of a low conductivity product the distance has a small
and negligible influence on the leak current.

For instance, a defect of 2.5 mm2 in a 4000 1 / 1,000 Gal. reactor containing a product
with a conductivity of 140 p.S/cm gives a leak current of 450 p.A at distance 0 and a
current of 400 gA at 2 meters (- 6 feet).

As soon as the conductivity of the product is higher than 2 m S/cm the distance has no
more influence.

2. In pipes: (figure 4) Distance has a strong influence which decreases when the

conductivity of the product increases.

D. Influence of tantalum repairs

When placed at the positive pole of a generator, tantalum has the particularity to cover
itself with a very thin insulating layer (0.1gj) of tantalum oxide Ta 2 05 by anodic
oxidation.
We can follow this phenomenon on figure 5 and notice that it takes a long time and, that
even completed, it needs a small current~intensity (2 pA/cm2) to maintain the passivation.
The passivation of tantalum is not always possible, particularly in bromine compounds,
hot nitric acid or in presence of abrasive products.
For these two reasons, it is necessary to insulate large tantalum repairs from the steel
base by using insulating inserts in ceramic or high temperature polymers.

II. First Emailtest generation

The most simple way to detect an enamel defect is to place a limit switch
amperometer in the monitoring circuit. This was the working principle of the first
generation of Emailtest in which the tantalum thermowell or a tantalum ring was used
as electrode (figure 6). According to the basic principles we have seen, with this
method, a small defect in a product of high conductivity gives the same signal than a
lakge defect in a product of low conductivity and it is impossible to follow the evolution
of a defect.
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IIl. Auto adaptive Emailtest AZ 90

A. Working

As previously seen the leak current in a vessel is dependent on the conductivity of the
product and on the size of the defect. The Emailtest AZ 90 has been designed to give
an output signal proportional to the size of the defect and corrected of the variation of
conductivity in the range 0.1-20 mS/cm.

Two platinum electrodes insulated from the ground are placed on the glass of the stem/
head assembly of the outlet valve or on the baffle (fig. 7). By maintaining an alternating
current between these electrodes one obtains a reference current (Iref) proportional to
the conductivity of the medium. At the same time, the Emailtest maintains a direct
voltage between the electrode and the mass of the vessel. When a defect appears in the
lining, a leak current (If) occurs, the intensity of which varies with the conductivity of
the medium and the size of the defect.

Using these two values, Iref and If, and a linearization table, the microprocessor
calculates an absolute leak rate (Tabs) independent of the medium's conductivity in the
range 0.1-20 mS/cm. See figure 8 for some sizes of defect the variations of the leak
current If and of the absolute leak rate Tabs in function of the conductivity. The
absolute leak rate Tabs calculated by the microprocessor remains constant : this is the
basis of the Emailtest AZ 90's autoadaptivity.

The main functions of the Emailtest are summarized in fig. 7.
Seven parameters can be displayed alternatively.
The reference current Iref is used in conjunction with the K factor of the electrodes
(calibrated in our plant) to compute the conductivity of the solution (Cond). An
adjustable threshold "CONTROL" placed on this circuit permits to signalize through a
relay output the presence or the absence of the minimum conditions of detection.
The Emailtest AZ 90 is self-monitoring.
The absolute leak rate Tabs can be recorded through an analogical output 4-20 mA. The
initial value of the absolute leak rate can be shifted to zero in order to eliminate small
leak currents due to small tantalum repairs or tiny leakages at gaskets. This shift to the
absolute leak rate Tabs gives the relative leak rate Trel. The adjustable threshold
"ALARM" is set to this value (relay output and Led).
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B. Advantages

The high sensitivity of the measuring circuit makes it possible to detect a tiny defect of
0.2 mm 2 in a product of low conductivity (0.1 mS/cm). When combined with a suitable
data treatment, this allows for the detection and the follow-up of a defect. Thus
avoiding the errors due to conductivity variations of the product or fouling of the
electrodes.
The cleanliness of the electrodes can be followed by the measurement of the reference
current in given conditions of conductivity.
The connection of the Emailtest AZ 90 into a supervisory station makes it easy to follow
all these parameters and to avoid alarm errors due to earthing during filling or
emptying.
The programming of the system (calibration, alarm adjustment and control threshold)
is easily executed on the apparatus by using a three languages assistance.
The explosion-proof protection is assured in intrinsic safety by a Zener barrier. The AZ
90 system and the different types of probes are already certified for Europe by the
French "Laboratoire Central des Industries Electriques". It has been submitted to
Underwriters Laboratories in order to be UL listed.

C. Limits of use

A failure situated in the vapour phase above the liquid level cannot be detected even it
condensation is flowing down since these are often thin films of high electric resistance
or individual drops. To check these parts, vessels have to be filled up completely from
time to time.
Big Tantalum repairs have to be insulated from the ground and in this case their
tightness is also checked by the Emailtest.
The monitoring of glass-lining in continuous processes is not possible by electrolytic
method because generally product can be earthed in many places.
At that time there is no method available to work in these conditions.

IV. Conclusions

The use of an updated technology to improve the reliability and sensitivity of the
electrolytic control of the glass-lining led to the development of the Emailtest AZ 90
which is self-adaptive and self-monitoring.
The continuous monitoring capabilities, thus allowing for an early detection of the
glass-lining failure, not only can save repair or downtime costs, but also increases the
safety protection to the plant personnel and the environment.
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ABSTRACT

The addition of rare earth (RE) elements favorably influences the
oxidation behavior of high temperature alloys. Various
explanations have been put forth to account for the reduction in
scale growth rates and scale failures. Some have been verified for
specific systems. This paper presents the influence of superficial
arý7lication of RE oxides and alloying additions of RE elements and
oxides on the oxidation behavior of chromia forming alloys. The
role of RE elements on chromia scale growth has also been
discussed. Superficial application of RE oxides and concentrates
of Y and Ce improved isothermal and cyclic oxidation resistance of
the relatively low Cr steel (AISI 304)but not that of the high Cr
steel (AISI 310). The oxides of Y, Ce, Nd, La, Smj and Gd
influenced oxidation resistance in decreasing order. Alloying
additions of CeO,. Y 203 Ce and Y enhanced oxidation resistance of

the Fe-Cr alloy in increasing order. In the presence of Y, Ce or
their oxides, the scale was thin, fine grained and adherent
chromia. The main stages by which oxidation resistance is enhanced
are probably incorporation of the RE element in the oxide scale
followed by their segregation to scale grain boundaries and
consequent. modification in ionic transport properties.

K Ty Trm Rare earth elements, oxidation, stadnless steels,

chromia.

Introduction

Alloys or metallic coatings used in high temperature oxidative
environments rely for their protection on a continuous and slow
growing oxide scale. Ideally, these scales should be non volatile,
adherent, coherent, stress free, pore free, crack free and have
low defect concentrations for the transport of species. Commonly.
three oxides have such capabilities, Cr 2 0 3 , Al 203' and SiO2 . All

three are used in practice and the former two, Cr 2 03 and AI 2 0 3 , to

a much greater extent than the latter.
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The addition of small quantities ( 1%) of certain oxygen reactive
elements to high temperature alloys is well known to reduce
oxidation rates and increase scale adhesion. Several mechanisms
have been proposed to account for the beneficial effects of adding
the reactive elements. These include: (a) mechanical keying
through formation of oxide pegs into the alloy (1), (b) promotion
of preferential anionic diffusion rather than cationic diffusion
in the scale, and thus oxide growth at a different interface
(2-5), (c) formation of graded oxide or interlayers containing the
reactive element (6), (d) reduction in accumulation of voids at
the alloy./scale interface (7,8), (e) enhancement of scale
plasticity by modification of the structure (9), and (f)
inhibition of segregation of sulphur to the alloy/scale interface
(10). Some of these explanations have been verified for specific
alloys to which specific reactive elements have been added under
specific conditions.

In most of the investigations, the rare earth (RE) elements were
added either in metallic form or as oxide dispersions to the alloy
(11,12). In some investigations, RE elements were introduced into
the surface by ion implantation techniques and in others applied
as oxides to the surface by various techniques (2-5,13-19). The
application of RE elements to alloy substrates has the advantage
of not affecting adversely the mechanical properties of the
substrate alloy.

In this paper the influence of (a) superficial applicati'on of RE
oxides, (b) alloying additions of RE elements, (c) additions of RE
oxide dispersions to FeCrNi alloys and (d) superficial application
of RE oxides to Si containing FeCrNi alloys has been studied, to
extend the data available and address the effect of RE element
addition on high temperature oxidation behavior of chromia forming
al loys.

Methods and Materials

Commercial grade AISI 304 (Fe-18Cr-8Ni) and 310 (Fe-25Cr-2ONi)
sheet specimens lxlxC.3 cm were ground to 400 grit, degreased,
rinsed and dried prior to applying the RE oxide. The RE oxide was
applied by heating the specimen to 200 C followed by immersion in
saturated RE nitrate solutions and drying at 200* C for 10 min
(20). Oxides of Ce, La, Gd, Nd, Sm and Y as well as oxide
concentrates rich in Ce and Y (as shown in table I) were
applied. The specimens were isothermally oxidized in air at 900 C
and 10000C for up to lOOh. AISI 304 and 310 specimens covered with
RE oxides of Nd, La, Ce and Y were also tested for cyclic
oxidation resistance.Each cycle consisted of 6h at 1O000C followed
by cooling in air outside the furnace to room temperature.

The conjoint influence of Si as an alloying element and
superficia]ly applied RE oxide on the oxidation behavior of FeCrNi
alloys was studied. In these tests CeO 2 was appl.id to Fe-18Cr-BNi

allc:Yv containing 0.6 to 4.7 wt% Si and the oxidation behavior E.t
OI C'0)0C in air for 20h was investigated.
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The effect of alloying additions of elemental RE and RE oxide
dispersions to Fe-Cr alloys on oxida tion behavior has also been
studied. Fe-29OCr alloys containing (a) O.lwt% Ce or Y prepared by
vac~uum induction melting and 1b) lwt% CeO, or Y20 3 dispersoids

prepared by cold compaction from elemental powders and sintered.
The alloys were subsequently homogenized in vacuum at i000* C for
20h, 2mm thick specimens were cut, ground, rinsed, dried and
oxidized in air at 1000°C for 20h.

In all experiments, the weight gain measurements were made either
in a thermogravimetric balance or with a precision balance
followed by examinations of the surface morphology of the oxidized
specimens in a SEM coupled to a quantitative energy dispersive
(EDS) system.

Results

Surface Addition of RE Oxides

The thickness of the deposited RE oxide was typic~ally 21-4/am and
its structure depending on the composition of the oxide and
condition of the substrate,consisted of either separate, clos-:ely
packed grains or fractured platelets. Similar observations were
made elsewhere (16). The Ce and Y oxides were found as closely
packed grains.

The oxidation behavior of AIST 304 Covered with RE oxide.- and Ce
and Y concentrates at 1O000'C is shown in figure 1. Straight lines
have been lased to join the points, since the measurements• were
discontinuous. Superficial application of RE oxides reduced the
extent of oxidation, with Y and Ce oxides resulting in the highest
overall oxidation resistance. The Y and Ce concentrates also
r'educed the extent of oxidation. The reduced influence of the
concentrates is due to the presence and distribution of the other
RE elements with reduced and/or detrimental influence on alloy
oxidation. The oxides of La, Nd, Sm and Gd influenced oxidation
rate-- to lesser extents and in decreasing order. The isothermal
oxidation behavior of RE oxide covered AISI 304 at 900°C in air is
shown in figure 2. Superficial. addition of any of the RE oxides
results in significant reduction in the extent and rate of
oxidation of AISI 304. Y and Ce and their concentrates exercise
greater influence than the other two oxides and La 2 03 had greater

influence than Nd 20 3. Figure 3 shows the isothermal oxidation

curves of AISI 310 at 900'C. All the curves lie within a narrow
band, indicating limited influence, if any, of the surface
deposited oxides on oxidation behavior.

The cyclic: oxidation behavior of AISI 304 covered with oxides of
Y, Ce, Nd and La is summarized in Table 1. In the presence of Y or
Ce oxides, the scale is more resistant to spailing and is due
mainly to the formation of thin fine grained Cr20 3 on the surface.
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The influence of' the conjoint presence of Si and CeO, on the

extent of oxidation is shown in figure 4. It can be seen that at
1000C the extent of oxidation did not vary significantly with Si
content. However, at. higher temperatures. the oxidation rate
decreased with increasing silicon. The superficial application of
CeO. to these alloys did not result in any notable change in

oxidative weight gains. The increase in oxidation resistance with
increasing Si is probably due to formation of both Cr 2 0 3 and SiO2..

Alloy Additions of Rare Earths to Fe-2OCr.

The effect of RE element addition or RE oxide dispersoids to
Fe-20Cr on oxidation at 1000C is shown in figure 5. The addition
of Ce or Y in elemental form has a greater influence on reducing
the oxidation rate of the alloys than the addition of ceria or
yttria dispersoids. In either form, Y reduced the oxidation rate
more than Ce.

Oxide Morphology

Optical and scanning electron microscopic studies on oxidized
specimens were carried out. The outer oxide surface on RE free
AISi 304 oxidized for 20 h at 1O000C revealed spikes of iron rich
oxide (figure 6a), whereas close to the alloy/scale interface a
fine grained structure was seen. SEM/EDAX measurements on sec:tiocn.
of scale formed on AISI 304 showed a duplex scale consisting of a
mixed oxide above a chromia layer. After oxidationt surface
deposited RE oxides were observed at the oxide/gas interface,
indicating that the deposited oxide was pushed outwards as the
scale grew (figure 6b). The RE oxide particles on the scale
surface were 5-25um in size and randomly distributed. Tho marked
improvement in the overall oxidation behavior upon addition of Y.
Ce, La or Nd, is due to the formation of fine grained Cr2,.03 as

shown in figure 6c.

The addition of RE oxide to AISI 310 did not alter the c.xide
morphology. Fine grained Cr 2 0 3 similar • o th4at shown in figure 6:

was observed on both the RE oxide covered and RE free AIS! 310
oxidized for 20h at 1000"C.

The surface of oxidized AISI 304 covered with Ce or Y concentrate
revealed on different regions of the surface either spike like
iron oxide, rounded fine grained chromia or a mixture of both. The
mixed morphology of the scale is due to the presence of RE
elements with varying influence on scale growth.

General Discussion

Superficial application of RE oxides tc, AIST 304 improves the
overa I oxidation resistance. The RE eleient& in increacýing order
of infiuence on the oxidation behavior ar'( Gd. lnj, Nd, La. Ce ard
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Y. The scale formed on (a) the Y2 0 3 covered alloy consisted of a

thin layer of fine grained chromia, (b) the CeO2 covered alloy,

predominantly chromia with some iron oxide and (c) the other RE
c,:j.de covered alloys, mostly chromia with increasing amounts of
iron oxide. The morphology and thickness of the scales on both RE
oxide covered as well as RE oxide free AISI 31_0 (Fe25Cr2ONi) were
similar and consisted of fine grained Cr 2 0 3 . Thus superficial

application of RE oxide exercised greater influence on the
oxidation behavior of low Cr alloy, which normally forms
discontinuous chromia scales. Hou and Stringer also observed that
in the presence of surface deposited RE oxide continuous and
adherent chromia scales form on alloys which normally form
discontinuous scales (16).

Even though a significant part of the superficially applied RE
oxide on AISI 304 was found at the scale/gas interface, the
formation of fine grained chromia on specimens covered with CeO2

or, Y•O3 and not. on specimens free from RE oxides cotld be

att4ributed to the presence of the RE oxides. These RE oxides may
be acting as scale nucleation sites. The presence of RE oxide in
the growing scale has been reported (16,21). The surface applied
RF oxide probably influenced scale growth in a manner similar to
when FE elements were added to the alloy. In this study, the
extent. to which RE elements influence oxidation resistance, was
found to he highest when present. as an alloying element. It is
well known that. the RE elements added to the alloy become

ncorp-:rated into the chromia scale as an oxide (16). It. has been
suggested that the RE oxide in the scale forms spinels (depending
c-n their solubility) followed by dissociation to the RE ion, and
segregation to grain boundaries where they slow the outward Cr ion
movement (3). Even though direct evidence of these phenomenon are
yet. to be confirmed in this investigation, the observed variations
in the extent of influence of the different RE element., on
ox:idat.ion behavior could be attributed to their diffusion brhavior
2n the s-:aie.

The addition of RE oxides as dispersoid: to chromim for,-n, -rJ oy:
also improves- oxidation resistance. This has been observed in this
investigation and elsewhere (22). The improvement in oxidation
behavior is poslsibly brought on by the dispersoids acting az:
cation vacancy sinks (remote from alloy/scale interface)(23). The
improvement may also be attributable to the dispersed RE oxide
particles in the alloy acting as heterogenous nucleation sites
(8). Thus the time required for subsequent lateral growth
processes to link nucleii and form a complete protective layer is,
less.

In this investigation no peg formation was observed.Howeverbased
on the observed differences in scale morphologies and grain
si--e between the RE containing and RE free alloys th- improved
adhesion may be attributed to increase in scale plasticity.
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Conalusions

1. Superficial application of RE oxides and concentrates of Y and
Ce to AISI 304 increases oxidation resistance.

2. Cerium and yttrium oxides resulted in highest isothermal and
cyclic oxidation resistance. They promoted the formation of
fine grained chromia on AISI 304.

3. The oxidation behavior of Si containing Fe-18Cr-8Ni alloys was
not affected by superficially applied ceria.

4. The addition of O.lwt% Ce or Y or lwt% of their oxides as
dispersions to Fe-2OCr improved their oxidation resistance.
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Table I. Composition of oxide concentrates

Element Y concentrate (wt%) Ce concentrate (wt%)

Y 78 2.5
Dy 14 1.2
Gd 2 10.0
Ho 2 -
Tb 1.5 -
La - 14.5
Ce 37.5
Nd 23.0
Sm -11.3
Eu 0.25

Table II. Cyclic oxidation resistance of RE oxide coated
AISI 304. Each cycle consisted of 20h at 1000C.
S - Spalling, NS - No Spalling

Rare Earth Specimen after cycle
Oxide

1 2 3 4 5 6

"Y203 NS NS NS NS S S

CeO2  NS NS NS S S S

La 2 0 3  NS S S S S S

Nd 2 0 3  S S S S S S

Figure 1. Isothermal oxidation behavior of AISI 304 with surface
deposited RE oxides at 10000C.
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Figure 2. Isothermal oxidation behavior of AISI 304 with surface
deposited RE oxides at 9000 C.
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Figure 3. Isothermal oxidation behavior of AISI 310 with surface
deposited RE oxides at 9000*C.
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Figure 5. Isothermal oxidation behavior of Fe-2OCr at 1000*C
with and without additions of O.lwt% RE elements
and lwt% RE oxides.
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Figure 6. Scanning electron micrographs of outer oxide surface
on AISI 304 specimens oxidized at 1000*C.
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Abstract

The low pressure plasma spraying (LPPS) metal-oxide diffusion barriers have been in-

vestigated in present paper. It was found that the retardation of interdiffusion is related

to the amount of oxides in the diffusion barrier layer, the larger the volumc fraction of
oxides, the greater the effectiveness of diffusion barriers, and the post-aluminized

treatment can improve the effectiveness of diffusion barriers in reducing interdiffusion

between coating and substrate. Based on the above results, it is proposed that the
effectiveness of diffusion barrier layer is mainly decided by (1) the volume fraction of

oxides in the barrier layer, and (2) the ratio of total volume diffusion flux to total short

circuit diffusion flux. The calculated results of a modified model established on the basis

of the above proposal and Luthra's model are in agreement with the experimental ones.

KEY WORDS: coating, diffusion barrier, interdiffusion
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Introduction

In gas turbine engines the degredation of aluminide coatings that are used to protect

superalloy components from oxidation and hot corrosion usually results from the deple-

tion of aluminium in the coating by aluminium oxide scale spallation and from the de-

pletion of the aluminum rich coating by the interdiffusion into the substrat. The latter

mechanism is often predominant above 1 100l [1] . This problem may be solved if a

barrier layer could be formed between the coating and the substrate that will prevent the

interdiffusion. Recently many diffusion barriers have been studied, among which there

were intermediate alloys [2,3] and refractory metals etc. [4-6] , but none appeared to be

successful above 1100l. Another method was to interpose a single nitride or oxide lay-

er [7,8] . Such a layer might be brittle and might have a different thermal expansion

coefficient from that of the underline substrate, which can cause spallation of the coat-

ing. Recently a diffusion barrier metal-oxide cermet has shown promise [9,10] , but so

far there are no systematical studies on it. In this paper, the effectiveness of the

metal-oxide diffusion barrier in blocking the interdiffusion between the outer coating

and the substrate has been investigated with the Ni-based superalloy Ml 7F(') as a

substrate, Ni30Al-O.5Y as an outer coating, and NiI5A1-Y 20 3 metal-oxide cermet as

diffusion barriers.

Experimental Procedure

Three metal-oxide cermet powders used as diffusion barriers were prepared by means

of mechanical alloying with the compositions of Nil5A1-0Y20 3 , Nil5A1-8Y 20 3 and

Nil5A1-30Y 20 3 (wt-%), respectively. The barrier layers and then the outer coating,

Ni30AI-0.5Y, were coated with the thickness of about 40/an and 60jm respectively on

the substrate M 17F, which was ultrasonically washed and gritblasted before the coating

was applied, by low pressure plasma spraying(LPPS). The duplex coatings are called

LPPS samples for short. Some of the LPPS diffusion barrier coatings were diffused in

vacuum at 1130t for 2h, and then aluminized in pack at 9001C for 3h (simplified as

post-aluminized samples), in order to increase the compactness and aluminium content

of the outer coating and diffusion barrier.

For getting rid of the dilution of aluminium of the outer coating by oxidation, the

(1) The composition of the MI7F alloy was 9Cr, 9Co, 4.7AI, 4.3Ti, 3.7Ta, 3.9W, 2.OMo, 0.11C,

0.01B, balance Ni (wt-%).
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specimens both before and after aluminizing were diffused at 11301C for 10 h in vacuum

at the pressure of I x 10-3 Pa. The composition profiles of Al, Ni, Co, Cr, Ti etc. have

been quantitatively measured by EPMA across the specimen. The metallograph was

used to observe the microstructure of the outer coating and diffusion barriers.

Results and Discussion

The effect of oxide fraction on the function of LPPS diffusion barrier

During the diffusing process in vacuum, the aluminium diffused from outer coating into

the substrate, while Cr, Co, Ti etc. diffused from the substrate into the outer coating.

Fig. I shows the variation of Al and Cr content versus depth for LPPS diffusion barrier

coatings which diffused at 11301C for 10 h in vacuum. It is thought that a greater oxide

fraction, a more effective diffusion barrier in blocking the interdiffusion [9]. But it can

be seen in Fig.l that the difference of the effectiveness among O%Y 20 3, 8%Y 20 3 , and

30% Y 20 3 diffusion barriers is very small. The same results were obtained for diffusion

barrier in inhibiting the diffusion of Co, Ti etc. This implies that the oxide fraction for

the LPPS samples has little effect on the function of LPPS diffusion barrier.SEM and

metallograph of LPPS samples showed that there were a few pores in outer coating, but

diffusion barrier layer is porous and loose with small grains. This indicates that there

were inner surface diffusion and interface diffusion . The percentage of short circuit dif-
fusion (mainly including interface diffusion) has more layer than that in general states,

which can explain the fact that the oxide fraction has little effect on the fraction of

LPPS diffusion barrier.

The effect of alnminizing on the function of LPPS diffusion barrier

After aluminizing at 9001 for 3 h, the Al content in the outer coating and the diffusion

barrier increased. For the diffusion barrier coatings with different Y20 3 fraction, the Al

content profiles are roughly the same. Fig.2 shows the metallograph of the aluminizing

LPPS diffusion barrier coating diffused at 1130!I for 10 h in vacuum. In the specimen

containing 0% Y20 3 , the width of the diffusing band at the barrier / substrate inter-

face is about 25 pm. In specimen containing 30%Y 20 3 , the diffusing band is obviously
narrower than the former. Fig.3 shows the variation of Al and Cr content versus depth

for aluminized LPPS diffusion barrier coatings diffused at 1130tI for IOh in vacuum. It

indicated that the more the oxide fraction in the barrier is, the less the loss of the Al con-

tent in the outer coating, and the lower the Cr content in the outer coating which dif-

fused from the substrate. The effectiveness of the diffusion barriers in blocking the

interdiffusion increases with the oxide fraction. Comparing Fig.3 with Fig.l, it can be
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found that the aluminized LPPS diffusion barrier containing 30% Y 20 3 is more effec-

tive in retarding the interdiffusion than that without aluminizing. This indicates that

aluminizing increases the effectiveness of the diffusion barrier. The metallographs ob-
tained from the post-aluminized samples showed that the state of the diffusion barrier

after aluminizing is near to that of the outer coating. Compared with the LPPS samples,

the aluminizing made pores decrease obviously, loose state be improved greatly and

grains grow evidently, therefore lessened the pathes of short circuit diffusion

distributively.

The mechanism of the diffusion barrier

A model was proposed by Luthra [9] that oxides dispersed in metal base can decrease

diffusion section, lengthen diffusion path and then retard element diffusion. However,

the interface diffusion was overlooked, and the effect of dispersed oxides on interface

diffusion was not discussed in the model.

The results of above experiments prove that the role of diffusion barrier has a close rela-

tion to the state of barier layer. The diffuison barriers of LPPS 8% and 30% samples

show little effect on the diffusion of Al, but ones of post-aluminized 8% and 30% sam-

ples retard the diffusion of Al greatly. That the diffusion speed of Al in LPPS samples is

independent of the amount of oxides in the barrier indicates that there must be a leading

diffusion way and that the dispersed oxides have no effect on it in the barrier layer. It is
reasonable to consider the leading diffusion way as short circuit diffusion (including in-

terface diffusin mainly, but excluding dislocation diffusion) according to the difference
in the diffusion speed of Al, in the role of diffusion barrier to retard the diffusion of el-

ements and in the state of the barrier between LPPS and post-aluminized samples. In

fact, if the size of oxides is similar to that of metal, the oxides do not disperse in the in-
terface to influence interface diffusion, not lessen pores to decrease inner surface diffu-

sion, not lower the number of interface, and not lengthen the pathes of interface diffu-
sion. The dispersed oxides can only decrease the number of volume diffusion, and

lengthen the pathes of it. Actually, the size of oxides is smaller than that of metal grains,

therefore, the dispersed oxides raise the number of interface, which partly cancels out

the role of diffusion barrier. The addition of oxides turns some metal-metal interfaces

into metal-oxide interfaces and changes the properties and width of them.

Therefore, it is considered that the role of metal-oxide diffusion barrier to retard the

diffusion of elements depends on the following factors: (1) the amount of oxides dis-
persed in diffusion barrier-the more the oxides, the more the section of volume diffu-

sion decreases, the longer the pathes of volume diffusion, and the stronger role of the

retardation; (2) the ratio of total volume diffusion flux to total short circuit diffusion
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flux in barrier layer- the greater the ratio, the smaller the short circuit diffusion and the
stronger the role of diffusion barrier. When the short circuit diffusion becomes predom-
inant, the barrier does not retard the diffusion of elements. When the short circuit diffu-
sion can be omitted, the role of the barrier reaches the maximum, which agrees with
Luthra model.

The modified model of metal-oxide diffusion barrier

Generally, the diffusion of metals through oxide is in the orders of magnitude slower

than through metals. Therefore, Luthra [9] expressed the diffusion flux of metal through

metal-oxide diffusion barriers as follows:

J =_D_[-C
r Ox

where f is the volume fraction of metal in the diffusion barrier, T is a tortuosity factor

that increases the effective diffusion distance due to the addition of oxides, and it can be

set from 1.5 for low amount of oxides in diffusion barriers to 10 for high amount of ox-

ides.

According to the above analysis of the mechanism of diffuison barriers, the diffusion of

elements through short circuits should not be neglected, and the oxides have the effect

on short circuit diffusion and on volume diffusion in a different way. When the size of

oxides is almost equal to that of metal phases, the addition of oxides does not inhibit the

short circuit diffusion, only reduces the diffusion section and increases the diffusion dis-

tance. Therefore, the volume diffusive flux in diffusion barriers can be expressed in the

same way as Luthra's.

J = - D fac
vTC OX

where DV is the volume diffusion coefficient. Since the oxides do not block the short cir-

cuit diffusion, the flux of short circuit diffusion can be represented as

J=-D fOC

"ST Ox

where D9 is the short circuit diffusion coefficient and can be expressed as

D = .,S D,
I-I g

here, n is the number of the manners of short circuit diffusion (not including the dislo-

cation diffusion), S. the total short circuit diffusion sections, and S, and D, are diffu-
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sion section and diffusion coefficient respectively for certain short circuit diffusion.

Supposing that the concentration gradient of short circuits is the same as that in grains
(actually, the former is a little less than the later, but the difference is negligible), the to-
tal diffusive flux can be expressed as

S-f S C _ ofrfC
J=--V-- s + SD) = DS t "T St s ax 2t

where S, is the volume diffusion section, and St the total diffusion section.
The interdiffusion between the substrate and the diffusion barrier coating can be
approximately considered as an one demension diffusion problem in a triple media. For
the sake of simplifying calculations, the diffusion equations in a binary media have been
solved with the aid of Ozisik's calculated results of thermal conduction equations [6].

Atx=O

__,1 2f 0 [D, I D2 - fif ,(2n + OX

C1  DID 2 "lD no 0 ( D I D 2 "f I[2D-t

Here:

X, the distance from the surface of the outer coating.

t the diffusion time

C(o,t) the surface concentration of any'composition in the outer coating at t.

C, the surface concentration at x = 0 and t = 0

f the metal content in the diffusion barrier

D, the diffusion coefficient of any composition in outer coating.

D 2 f , Dff the efficient diffusion coefficient of the diffusion barrier.1)2- f

Most coatings provide protection against oxidation by the formation of a continuous

alumina layer [13] . A simple way to discover whether an alumina layer can form on the

surface is to consider the aluminium concentration on the surface. Therefore, the

effectiveness of a diffusion barrier can be ascertained by measuring the concentration on

the surface as a function of time. It can be assumed that a coating loses the protective

ability when the aluminium concentration on the coating surface decreases to sixty

percent. Fig.4 shows the effect of oxide fraction in diffusion barriers on the coating life

with different ratios DI/(Sg/St) Dg , here (Sg/St) D. is short circuit diffusion
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coefficient with the effect of diffusion sections. Let T = 3, and DV = 3.5 x 10 -o C° 2 / s
(the diffusion coefficient of aluminium through Ni5wt-%Al alloy at 11301C [14]). In
Fig.4, it is showed that the effectiveness of diffusion barriers increases with the oxide
content, but the increment of the effectiveness varies with the ratio of DV / (Sg / S)Dg •
When the short circuit diffusion is the path of diffusion (ratio = 0.1), the coating life
does not obviously vary with the oxide fraction. When the volume diffusivity is equal to
the short circuit one, the effectiveness of diffusion barrier is small, and the barrier con-
taining 50 wt-% oxide only increaes the coating lift by a factor of 0.47. When the vol-
ume diffusion is dominant, the effectiveness of diffusion barrier increases significantly,
which is in agreement with the above experimental results, and the barrier containing
50 wt-% oxides increases the coating life by a factor of 1.9. The post-aluminizing ob-
viously reduces the short circuits, and the diffusion barrier function is similar to curves 1
and 2 in Fig.4.
Fig.5 shows the effect of D. / (Sg / S)Dg on the coating life for a coating with 50 wt-%
oxide. The more the ratio, the more effective the diffusion barriers. When ratio is below
0.1, the effectiveness of diffusion barrier changes slightly. When it is beyond 40, volume
diffusion is the dominant way, and the effectiveness hardly increases with the ratio.
When it is equal to 10, the volume diffusion coefficient is an order of magnitude higher
than the short circuit one, but the effectiveness varies with the ratio greatly (Fig.5). Due

to Dcff=([ 1( , +-D ), and f/l < 1, the effect of short circuit diffusion increases
T S t

S
relatively. At T = 3, f= 0.5, f/l = 0.17, and -S- D g = 0.1D v, the short circuit diffusion

t

still shows a relatively strong effect on the diffusion barrier function. The more the ox-
ide content, the less the f[ T, and the greater the relative effect of the short circuit diffu-

sion. Thus, the effect of short circuit diffusion on diffusion barriers could not be neg-

lected, although the volume diffusion is stronger than the short circuit diffusion at high

temperatures.

Conclusions

(1) The oxide fraction in the diffusion barrier has little effect on the function of
LPPS diffusion barrier, and after aluminizing the function obviously increases with the

content of oxides.
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(2) There are higher porosities in LPPS diffusion barrier coatings. The short circuit

diffusion should be considered in discussing the diffusion mechanism.
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Abstract

The investigation of the sulfidation of Fe-25Cr-9Mn alloy in H 2-H 2S mixed gases, with the sulfur par-
tial pressures in the range 10-3 to 1Pa at a temperature of 800"C, has been carried out. The reaction kine-
tics of Fe-25Cr-9Mn were measured by a quartz spring thermobalance and compared with that of
Fe-25Cr. It has been found that the addition of 9Mn(w / o) enhanced the sulfidation resistance of the
Fc-25Cr alloy, but the benefit was not significant. Multilayered sulfide scale formed on Fe-25Cr-9Mn.
Although a rather thick a-(Mn,Fe)S layer formed on the alloy, it did not act as an effective barrier to the
outward diffusion of Fe+2 and Cr+3 cations, since it was highly defective due to doping by Fe+2 and Cr÷3.
The influence of the demixing of sulfide scales and the effect of the addition of managanese on the
sulfidation behaviour of iron-chromium base alloys are discussed.

Key terms: sulfidation, manganese, multilayered scale, sulfide scale demixing

Introduction

Austenitic stainless steels arc used extensively in process industries due to their good mechanical proper-
tics and weldability. At elevated temperatures, the corrosion resistance of austenitic stainless steels relies
on the formation of chromia (or spincl) scales. However, under some sulfidizing conditions, e.g. in coal
gasification and the petrochemical industry, the formation of these protective oxide scales is not possible.
Usually, catastrophic sulfidation results from the formation of low-melting cutectic mixtures of
Ni-Ni 3S2 (T>635t ).l To avoid this problem, manganese is suggested as an alternative to nickel in
austenitic stainless steels. Incidentally, manganese is added into steels to improve their mechanical proper-
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ties (ductility, toughness).

Some authors have studied manganese for its potential benefit in sulfidation. 2'-6 The Mn-MnS system is
much more refractory, with a eutectic temperature of 12421C . The sulfidation of pure manganese results
in the formation of a cubic a-MnS scale, which has a rather low defect concentration and diffusion
coefficient. 2 The addition of manganese to iron leads to the formation of MnS, a more stable phase than
FeS, and a greater degree of protection.4 The protection by MnS on Fe-Mn alloys, however, is limited

because iron dissolves in the a-MnS and diffuses through it to form an outer Fe(Mn)S layer.

Up to now, only two studies have been reported on the sulfidation of Fe-Cr-Mn ternary alloys.6, At
973K and a low sulfur pressure (Ps2 = 2 x 10-6 Pa), the sulfidation rates of both Fe-20Cr-30Mn and
Fe-25Cr-2OMn were higher than that of Fe-25Cr.7 Under these conditions, the sulfur pressure was low-
er than the decomposition pressure of FeS and led to the formation of multilayered sulfide scales, which
were comprised of an outer (Mn,Cr)S layer, an intermediate (Mn,Fe)Cr 2S4 layer and a (Mn,Cr)S layer
next to the alloy.7 At 973K and 1073K and intermediate level sulfur pressures (i.e. Ps2 = 10- 3 Pa and
SPa), an Fe-25Cr-1OMn alloy was found to corrode slower than Fe-25Cr.6 Ternary alloys provided im-
proved performance only when a layer of Cr 3S4 was formed. Whether it could be formed depended on

the composition of alloy, temperature and sulfur activity.6

Fe-Cr-Mn ternary alloys have been found to form complex mulilayered sulfide scales and also a single
x-MnS layer at the intermediate level sulfur pressures.6 But ,-MnS did not perform as a protective scale
as in the case of sulfidation of pure manganese. The aim of the present work is to study the high-temper-
ature sulfidation behaviour of the Fe-25Cr-9Mn alloy at 8001C and at intermediate level sulfur pressures
and compare with Fe--25Cr. Through the analysis and investigation of the structure, the composition and
the defects of the sulfide scales formed, further information on the mechanism of the formation and the
effect of manganese is intended.

Experimental

The alloys Fe-25Cr-9Mn and Fe-25Cr used in the present study were prepared in a vacuum induction
furnace by melting the pure metals under the protection of argon. The chemical compositions of the al-
loys are listed in Table 1. The ingots were hot rolled into bars with a diameter of about 18mm. They were

annealed at 7501C for lh. Fig.I shows the microstructures of the alloys after their heat treatment. Samples
of the dimensions of 12 x 0.9mm were cut. The sample surfaces were abraded to 1000 grit emery paper.
Prior to use samples were repolished to remove the thin oxide film possibly formed on the surface at room
temperature and rinsed in acetone.

The experiments were conducted at 800C and in H2S-H 2 gas mixtures with the sulfur partial pressures
of 10-3 to IPa. The reaction kinetics were obtained by means of a quartz spring thermobalance, the sensi-

tivity of which was about I x 10-5 g.' Two samples were tested for each experimental condition to test
the reproducibility of the experiments. The corrosion products were characterized by scanning electron
microscopy(SEM), energy-dispersive X-ray analysis(EDAX), electron-probe microanalysis(EPMA) and
X-ray diffraction(XRD).
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Results

Reaction Kinetics

Fig.2 shows the sulfidation kinetics as mass gain against time. To show the effect of manganese, the reac-
tion kinetics of Fe-25Cr-9Mn and Fe-25Cr under the same experimental conditions were ploted in one
diagram. It can be concluded from the mass gain that both alloys were rapidly corroded under the exper-
imental conditions used. Generally speaking, the sulfidation kinetics of both alloys obeyed the parabolic
law after an initial period of time. Except for cases of Fe-25Cr at Ps2 = lPa and Fe-25Cr-9Mn at
Ps2 = 10- Pa, the sulfidation rate for two alloys increased with sulfur pressure. For the above mentioned
two anomalous cases, the tendency of sulfidation kinetics changed during the reaction process, i.e. the
mass gain vs. time curve for Fe-25Cr changed into a linear relationship after a period of time (see Fig.2a)
and a turn appeared on the kinetics curve for Fe-25Cr- -9Mn at about 3.Oks (see Fig.2b). This led to the
mass gain of Fc-25Cr-9Mn at Ps2 = 10-' Pa lower than that at Ps2 = 10-2 Pa.

Except for the case at Ps 2 = I Pa, the sulfidation rate of Fe--25Cr-9Mn was slower than that of Fe-25Cr
at lower sulfur p :cssures. Under these conditions the addition of 9Mn(w / o) improved the sulfidation re-
sistance of Fe--25Cr. However, the improvment is not significant. It can be seen from Fig.2a that the reac-
tion rate of Fe-25Cr was faster than that of Fe-25Cr-9Mn at the beginning of sulfidation at Ps 2 = 1Pa,

but slower after about 2.Sks. This change is related to the nature of sulfide scale.

Scale Morphologies and Structures

The surface product on Fe-25Cr alloy was always the large-grain phase Fe1 .yS, with the deviation from
stoichiometry (y) of approximately 0.25 (measured by EDAX). The surface morphology and the corro-
sion products on Fe-25Cr-9Mn were quite similar to that of Fe-25Cr, but the product of the former
contained about 2Mn(a / o). The surface grains of the product on both alloys became larger with the in-
crease of the sulfur pressure. Also, a stripy substructure in the sulfide grains on Fe-25Cr'9Mn corroded
at Ps2 = 10-3 Pa appearcd(Fig.3), but no remarkable composition change of the surface product was de-
tected.

A duplex or triplex sulfide scale formed on Fe-25Cr exposed for 7.2ks depending on the sulfur partial
pressures. When Ps 2 > 10-2 Pa, the sulfide scale consisted of an outer layer of Fe,_-S, an intermediate lay-
er of FeCr 2S4 and an inner layer of (Cr,Fe)S1 . There was a relatively high concentration of chromium in
the inner part of the outer Fe,_YS layer. When Ps2 < 10-2 Pa, the sulfide scale of Fe-25Cr consisted of two
layers, the outer layer of which was rather thick and of a nonuniform composition. The outer part of it
only contained Fe and S, however, the inner part enriched in Cr in addition to Fe and S. The outer layer
can be denoted as Fe._YS+(Cr,Fe)S. on a quenched sample, but Fe1 _yS+FeCr 2S4 on a furnace cooled
sample. This is consistent with the result of Narita et al.9 This indicated that the (Cr,Fe)Sx phase formed
at high temperature was not stable and changed into FeCr 2S4 in the slow cooling process. The rates of
this phase change were slow and dependent upon temperature and sulfur pressure.

Unlike Fe-25Cr, more complex multilayered scales formed on Fe-25Cr-9Mn. It can be seen from
Fig.4-6 that the sulfide scales on Fe-25Cr-9Mn at all sulfur pressures were comprised of four layers. The
higher the sulfur pressure, the thicker the innermost layer of the sulfide scale on Fe-25Cr-9Mn. Fig.4b
shows that nonuniform, severe internal sulfidation of Fe-25Cr-9Mn was produced at Ps 2 = IPa. In some
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areas, sulfides protruded even to the centre of the sample. It is obvious that a porous inner sulfide layer
resulted from the outward diffusions of metal ions, by the mechanism that the vacancies of metal ion dif-
fused inwardly simutaneously. However, most of the cavities in the intermediate layer shown in Fig.5 and
Fig.6 were formed by the removal of sulfide grains during polishing. It can be seen from Fig.S that the
Pt-marker was located above the innermost layer, which suggests that the outer sulfides grew by the out-
ward diffusions of metal ions and inner sulfide by the inward sulfur diffusion, similar to the situation of
Fe--25Cr.

From the XRD patterns of the powder of corrosion products formed on Fe-25Cr-9Mn, it was deter-
mined that the corrosion products were mainly composed of Fe-,_S, a-MnS and (Cr,Fe)S• . Combined
with the analysis by EDAX, it was concluded that the outermost layer was Fe1 _YS. Beneath it was a
a-(Mn,Fe)S layer, the intermediate layer was composed of Fe..y+(Cr,Fe)S. and the innermost layer ad-
jacent to the base alloy was (Cr,Fe)S. . Besides being enriched in ,-(Mn,Fe)S, manganese was also dis-
tributed in all other layers to about 2a/o. The mole ratio of Mn to Fe in a-(Mn,Fe)S is 1:1
approximately.

The sulfides formed on both two alloys were brittle and the separation of the outer sulfide layer from the
inner one often occured. This would directly influence the reaction kinetics and the sulfide morphologies.
In addition, the formation of multilayered sulfide scales was a common phenomenon, and even in one
layer, the composition was not uniform, e.g. the inner parts of the outer sulfide layer on Fe-25Cr and of
the intermediate sulfide layer on Fe-25Cr-9Mn were highly enriched in chromium. This phenomenon
may be described by the term "demixing" used in oxidation studies.10 The demixing process of sulfide
scale will be discussed in detail below.

Discussion

Reaction Kinetics

The mathematical analysis of mass gain vs. time relationship shows that the basic sulfidation kinetics of
the two tested alloys are an incubation period + parabolic relationship. In the initial period of time, the
sulfidation process is controlled by the following reaction:'

H2S(ads.) = H 2(g)+S(ads)

With the approach to equilibrium of this process, the surface sulfur activity and the sulfide scale thickness
increases. As a result, the reaction becomes controlled by the outward diffusions of Fe " and Cr3 , so the
reaction kinetics enter the parabolic stage.

It can be determined that the change of reaction kinetics of F--25Cr at Ps2= IPa to the relationship simi-
lar to the linear law after the initial period of sulfidation has a relation to the detachment (no cracking) of
the sulfide scale from the alloy at some local areas. It is worth point out that no cracking occurs for the
sulfide scale after its separation from the alloy, so no ambient mixed gas comes into direct contact with
the alloy base. The decrease of the practical reaction surface area of sample leads to the decrease in
sulfidation rate.

Similar to the above case, the turn that appeared on the sulfidation kinetics curve after about 3.0ks for
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Fe-25Cr-9Mn corroded at Ps2 = 10-1 Pa results from the separation of the sulfide scale from the alloy

and cracking of the scale, as confirmed by observation of the morphology of sulfide scales. The internal

sulfidation region is thin and uniform under the separated scale without cracking, but thick and
nonuniform under the separated scale with cracking (like the case shown in Fig.4).

Sulfide Scale Morphologies and Demixing

Under the experimental conditions in the present paper, multilayered sulfide scales are found on both al-
loys. From exterior to interior, the sulfide scales consist of Fe1 _YS, FeCr 2S4 , (Cr,Fe)Sz on Fe-25Cr;
while Fe-yS, at-(Mn,Fe)S, (Cr,Fe)S1 on Fe-25Cr-9Mn. Compared with Fe-25Cr, the sulfide scale

structure of Fe-25Cr-9Mn does not improve protection remarkably, since the outermost FejYS layer,

consisting of large grains and being of high defect concentration, is formed. A single a-(Mn,Fe)S layer
forms on Fe-25Cr-9Mn, but it does not give the same protection as a-MnS in the case of sulfidation of

pure manganese.2 It can be concluded from free energies of formation (Table 2) that MnS is the most
stable phase among the sulfides and has the lowest equilibrium decomposition pressure. As a result, MnS
should locate next to the metal. However, the o-(Mn,Fe)S layer formed on Fe-25Cr-9Mn is in the outer
part of the sulfide scale, i.e. the order that sulfides were arranged is different from that of the sulfide sta-

bilities shown in Table 2.

The EDAX analysis indicates that the mole fraction of FeS in the a-(Mn,Fe)S layer on Fe-25Cr-9Mn is

about 0.5, in addition, some chromium also exists in it. Mn,_YS is a metal deficient p-type semiconductor,
so the dissoiusion of Cr3+ of higher valence than Fe 2+ in it will increase its defect concentration. Also,
Fc,_YS is also a metal deficient p-type semiconductor and its deviation from stoichiometry (y) is rather

high. As the result of FeS dissoved into MnS, the value of y of MnjyS would be strongly
increased, 4 thereby the decomposition sulfur pressure is elevated too. So, the appearance of an

7-(Mn,Fc)S layer in the outer part of the scales is comprehensible. The main reason for the worse protec-
Lion of 2-(Mn,Fe)S on Fc-25Cr-9Mn than MnS on pure manganese is likely to be the doping of

Fc2 and Cr 3
+ . The doping of Cr3+ could inctease the hardness and thus destroy the plasticity and the

protection of 2-MnS.7

Schmalzricd et al'0 indicated that a multicomponent oxide (A,B)O and even the spinel oxide

AB 20 4 would demix to AO and BO or B 20 3 under the gradient of oxygen activity. If DA > DB > > Do,
that D denotes the diffusivity of A, B or 0, AO would segregate in the part of scale located in high oxy-

gen activity. The rate of the demixing process and the relative thickness of each layer depends on the val-
ues of DA and DB. Undoubtedly, the higher the stability and the lower the defect concentration of

(A,B)O or AB 20 4 , the slower the demixing process of the oxide scale.

In the present study, chromium was enriched in the inner parts of the outer sulfide layer on Fe-25Cr and

the intermediate sulfide layer on Fe-25Cr-9Mn. Although no change of the scale morphology occurcd,

the composition in a layer was not uniform. However, the shorter the reaction time, the more uniform the
chromium was distributed. This means that chromium segregated in the inner part of the layer composed

of the solid solution of sulfides of chromium and iron along with the progress of sulfidation. At the same
time iron segregated in the outer part of the layer. Finally, two sulfide layers of different composition ap-

peared. The similar phenomenon was also observed by Narita et a19 in the sulfidation study of Fc-Cr

binary alloys. Similar to the above demixing process of oxide scales, it can be infered that under the driv-
ing force of the su!fur activity gradient between the ambient sulfur pressure and the sulfur pressure at the
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sulfide / substrate interface, not only all sulfide layers were arranged from exterior to interior according
to the value of decomposition pressure, but also sulfides with different composition would demix even in
an individul layer. Generally speaking, the demixing of sulfide scales will destroy its protective behaviour.

Summary

In the present paper, the high-temperature sulfidation properties of Fe-25Cr--9Mn and Fe-25Cr in
H2 S-H 2. gas mixtures at 8001C and Ps 2 = lr0 3 -1Pa has been compared. The sulfidation process was main-
ly controlled by the outward diffusions of Fe2+ and Cr3+ cations. The sulfidation kinetics were closely
related to the nature of sulfide scales ( whether separating with the alloy base and / or cracking ). Except
for the case at Ps2 = 1Pa, the addition of 9Mn(w / o) improved the sulfidation resistance of the alloy, but
the benefit was not significant. Because of the doping of Fe2 + and Cr3+ , the a-(Mn,Fe)S layer formed on
Fe-25Cr-9Mn had a large deviation from stoichiometry, and thus did not act as a complete diffusion
barrier like the a-MnS on pure manganese. Under the sulfur activity gradient, a demixing process of
multicomponent sulfide scales occurred and led to lower corrosion protection than expected.
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Table I. Alloy compositions (w / o).

Nominal composition Fe Cr Mn C

Fe-25Cr-9Mn Bal. 24.53 8.87 0.010

Fe-25Cr Bal. 24.49 - 0.018

Table 2. Free Energies of Formation of Sulfide(kJ) per mole of S2 (g) at 8001.

Sulfide FeS FeCr2 S4  CrS 4  CrS MnS

AGO -188 -214 -258 -285 -398

(a) (b)

Fig.l. Metallurgical microstructures of alloys after annealing at 750 r for lh.

(a) Fe-26Cr-9Mn, x 500; (b) Fe-25Cr, x 200.
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Fig.2. Sulfidation kinetics at 8001C.

(a) Ps2 = IPa, (b) Ps 2 10=-Pa, (c) Ps 2 = IO-2 Pa, (d) Ps, = 10-3 Pa.

(a) (b)

Fig.3. Surface morphologies of sulfide scales on Fe-25Cr-9Mn corroded at 800"C for 7.2ks.

(a) Ps2 = IPa, (b) Ps2 I10- 3 Pa.

Fe1 -YS

,,-(Mn,Fe)S -

FeI-,S+(Cr,Fe)S,--

gap

IT

(Cr,Fc)S. -

alloy --

(a) (b)

Fig.4. The cross-wccuon of sulfide scale on Fc-25Cr-9Mn corroded at 800t and Ps 2 = IPa
'or 7.2ks. (b) is the inner sulfide layer on the same sample shown in (a).
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Fig.5. The position of Pt-marker in the sulfide scale on Fe-25Cr-9Mn corroded at 8001C
and Ps2 = IlO 1Pa for l2ks.
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(c) Mn K, (d) Fe K1, (e) Cr K1

Fig.6. The elemental distribution images by EPMA of the sulfide scale on Fc-2SCr-qMn
corroded at 8OO*C and Ps, = IO-7Pa for 7.2ks.
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Influence of Nd on Oxidation of Ti-5621S Alloy

Li Meishuan
Corrosion Science Laboratory,
Institute o-f Corrosion and Protection of Metals,
Chinese Academy of Science,
No.62 Wencui Road, Shenyang 110015, China
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Abstract

Tle spalling processes of oxide scales formed on Nd-doped and Nd-
free Ti-5621S (Ti-5A1-6Sn-2Zr-lMo-0.25Si) alloys have been studied
using an acoustic emission technique during cooling from 800 0 C' The
oxidation kinetics of these two alloys also has been investigated.

The principal oxide was TiO, with small amounts of TiO, TiO, A1 20,
and SnO.). The addition of 1iýt% Nd increases the oxidation rate of
Ti-5621S alloy slightly, but improves the spalling resistance of
the oxide scale greatly. During oxidation, a great deal of large
Nd90, particles were present as spherical inclusions in the oxide
layer, which were enveloped by SnOý and TiO, at the oxide/alloy
interface. The inclusions generally improved the adhesion of the
oxide scale. However, these inclusions suffered high thermal
compressive stress during cooling, and some of them were broken off
or expelled from the substrate. This Lype of inclusion can serve as
centers for crack initiation. One simple model is proposed, and the
thermal stress or the inclusion has been theoretically evaluated.
The observation of surface morphologies on oxide scales verifies
the analysis.

Key terms: oxidation, oxide scale, cracking and spalling,
adhesion, acoustic emission, rare earth neodymium

Introduction

Titanium alloys are generally used as materials for turbine blades
in aeronautical, astronautical and electric power industries due to
their high strength to weight ratio. Ti-5C21S (Ti-5AI-6Sn-2Zr-IMo-
0.25Si) is one of the well-known "Ti-Al-Sn-Zr" base super-a
a loys!s' It has been found that a Nd addition to Ti-5621S alloy as
high as 1 wt% ca play a strengthening role, and inhibits the TiX
phase formation . Hcwever, resear.h on the oxidation of this
complicated engineering titanium alloy is very limited. In
particular, the influencc of Nd on the oxidati,,wi behavior of this
alloy and the adherence of the oxide scale is. of interest and has
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been studied at 8OOCC have been studied using a thermal gravimetric
balance and an acoustic emission (AE) technique.

Experimental procedure and results

1. Oxidation kinetics

Ti-5621S alloy containing 1 wt% Nd was fbtained by metallurgical
doping, which leads to optimum strength' . All specimens were cut
to dimensions of 20XIOX2 mm, polished with 800 grit SiC paper,
planed at edges and corners, then annealid at 900cC for 1 hour and
at 600'C for 2 hours in vacuum of 2.5X10" Torr (3.3X10"' Pa).

Fig.l shows the oxidation kinetics of Nd-free and Nd-doped Ti-5621S
alloys at 800CC in air over 15h. The Nd addition increased the
oxidation rate of the alloy slightly.

2. AE test

In the AE test, a platinum wire of diameter 1mm was used as a wave
guide. It was welded onto one side of specimen using a spot welding
machine. The other end of the platinum wire was welded onto a steel
bar with a taper. A piezoelectric transducer with a resonant
frequency of 150 kHz was fixed on the steel bar. A total system
gain of 40+42 dB and threshold voltage of 1V was maintained
throughout. Cumulative AE energy count was recorded. The schematic
diagram of AE apparatus is shown in Fig.2. The details are
described in references 3 and 4.

Cumulative AE energy counts for two specimens cooled from 80COC in
and outside the furnace, respectively, are presented in Fig.3(a)
and (b). No AE signal was found during isothermal oxidation in any
of the experiments.

The following data can be ascertained from Fig.3 (see references 3
- 6): the time at which AE signal begins, the change of temperature
corresponding to the first signal, and the final cumulative count
after a certain time from beginning of cooling. During cooling in
the furnace, the AE signal for Nd-free Ti-5621S occurs earlier than
that for Nd-doped Ti-5621S, and the final cumulative AE energy
counts are higher. For each alloy, the longer the oxidation time,
the earlier the AE signal occurs during cooling and the greater the
final AE cumulative counts are. In contrast, when the cooling rate
is much higher (cooled outside the furnace), although Nd-free Ti-
5621S develops AE signals earlier, its final cumulative A17 counts
are lower than those for Nd-doped Ti-5621S.

It was observed that the AE signal did not stop after the specimen
had cooled to room temperature, but a few AE signals still tye
place. This ph.,iomenon was also found in AE testing of Cu"'".
Therefore, the processes of energy release in the oxide scale, such
as pla.t.ic deform;ttion or crack expansion, occur until the sample
reaches ambient, temperature.
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3. Oxide phases and surface morphologies

The oxide phases were determined by XRD. Complex oxide scales were
found on the two alloys oxidized at 8000 C in air, which were mainly
composed of TiO() with small amounts of Ti, O, TiO, A120. and SnO2.

The oxide scales formed on all specimens appeared to partially
spall. However, it is clear from the investigation of the specimen
surfaces after oxidation that spalling of the oxide scale on the
Nd-doped Ti-5621S is much less than that 6n Nd-free Ti-5i21S. Many
nodules were found on the surface of oxide scales formed on Nd-
doped Ti-5621S alloy, as shown in Fig.4 (All specimens analyzed
weru cooled in the furnace). The centers of these nodutles were
verified to be Nd)Oj particles using ion micro-prob analysis. After
spalling of the oxide scales, these particles may remain on the
specimens wholly or only partially due to breakage, or may be
separated from the alloy, as presented in Fig.5. Fig.6 shows a
cross-section of Nd-doped Ti-5621S oxidized for 10h. Most of the
NdýO, particles are located in the oxide/alloy interface, resulting
in the formation of inclusions enveloped by Ti and Sn oxides.
Further, Al is rich in the outer layer of the oxide scale. The
distribution of the main allo.ng elements in the oxide scales did
not differ for the two alloys

Results analysis

1. General analysis

Neodymium in the lwt% Nd-doped Ti-5621S alloy exists both as a fine
element dispersion and as large particles partially oxidized. These
spherical particles were created during preparation of the alloy.
Their size is about 100 - 200 nm l]. Therefore, this study shows
that, after oxidation, the particles may coarsen and grow several
times the original diameter (see Fig.s I and 5), they are composed
of NdO, .

During oxidation of Ti-5621S, the outward diffusion of Ti and Al
cations predomina•t.s. However, the inward diffusion of oxygen
anions also exists'ý . It can be concluded from the fact that SnO.
forms under NdZ0 3 particles and that Al,O. is formed with in the
outer layer, that this oxidation mechan'.s'm is also applicable to
Nd-doped Ti-5621S. A possible mechanism for the formaticn of the
nodules observed is that, at the initial stage of oxidation, the
large particles grow because of their oxidation. At same time,
alloy elements Ti and Al are oxidized to form the scale. Finally,
the rapid formation of Ti and Al oxides leads to the Nd2 O3 particles
being co'ered by the oxide scale.

Generally, the addition of small amount, of a rare earth element can
improve the oxidation resistance of Chromia-Alumina-forming alloys
(the 'reactive element effect' ). However, if RE concentration is a
little high, its effect degrades, part icularly. if large RF oxide
6pegs' are formed. It is thought that they can serve as the fast
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path for diffusion of negative ions l',[! which causes the oxidation
rate of alloys to increase. This is thought to be the main reason
for the oxidation rate of Nd-doped Ti-5621S being higher than that
of' Nd-free Ti-5621S in this study.

The surface investigation indicates that the spalling of the oxide
scale on Nd-doped Ti-5621S is much less than that on Nd-free Ti-
5621S, that is, the addition of Nd to Ti-5621S alloy improves
adherence of oxide scale significantly. This correlates with the
results obtained in AE tests. It is proposed that inclusions have
;I keying effect on oxide scales. Also they can extend the expanding
distance for cracks arid increase the adhesive area between the
oxide scale and the alloy. However, the difference betweern the
critical temperature change ( JATJ ) needed for the initial cracking
of the oxide scales of these two alloys is not as great as
expected. For example, the data of IATI are 5 11CC and 5 8 50C
respectively for Nd-free Ti-5621S and Nd-doped Ti5621S respectively
oxidized at 800'C for 10h. and 4000 C and 460CC for oxidat-ion for
15h. Furthermore, for the condition of fast cooling, the final
cumulative AE energy count of Nd-doped Ti-5621S is higher than that
of Nd-free Ti-5621S, although the oxide scale of Nd-doped Ti-5621S
cracks later. Also, the critical temperature change IATI for the
Nd-doped alloy is similar for cooling inside and outside the
furnace. As a matter of fact, spalling of the oxide scale on Nd-
doped Ti-5621S is not so serious, and only the number of the broken
particles increases. Therefore, the inclusions formed during the
oxidation of Nd-doped Ti-5621S have a significant influence on
development of AE signals, and also therefor on the behavior of
cracking of oxide scale.

The thermal expansion coefficient of the alloy is larger than that
of the oxides. The contraction of the alloy is therefor larger than
that of the inclusions during cooling from the oxidation
temperature, so that inclusions suffer a high compressive stress in
the direction perpendicular to the inclusion surface. If this
stress is high enough, some of the inclusions should move outward
or break. Based on this model, the thermal stress can be evaluated
just as described below.

2. Thermal stress model

Fig.7 shows a simple model to ascertain the stress on the surface
of inclusions. The inclusion is treated as spherical in shape. The
influence of oxide layer on the deformation of alloy near the
inclusion is neglected.

It is supposed that r. is the radius of the inclusion at beginning
of cooling. When the temperature change is T, the radius of the
inclusion becomes r., the thermal stress is oa. In order to
calculate a,, we can assume that the deformation of the inclusion
and the alloy near- it is independent, their radius and linside'
radius become r,,' arid r, respectively. Therefore, we obtain
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r,; ri (1 + ac -AT) (I)
r. = r, ((1 + oa .AT) (2)

where a is thermal expansion coefficient (* indicates average
value). The stresses on the inclusion and the alloy respectively
can be written as

' 1
a.. * o. (3)

r2  - 1 1 4
rr. I + (

Where, E is the Young's modulus., and aL ii Poison's ratio (generally
equals 0.3 for both oxide and metalIl' ). Due to the equilibrium
of two stresses indicated in the equations (3) and (4), thus a., +
o = 0. Finally, we can obtain a,, from all equations mentioned
above, and ( 1 +d1AT ) is replaced with 1 ( a-10"/'C, IATI<800 0 C),
the equation of becomes very simple

(a- a ).&T-EE *E 1
oa =(5

Ea + E1 1 +

This stress forces on the surface of the inclusion perpendicularly.
Resulting from this stress, the perpendicular outward force in the
oxide/alloy interface equals

29

F- = f cox r 2 cosO-d 9.dV = 2ur22. sinf3.o a

So the correspondent stress equals

o,= F.L/Tr(r, sin3). = 2ao /sinB (0 @ 0, it) (6)

It can be seen from equation (6) that the smaller the value of B3,
the less deep the inclusion intrudes the substrate, and the higher
the value of a is. However, in this case, the influence of oxide
scale on the deformation of alloy near the inclusion is evident,
which can't be neglected. The evaluation may cause a great error.
If the inclusion is very small, the case is the 3ame.

When tB>n/2, most of the inclusion is located in -tlloy. It is v.ery
difficult for outward movement of the inclusion to occur. We can
propose thit. this type of inclusions has a keying effect, which can
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improve the adhesion of the oxide scale.

When 3 =n/2, the assumption is better agreement with the
experimental condition, and oa0 can be evaluated. The modulus and
thermal expansion coefficient of the composite ofxde inclusion are
replaced by the corresponding data of TiO, . Although the
inclusion is mostly Nd.:Ol, the outer layer enveloping the NdjOý
particle is TiOq, and the 'inclusion separates from the alloy at tbe
TiOý/alloy interface, we think that the above assumption is
reasonable.

E, = 113.3X10. MPa (20 0 C)
11= 9.9X10•/CC (0 - 8 0 0 'C)
E -: E, =, = 284.2X10- MPa (20-C)
a.Q = a, = 8.2X10"6 /C (20 - 8000()

I A

Since the temperature at which the ox•ide scales of two alloys first
crack is nearly 2 0 0 'C, AT - 6 0 0CC. Using these data and equations
(5) and (6), we obtain a,, 65 MPa, a, - 130 MPa.

In order to verify the analysis, pull-off tests, as used early by
Engell]'141 , have been performed. The stress for separating the
oxide scale from Nd-doped 5621S alloy (oxidized at 8000C for 10h)
is 3.9 MPa. This indicates that the thermal stress on the surface
of the inclusion is very high. It is possible that the inclusion
was expelled or broken. We also found fissures in some nodules.
Since the thermal stress forcing on the inclusion increases very
quickly in the fast cooling test, the inclusion has no time to move
outward, so that it is broken instead. The stress can be released
rapidly by breaking the inclu sion. After that, the thermal stress
developed again is small, and it isn't enough to cause the crack to
expand and lead to spalling. Therefore, in the condition of fast
cooling, cumulative AE energy counts of Nd-doped Ti-5621S is higher
than that of Nd-free Ti-5621S, but spalling of the oxide scale of
Nd-doped Ti-5621S is not so serious as that of the oxide scale of
Nd-free Ti-5621S.

In the analysis, we neglect the effect of th 1,•rpwth stress, since
generally, this stress is not so importantI -|. As a matter of
fact, in the AE test, AE signals were not received during the
isothermal oxidation period. At high temperature, it is easy to
accommodate the growth stress by the plastic deformation of alloy
or oxide scale.

Conclusions

1. The oxide scales formed on Nd-doped and Nd-free Ti-5621S alloys
during the oxidation at 8000C in air are mainly composed of TiOý
,ith small amounts of Ti.O, TiO, A1.O and SnO1 . A great deal of
composite oxide inclusions in the oxide/alloy interface are
developed, which cause the oxidation rate of Nd-doped Ti-5621S
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alloy to increase slightly.

2. Nd addition in Ti-5621S alloy improves the adhesion of the oxide
scale significantly. The inclusions are thought to 6key' the scale
to the substrate, to extend expansion distance for the cracks and
to increase the adhesive area between the oxide scale and the
alloy. The thermal stress is the main reason for crack initiation
and growth.

3. When the thermal stress is high enough, large inclusions may be
expelled from the alloy or broken. These inclusions can serve as
points of crack initiation.

Acknowledgment

This work was sponsored by the National Natural Science Foundation

of China.

References

1. R.A.Wood, R.J.Favor, Handbook of Titaniun Alloys(Vol.l),
Translated by Liu Jingan, (Chongqing, Chongqing Branch of
Chinese press of Science and Technology Information, 1983),
p. 1 9 4

2. Wan Xiaojing, Jing Kailiang, Shi Wen, Zhang Bing, Li Dong,
Yang Rui, Materials Science Progress, 6( 1 9 9 2 ):p.6

3. Li Tiefan, Li Meishuan, Materials Science and Technology.
A120(1989):p. 2 3 5

4. Li Meishuan. Li Tiefan, Zhou Longjiang, Journal of Chinese
Society of Corrosion and Protection. 11(1991):p.217

5. A.Ashary. G.H.Meier, F.S.Pettit, Proceedings of the Conference
on High Temperature Protective Coatings, ed. S.C.Singhal,
(Canada, Applied Science Publication, 1983), p.105

6. A.S.Khanna, B.B.Jha, Baldev Raj, Oxidation of Metals,
23(1985):p.159

7. S.Coddet, G.De Barres, G.Beranger, "Corrosion and Mechanical
Stress at High Temperature". Proceeding of the European
Symposium, (The Netherlands, Petten(N.H.). 1981), p. 4 1 7

8. Li Meishuan, Ph.Doctor thesis, (Shenyang, Institute of Metal
Research, Chinese Academy of Science, 1991)

9. H.Hindam, J.J.Hechler, D.P.Whittle. Proceedings of the 9th
International Conference on Metallic Corrosion, Vol.3. p.353.
(Ottawa, 1984)

10. H.Hindam and D.P.Whittle, Proceedings JIMIS-3(1983), P.261,
Fuji, Japan

11. D.Delaunay, A.M.Huntz, P.Lacombe, Corrosion Science,
20(1980):p.1109

12. H.E.Evans, R.C.Lobb, Corrosion Science, 24(1984):p.209
13. The Oxide Handbook(Second Edition), ed. by G.V.Samsonov,

Translated from Russian by Robert K.Johnston. (New York,
Plenum Publishing Corporation, 1982), p.183

14. H.J.Engell, F.K.Peters, Arch Eisenhuttenwes, 28(1957):p.567
15. F.H.Stott, Materials Science and Technology, 4 ( 1 9 8 8 ):p. 4 31

949



1.2

a S,- %1 S.'

O .

a 2 4 6 8 10 12 24 126

Fg1Oxidation of Nd-free and Fig.2 Schematic of acoustic
Nd-doped Ti-5621S alloys emission apparatus used
at 8000C in air for detecting oxide

cracking

70,

P 
II M *1Lh0 w-

IrV . -A). 1(2S4

.7 2al> -4

200; 1"00

0 1 2 3 4 5 6 7 8 9 0 0
0 1 2 3 4 5 6 7 8

Tb ) ime. 11
Fig.3 Cumulativ-e AE counts detected during cooling of Nd-free

and Nd-doped Ti-5621S alloys from 8000C, (a) inside
furnace, (b) outside furnace

j(b) Ti5621S+NIdflWC,eL
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ABSTRACT

The present paper describes a detailed failure study on a series of
21/4CrlMo superheater tubes from a peat fired boiler. Essentially the
defect extension process was the result of two separate and independent
initiation and propagation mechanisms.

It was observed that the defect initiation process was intimately
associated with a fused outside layer of potassium sulphate. Basically
tube movements caused radial cracking into or within this pure salt layer
and caused it to react with sulphur trioxide to produce a liquid pyro-
sulphate phase. Such a liquid phase in contact with the steel caused high
temperature corrosion reactions which are electrochemical in nature.

The second phase of the defect extension, i.e. crack propagation, was
attributed to a combination of an environmental component, viz.,
sulphidation, and a stress contribution which was thermal in nature and
arose through the actions of slag and/or sootblower excursions.
Essentially circumferential crack extension occurred by a sulphidation
corrosion assisted thermal fatigue mechanism.

1. INTRODUCTION

When a unit of raising power plant is subjected to a forced outage, which
resulted from the failure of some critical engineering component, the
revenue lost can be significant. Examples of boiler failures are
essentially varied in nature and include corrosion (general and
localised), welding imperfections, fabrication defects, high temperature
related processes, microstructural changes or degradation effects,
oxidation, exfoliation and decarburisation. The manner in which different
people survey boiler failures is markedly dependent upon individual
specialist discipline, viz., a water chemist would develop a different
perspective from that of a welding engineer, mechanical engineer or
physical metallurgist. Such differing perspectives, if merged together,
can yield a powerful method of understanding and solving boiler failures;
indeed the modern method of dealing with boiler failures involved a
multi-disipline approach.

Today, boiler failures and in particular boiler tube failures, represent
the primary limiting problem which confronts steam raising utilities.
Although many of the mechanisms which promote various tube failures have
been successfully identified, one type of tube failure which is still not
understood mechanistically is circumferential cracking. It is, however,
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thought that this type of cracking results from a certain mixture of some
corrosion dominated process and thermal stressing. Circumferential
cracking, which is detected in an increasing extent, can initiate at
outside or inside diameter locations and can be caused by fatigue or
stress corrosion cracking (1). A recent survey (2) of a number of North
American utilities has indicated that nearly half have been affected by
circumferential cracking.

The present paper attempts to describe a failure analysis study which was
conducted on a series of superheater boiler tubes, which failed as a
result of circumferential cracks, from a small 45MW peat fired steam
raising plant. This particular plant was around 30 years old and was
sited on an inland location.

2. EXPERIMENTAL TECHNIQUES

Full and partial through thickness superheater tube defects were examined
in both the as-received and oxide stripped condition. The oxide stripping
procedure involved immersing the fracture surfaces in an inhibited
solution of hydrochloric acid for 90 seconds in an ultrasonic bath.
Fracture surfaces and crack profiles were examined in a scanning electron
microscope, (SEM), and subjected to a chemical analysis using X-ray
dispersive and X-ray mapping analyti-al techniques. The outer tube
surface deposits were chemically analysed using a wetting technique.

3. EXPERIMENTAL RESULTS

3.1 METALLURGICAL AND FRACTOGRAPHIC ANALYSES

From a visual inspection it was evident that a thick adherent slag
deposit, of the order of millimetres, covered the outside of the
superheater tubes and a through thickness section is shown in figure 1.
From this figure it can be seen that the outside slag deposit at this
location was about 1.5mm thick.

The outside slag deposit was subjected to a series of X-ray dispersive
analysis. A typical analysis showed significant amounts of sulphur,
calcium, potassium and silicon. It can be seen from figure 2 that
significant amounts of sulphur have diffused through the outer tube layer
and have resided along the outer grain boundaries of the steel.

A detailed montage, illustrating a series of parallel circumferential
cracks on the outer steel tube surface is shown in figure 3 and is clear
that, in this particular area, the cracks are quite shallow with the crack
depths being about 0.25mm maximum.

A detailed montage of a partial through thickness crack about 1.7mm deep,
is illustrated in figure 4. Figure 5 shows sulphur and potassium X-ray
dot maps of the same location and it can be seen that (a) a significant
amount of potassium was associated with the defect on the outer surface
and to a crack depth of about 0.3 mm and (b) sulphur concentrations were
evident along the entire length of the defect to the crack tip location.

The topography of the fracture surfaces of a circumferential crack
exhibited severe corrosion inasmuch that large corrosion tunnels of
significant depth covered the fracture surface. Also isolated cases of
intergranular failure facets, see figure 6, were observed on the fracture
surface and the grain boundaries were decorated with carbide precipitates.
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3.2 CHEMICAL ANALYSIS

Outer tube deposits of around 6 to 8mm thick were removed in four layers
of approximately 2mm thick and separately analysed. These particular
analyses considered water soluble and insoluble sections and loss on
ignition of the insoluble section at 6000C. The analysis of each separate
layer of deposit together with that of a typical peat sample are given in
Table 1.

The analysis showed that the metals present, viz., sodium, potassium,
magnesium and calcium, were most probably present as sulphates. The
concentration of the various chemical species within the tube deposits was
plotted as a function of approximate distance from the outer tube wall and
this is given in Figure 7. From this figure it can be seen that the
significant metallic sulphates are calcium and potassium with the latter
increasing markedly in the outer tube wall location. Indeed the potassium
levels at this location were about an order of magnitude higher than those
found in a typical peat ash deposit. The source of potassium was the peat
itself which was laid on a limestone base. The innermost layer of the
deposit was almost pure potassium sulphate which appeared as a thin fused
white salt layer.

A reasonable explanation for this selective separation and concentration
of potassium sulphate on the outer tube wall surface is that the furnace
operation temperatures (not tube wall temperatures) were at times
significantly high enough to melt the potassium sulphate i.e. greater than
10700C, without fusing or melting the rest of the ash constituents.
Sodium based salts, which fuse at even lower temperatures, volatilise in
the temperature range 1000 to 11000C and thus were not recorded in the
outer wall deposits at this particular boiler location.

The chemical reactions that occur in the furnace tube wall locations may

be represented by the following expressions;

2 Na + 02 -> 2 NaO (Volatile)

4K + 02 -> 2K 2 0

K2 0 + SO 3  -> K 2SO4 (Melts or Fuses)

2 Mg + 0 2  -> 2 MgO

2 Ca + 0 2  -> 2 CaO
MgO + SO -> MgSO4

CaO + SO -> CaSO4

Si + 02 - SIO2

The stickiness or melted state of the potassium salts allow them to adhere
to and selectively concentrate on the "cool" outer walls of the super-
heater tubes. The remaining salts may deposit as oxides and, at a later
stage, react with sulphur trioxide to form sulphates.

The potassium sulphate on the outer tube surface can further react with
sulphur trioxide to form potassium pyrosulphate which fuses or melts at
temperatures as low as 3500C, viz.,

K2 so 4  + SO 3 -> K2 S2 0 7 (melting point - 3500C)
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Although no themodynamic data is available to suggest that this
pyrosulphate is stable at high temperature its stability will depend on
the partial pressure of SO3 in the flue gases. As a result of (i)
combustion difficulties with variable (wet) fuel and (ii) air leakages
into the furnace the SO3 concentrations in the flue gases at the
superheater location were estimated to be around 100ppm by volume.

According to French (3) a common feature of this particular type of
corrosion attack is the circumferential penetration of the corrosion
products (on the fireside location of the tubes) forming long finger-like
penetrations which, in the most severe instances, leads to tube failure.

4. DISCUSSION

It was evident from the previous section that defect extension through the

superheater tube was (i) initially associated with high concentrations of
potassium and sulphur due to the presence of a fused layer of pure
potassium sulphate on the outer tube wall, (ii) seen to be associated with
high sulphur concentrations over the entire defect length, even at the
crack tip location, and (iii) intergranular in nature at locations which
were not significantly corroded.

It is proposed that the defect initiation process was intimately

associated with the fused potassium sulphate outer tube wall deposit and
that subsequent defect growth was the result of either a sulphidation
corrosion assisted thermal fatigue mechanism or simply from a pure thermal
fatigue process.

The outer tube wall deposits w-re up to 8mm thick and were very friable
and, as such, prone to cracking or flaking. It is suggested that
circumferential crackia,- of the thick outer deposit was initiated by the
bending of the hanging tubes through some operational procedure(s). Such
cracking would readily cause the ingress of any sulphur trioxide gases
present and to come into contact.with the inner potassium sulphate fused
layer. When this occurs potassium pyrosulphate can readily form at such
temperatures which cause it to be in the liquid state. Under such
circumstances "molten salt" corrosion (4), which is highly corrosive and
leads to an acceleration of tube wastage, can readily occur. This
corrosion process is electrochemical in nature and involves the transfer
of electrons with the liquid pyrosulphate acting in an electrolyte (5).
Hence the initiation of circumferential cracks on the outer surfaces of
superheater tubes caused by (i) the breakage or cracking of the outer tube
deposit, (ii) the subsequent formation of liquid potassium pyrosulphate
and (iii) the rapid localised electrochemical corrosion of the outer tube
surface can be readily envisaged. Further evidence of the significance of
the potassium salt in the defect initiation event is illustrated in figure
8 where large potassium concentrations were identified in the initial
stages of the crack extension process.

From the foregoing evidence it is clear that the crack extension process
is intimately connected with sulphur concentrations within the growing
crack tip enclave. The propagation of circumferential cracking was caused
by the significant diffusion of sulphur, present in the outer slag
deposit, through the magnetite film, to the s.eel gain boundaries on the
outer tube wills. Here corrosion can occur through a sulphidation
reaction (6), i.e. when iron is heated in a gaseous environment which
contains oxygen and sulphur the following reactions may occur at the metal
surface,
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Fe + % 02 4 FeO

Fe + S FeS

As the sulphur can penetrate through the oxide film FeS will form
preferentially when the oxygen activity is reduced. As such, the sulphide
particles grow along grain boundaries causing crack initiation. Continued
crack extension is thought to occur by a combination of an environmental
components, the sulphidation process, and stress contribution. The stress
contribution most probably is thermal in nature that results from boiler
operation, e.g. slag fall and sootblower induced temperature excursions
(7). Thus essentially, circumferential crack extension occurred by a
sulphidation corrosion assisted thermal fatigue mechanism.

To the author's knowledge circumferential cracking has only been observed
in water wall tubes (2, 8). Indeed a recent report by Cialone & Wright
(2) has shown that, in a survey that covered approximately 3C% of the coal
fired supercritical boilers in the USA, 45% of the units were affected by
circumferential cracking. also the trends were somewhat puzzling in as
much that cracking was not confined to boilers of a particular manufact-
ure, nor to those using a particular coal type, operational regime or
maintenances procedures.

If it is taken that the proposed crack extension mechanism of corrosion
assisted thermal fatigue is valid, it is possible to postulate a number of
conditions which could embody the factors that cause circumferential
cracking. In an effort to identify the nature of the fatigue component it
is planned to conduct an analysis of the vibration and pressure cycles on
the tubes during service and thermal stressing. Four conditions that
could cause such crack extension are proposed,
viz.,

(A) SLAGGING/DESLAGGING

Significant thermal cycling can result from the alternating build-up and
removal, either by natural slag falls or sootblowing, of slag on the
tubes. Indeed Ellery et al (9) have observed thermal shock and thermal
fatigue damage when sootblowing was done with water, either intentionally
or not, as a result of entrained water in the sootblower steam lines.

(B) FREQUENT LOAD CYCLING

Certain boiler units were originally designed for base-load operation can
be cycled to reduce output overnight. Certain cyclic situations can
develop as a result, e.g., heat flux, and such cycles could impose tube
stresses that are above the design levels.

(C) RAPID START-UP PROCEDURES

The effects of rapid start-up procedures are similar to those of load
cycling, except that in the former case the cyclic are greater. As such
rapid start-ups will cause enhanced thermal fatigue factors.
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(D) FURNCE - PRESSURE CYCLES

Furnaces pressure cycles are the result of an imbalance between the
forced-draft and induced draft fans. Indeed a pressure cycle threshold
amplitude, above which cracking occurred and below which slag shedding
occurred without cracking has been established by one utility (2). Of the
four conditions presented here only (b) does not apply to the present
cracking problem.

5. CONCLUDING REMARKS

Circumferential cracking has been shown to exist in a series of boiler
superheater tubes. Such cracking has been commonly observed in water wall
tubes in American utilities.

It has been suggested that the circumferential cracking was initiated by a
molten salt (potassium pyrosulphate) corrosion process which was
electrochemical in nature. Subsequent crack propagation was thought to
have occurred as a result of a sulphidation reaction superimposed on a
thermal fatigue component.

The sulphur is supplied from the outer slag deposit where significant
concentrations were established. The exact nature of the thermal fatigue
component is less obvious.

At present circumferential cracking trends are somewhat puzzling and as
such the best approach would be to establish direct measurements of
certain parameters such as local temperatures, strain and environmental
conditions. These could then be related to certain boiler parameters and
cracking behaviour.

ACKNOVLEDGEMENT

The authors would like to thank Mr. Conleth Murphy of Lanesborough Power
Station for his help in procuring tube specimens and for many stimulating
discussions.

957



REFERENCES

1/ Proceedings: 1990 EPRI Workshop on Circumferential Cracking of
Steam Generator Tubes.
Report No. NP-71988S-M March '90.

2/ H.J. Cialone & I.G. Wright, "Observations of Circumferential Cracking
in the Water Walls of Supercritical Units", Conference Boiler Tube
Failures in Fossil Plants, EPRI, Atlanta Georgia, November '87.

3/ D.N. French, "Metallurgical Failures in Fossil Fired Boilers,
John Wiley & Sons, New York 1983.

4/ D.M. Farrell, F.H. Stott, G. Rocchini & A. Colombo, "Electrochemical
Aspects of High Temperature Corrosion Reactions in Combustion
Systems", Corrosion 91, European Fed. Corrosion Event 128, Inst. of
Corrosion, Vol. 2 pp. 1 - 20, Manchester, U.K., October '91.

5/ W.T. Reid, "External Corrosion & Deposits", American Elsevier
Publishing Co., 1971.

6/ J. Stringer, High Temperature Technology, 3, (1985) pp. 119 - 141.

7/ B. Smith, "Laboratory Simulation of Circumferential Cracking of
Boiler Tubes", NBES, Workshop on Life Assessment and Failure
Prevention of Power Plant Components", Lehigh University, Penn., USA,
May 1990.

8/ B. Smith, Lehigh University, Penn., USA, Private Communication,
April 1990.

9/ A.R. Ellery, T.R. Johnson & J.D. Newton, "Investigation into the
Likelihood of Thermal Fatigue Damage to Furnace & Superheater Tubes
caused by on-load Water Deslagging", Trans ASME, 144, (1974) pp. 138
- 144.

958



TABLE 1

CHEMICAL ANALYSIS (vt%) OF SUPERHEATER TUBE GAS SIDE DEPOSIT

CHEMICAL I OUTER fINNER WHITEI PEAT ASH
PARAMETER LAYER IFUSED LAYER DEPOSIT

1(8mm fromj(< 2mm froml
ITUBE WALLi TUBE WALL I

IpH 4.48 1 3.5 11.2 1

1% SODIUM 0.6 I 1.17 2.47
I

1% CALCIUM 1 2-.7 1 17.0 55.9

1% POTASSIUM 1 6.4 1 15.9 i 1.8 1

% MAGNESIUM 0.2 0.42 i.54
I I

%IRON 0.03 1 0.04 -

I -
% SULPHATE 66.0 63.1 i 10.4

% NITRATE 0.21 0.13 -

% PHOSPHATE 0.06 I 0.13 -

Outer
Slag Deposit

Magnetite
Film

Outer

Tube Wall

Figure 1 Through Thickness Section Illustrating

The Outer Slag Deposit ( X 45)
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Magnetite
Film

Outer Tube
Wall

Figure 2 X-Ray Sulphur Map Of Magnetite-Steel Matrix
Interface Location

Figure 3 A Detailed Montage Of The Surface Circumferential

Cracking Prevalent On The Steel Tube Surface
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Figure 4 A Detailed Crack Profile View Of A Partial

Through Thickness Circumferential ,-

A

Figure 5 X-Ray Mapping Of A Partial Through Thickness Crack
(A) Sulphur X-Ray Map (B) Potassium X-Ray Map
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Figure 6 Fractographic Details Of Circumferential Cracking
(Isolated Intergranular Facet)
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Rupture in a Steam Generator Tube

B. Rezgui and M. Larbi
Ecole Nationale d'Ingenieurs de Monastir
Universite du Centre - 5019 Monastir - Tunisia

Abstract

This study concerns the sudden perforation and fracture caused on steel steam tubes. These tubes
lined the combustion chamber walls in a steam generator, which endured 90,000 hours of service.
The fracture appears as holes in some tubes reaching up to a diameter of 30 mm, and sometimes as
a crack, in both cases, these lead to a burst of the tubes with a discharge of steam to the outside.

The microstructural examination of the damaged material, taken from cracked tubes, showed a
high level of oxidation along the inside and the outside of the tube, as well as the cracked surfaces.
However, the analysis of the surfaces of fracture shows an intergranular fracturt mode, while the
microstructural examination reveals an increase in grain size when compared to original material.

Results of mechanical tests, in air and at room temperature, on the damaged materials showed an
increase in the hardness and tensile strength associated with a significant reduction in ductility. The
fracture surface obtained from the tensile tests, although it is of transgranular type, showed the
pre-existence of intergranular areas, with the appearance of carbide particles along the grain
boundaries. These particles constitute fav.orable sites for cavitation.

Key terms: intergranular fracture, aging, creep, cavitation, oxidation
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Introduction

The mechanical behaviour of a large number of engineering material components operating at high
temperatures and under corrosion conditions remains an interesting research subject. To predict
premature failure, many studies dealing with this problem have been carried out, on ferritic steels
[1,2], and stainless steel [3,4], which have particularly shown that material aging makes any
prediction approach difficult.

Our study is aimed at identifying the nature, as well as the origin, of rupture occurring in a steam
heat exchanger tubes which endured 90,000 hours of service at high temperatures and under
corrosive conditions. This work is concerned mainly with two aspects: a comparative study of
static mechanical characteristics of original and damaged material to establish a correlation
between mechanical and microstructural characteristics, and a detailed rnicrostructural as well as
fractographic analysis aimed to identify the damage process responsible for the failed tubes

Experimental procedures

Steam Exchanger Tubes

The steel tubes had lined the combustion charnber walls inside the steam generator. These tubes
are 60 to 90 m long, and have an outside diameter of 57 mm and a thickness of 4.5 mm. They are
heated from the outside by a gas burner at a temperature of 1200'C' heat exchange is insured
mainly by radiation. Steam circulates inside the hot tubes with a working pressure of 160 bars and
a temperature of 350 0C
All tests were carried out on samples taken directly from tube portions in their initial and
damaged states The latter had experienced about 90,000 hours of service.

Material

The tube material is an AISI 4023 low alloy steel, with a ferrite-pearlitic structure, and a
composition given in Table 1.

Table 1. Steel composition (wt.%)

C Mn Mo Si Cr Ni V AI S P

0.17 0.63 0.28 0.26 0.06 0.08 002 0.01 0002 0 007
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Results

Mechanical Characteristics

Comparative mechanical tests in hardness and tension were perfoirmed at room temperature on
specimens taken from tubes in initial and damaged conditions. Measurements made far from the
fractured surfaces in damaged tubes, gave a mean value of 180 HB showing a little increase in
hardness as compared with the value of 160 HB for the initial material. Results from tensile tests
showed an increase in yield strength as well as ultimate tensile strength at the expense of a
reduction in tensile ductility. This comparison is presented in Table 2.

Table 2 Comparative Tensile Characteristics

Material Yield Strength Tensile Strength Tensile ductilit\
Condition MPa MPa %

Initial 420 530 12

Damaged 476 580 8.5

Microstructural Analysis

Metallography

Optical microscopy observations of raw and damaged material taken from the tubes showed an
important difference between the two states. rigures I ind 2 show two micrographic pictures
representing common ferrite-pearlitic structure. However, the grain size of the damaged structure
is evaluated to 19 .rni against only 15 pm for the virgin structure, which represents about a 25%
difference in average grain size. The method used in grain size determination is based on counting
the number of observed grains per unit area, then evaluating the mean grain diameter.
Further microscopic examination showed the presence of large grain boundary particles which is
illustrated in Figure 3.

Oxidation Aspects

From the oxidation point of view, the examination revealed the presence of thin layers of oxides
overlying the in"'- surface of tube walls (vapor side), as well as the outside ones (gas side). The
thickness of these layers varied between 0. 1 and 0.28 mm as is shown in Figure 2.
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4. large numbei of' corrosion pits Nkere also found which are suspected to play a significant role in
the initiation of the tube perforation Figure 4 shows a typical picture of' corrosion pits distributed
over the external surface tube with the presence of a crack. Only tile outside deposit was analysed
by X rays diffiraction and was found to be composed mainly of magnetite

Fractography

Among the fractured tubes examined, some tubes were formed by two or more sections welded
together. In such cases, when the fracture is caused by cracking, the crack originates at the
welding joint and propagates in a transverse direction as shown in Figure 4 However, in most
cases the failure usually occur following a perforation process Then, the formed hole has a
diameter which varies fi-om a few millimnetres to about thirty millimetres The high degree of
oxidation for rupture surfaces for both the perforation and cracking processes, made very difficult
any scale analysis[ However successful examination of some areas has clearly shown an
intergranular mode of fracture associated with numerous triple point cracks as shown in Figure 5.

The fracture surtace obtained by tensile tests performed on damaged material shows the pre-
existence of intergranular areas, although the fracture is transgranular The analysis of these areas

reveals the presence of some carbide particles along the grain boundaries, which constitutes
tavorable sites for cavitation as it is shown in Figure 6.

Temperatures Evaluation on Inside and Outside surfaces of Tube Wall

A tube exposed to a flame is heated partially by radiation Hot water vapor circulates inside the
tube at 347°C Assuming a shape factor equal to unity, the heat flux density received by the
external tube surface is

op = G. (Eg. Tg4 - Ep Tpe4) (I)

Ep is the emissivity factor of the wall tube ( £p = 0 9)
Eg is the gas emissivity factor ( eg = 0.25 )
a is the Stephan-Boltzmann constant
Tg and Tpe are the gas temperature and the external temperature of the tube wall.

In the steady-state regime, for a uni-dimension heat exchanges the flux is conserved through the
wall
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CG.(Fg. Tg4 -p. Tpe4) (Tpe - Tpi)R (2)

Tpi is the inside temperature tube wall
R is the thermal resistance equal to 0.0 13 m2 .OK

In addition, there is an equality of the flux exchanged by the outside and the inside tube wall
sui face

CT. (gE Tg4 - Ep. Tpe4 ) = (Tpi - Tsat)/R' (3)

R' is the resistance to heat transfer between vapor and the internal wall, it is a function of the flow,
the physical properties of the fluid and the tube geometry. In this case R' = 0.003 m2 'K. Where
Tsat is the vapour temperature at saturation, ( T = 3470C).

Numerical solution of equations (2) and (3) leads to the following results

T 4800 C and Tpe 9000C

These values are over-estimations of the temperatures.

On the other hand, the propagation of the observed cracks occurs under the action of longitudinal
stress component, l -- ( P 0 )/4.e =50 MPa, where P is the working pressure, 0 is the internal
diameter and e the wall thikness, as shown by the schematic representation of figure 7.

Discussion

Based on microstructural analysis, it is likely that dynamic aging is responsible for the observed
increase in the strength of darnaged material, as shown in table 2. On the other hand, the increase
in grain size of the material is attributed to a high temperature service condition causing a probable
overheating of the tubes.
Though the tube walls are submitted to of a low stress level, at 900'C, creep should play an
important role in the failure of the steel. Moreover, the combined action of the high level
temperature and corrosive environment lead to a combined effect of creep and stress corrosion
responsible for the damage of the tubes.

The alloy exhibits a well defined 'brittle' intergranular failure associated with two modes.
I. the initiation and propagation of a creep crack,
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2. a damaging process corresponding to perforation which seems to be mainly of corrosion type.
Initiation of the later type of failure seems to result primarily by a corrosion pitting process at tne
outside surfaces of the tube walls (gas side).

Conclusions

The analysis of the failure of AISI 4023 steel steam generator tubes submitted to 90,000 houi3
operative conditions at elevated temperatures leads to the following results :

- A material aging leading to an increase in the material strength at the expense of reduction in
ductility,
- An increase in grain size of the damaged material as compared to the original material due to the
elevated temperature service,
- Abundant intergranular particles, which constitutes favorable sites for cavitation,
- Two modes of rupture one associated with the initiation and the propagation of creep crack and
the second, probably a result of the initiation of corrosion pits on the outside surface of tube
walls.
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Figure 1. AISI 4023 Steel. Microstructure (Raw material) Figure 2. Damaged material
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Figure 3. Massive grain boundary particles Figure 4. Corrosion pits with Crack
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Figure 5. Intergranular Fracture. Damaged Tube Figure 6. Tensile Fracture on damaged material
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Figurc 7. Crack propagation uinder the action of the longitudinal stress
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Abstract

Hot corrosion behavior of commercial iron, Fe-Cr and Fe-Al alloys in the
presence of a Na2 SO4 deposit on their surfaces in oxygen-rich atmospheres
containing SO3 at intermediate temperatures was studied. The reaction
kinetics were found to be dependent upon temperature, gas composition and
alloying element content. The examination of corrosion morphology indi-
cated that the proceeding of hot corrosion was accompanied by the increase
in thickness of a porous Fe 2 03 layer and the rapid growth of a compara-
tively compact oxide layer on the metal surface. In addition, sulfides
were observed at the metal/oxide interface as well as in the compact oxide
layer. On the basis of experimental results, electrochemical mechanism
is proposed to illustrate hot corrosion process of iron based alloys at
intermediate temperatures. The effects of temperature, gas composition
and alloying element content on corrosion behavior are also discussed.

Key terms: hot corrosion, Na 2 SO4 deposit, intermediate temperature

Introduction

Heat-resistant steels were found to undergo hot corrosion in the presence
of alkali sulfate deposits on their surfaces in S0 3 -containing gas en-
vironments at relatively low temperatures. Severe corrosion was re-
ported since early this century, mainly with coal-fired boiler tubesI- 3 .
This subject was concerned in a few papers 4 , 5 , and the corrosion was
attributed to the formation of a low-melting complex sulfate melt on the
steel surfaces. Unfortunately, this corrosion phenomenon has not been
clearly understood so far. On account of its great importance in corro-
sion science and engineering practice, hot corrosion of iron based alloys
occurring at intermediate temperatures was studied in our laboratory, and
some results have been reported6 "9 . The present study was undertaken to
evaluate Na2 SO 4 induced hot corrosion behavior of commercial iron, Fe-Cr
and Fe-Al alloys in 0 2 /SO 2 /SO 3 gas atmospheres at 650-750 0C, and to have
a good understanding of hot corrosion mechanism.

Experimental Procedures

The materials used in this study were 0.02 (wt)% carbon-containing
wrought commercial iron, wrought Fe-Cr alloys with nominal compositions
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of 5, 10 and 20% Cr, cast Fe-Cr alloy with 30% Cr and 5 and 10% Al-bearing
Fe-Al alloys. The test specimens were measured 15x8x2 mm for the all
wrought alloys and 012xI.5 nun for the cast ones.

The alloy specimens were polished through 600 grit abrasive paper, and
degreased with acetone. A uniform salt deposit of 2mg/cm2 was obtained by
brushing Na 2 SO 4 solution onto a warm specimen. The salt-coated specimen
was hanged in a silica crucible, and placed in a silica tube and situated
in the center of the upper zone of a vertical furnace. Gas was let in and
out through the silica tube. The gas inlet tube was filled with plati-
nized ceramic catalyst which was located right in the center of the lower
zone of the furnace. The experiments were performed at 650-750°C. 02-SO2
gas mixtures with 0.l(vol)%, 0.5% and 1.0% S02, respectively, were used
in this study. The weight changes of the specimens were monitored by a
TG 328B balance with a precision of 0.1 mg.

After experiments, some corroded alloy specimens were examined and
analysed by means of X-ray diffraction and EPMA to characterize the corro-
sion products. Chemical analyses were made to detect the existance of
Fe 2 +, Fe 3 +, Al and Cr ions in the water soluble corrosion products.

Experimental Results

A comparison of corrosion kinetics of salt-coated and uncoated commercial
iron oxidized in 02 -0.5%(SO 2 +SO 3 ) gas atmosphere at 6500C is shown in
Fig.l, which indicates that hot corrosion of the salt-coated iron occurred
in the experimental condition. Similar behavior was also observed for all
the Fe-Cr and Fe-Al alloys tested.

Fig.2 shows the dependence of corrosion kinetics of salt-coated Fe-20Cr
alloy on temperature in O2-0.5%(SO2+SO3) gas atmosphere. It is seen from
Fig.2 that the maximum corrosion rate of the alloy showed up at about
700 C. The fastest corrosion of salt-coated Fe-10AI alloy occurred at
about 650 0 C in identical series of tests. For commercial iron, however,
hot corrosion rate increased with temperature monotonously.

The corrosion kinetics of salt-coated commercial iron, Fe-Cr and Fe-Al
alloys were found to depend upon partial pressure of S03 in the system,
as indicated in Fig.3 for Fe-10AI alloy at 650 C. For the mixed gases
used in this study, the higher the PS03 in the system, the higher corro-
sion rates of the alloys were observed.

The reaction kinetics of the salt-coated alloys were also found to be
dependent on Cr or Al content in the alloys, as shown in Fig.4 for Fe-Cr
alloys. It is clear that a high content of Cr or Al in the alloys gave
rise to an increase in corrosion resistance.

X-ray diffraction analysis results indicate that the porous corrosion
product layer consisted of Fe 2 0 3 and salts for all the materials tested,
and that the compact layer on the metal surface consisted of Fe 2 0 3 , Fe 3 0 4
and FeO for commercial iron; Fe 2 03 , A12 0 3 and FeAI 2 04 for Fe-Al alloys
and Fe 2 03 , Cr 2 0 3 and FeCr 2 04 for Fe-Cr ones. From EPMA analysis, iron
sulfide existed in the whole compact oxide layer of commercial iron, as
seen in Fig.5. For the Fe-Cr and Fe-Al alloys, the compact corrosion
product layer was determined to be Fe 2 0 3 -rich oxides on the top of Cr or
Al-rich oxides, with a Cr or Al-rich sulfide band close to the alloy sub-
strate. Corrosion morphology examinations also revealed that the two
corrosion product liyers increased in thickness with the proceeding of
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corrosion, and that the compact layer grew faster than the porous one.
As an example, EPMA analysis results for Fe-5AI alloy are shown in Fig.6.

The water soluble metal ions in corrosion products were identified to be
Fe 3 +, Fe 2 +, with some A1 3 + for Fe-Al alloys and without Cr detected for
Fe-Cr alloys.

Discussion

1. Corrosion Mechanism

As indicated in the previous studies 8 , 9 , hot corrosion of iron based
alloys occurring at intermediate temperatures can be attributed to the
formation of a low-melting Na2 SO4 -Fe 2 (SO 4 ) 3 eutectic melt on the alloy
surface. Hot corrosion process can be divided into two stages, namely,
initial stage and steady stage. At the initial stage, the alloy is oxi-
dized and, at the same time, the sulfation reaction of Fe 2 0 3 (probably
including A12 03 for Fe-Al alloys) occurs, thus leading to the formation of
the eutectic melt. From the experimental results described above, it is
clearly seen that at the steady stage the proceeding of hot corrosion was
accompanied by the increase in thickness of a porous Fe 2 03 oxide layer and
the rapid growth of a compact oxide layer on the alloy surface, and that
the reaction kinetics mainly depend upon the growth of the compact Fe 2 03
layer. This implies that although the dissolution/precipitation of Fe 2 03
occurred, its contribution to hot corrosion was limited. Therefore, the
widely accepted fluxing mechanism does not seem to be suitable for the
illustration of hot corrosion process of iron based alloys occurring at
intermediate temperatures. Instead, electrochemical mechanism is proposed
on the basis of the present study results.

Probably because of the higher oxidition rate of the alloys compared to
the sulfation kinetics, a compact oxide layer is always formed on the
alloy surface. Once the eutectic melt appears, electrochemical reactions
of the alloy electrode begin to occur. Iron is involved in the anodic
oxidation reaction:

(m+n)Fe = (m+n)Fe2+ + 2(m+n)e- (1)

Some Fe 2 + formed may be further oxidized in the compact oxide layer:

2+ 3+mFe = mFe + me (2)

2 and S2 0 7 2- can participate in the cathodic reduction reaction on the02

compact oxide layer, but the reduction of S2072 is believed to be pre-
dominant:

3 2- + 3 3 2- 3 3 2- (3)3-mS2072 +3e= -mSO4 + -unSO2 + -mO(3

T227 2 4 2 2 2

02- ions are incorporated into the oxide lattice and combined with Fe 3 +
ions to form Fe 2 0 3 .
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mFe3+ +3 0 2- = -mFe20 (4)

2 2 2 3

Reaction (4) results in the growth of the compact oxide layer. Similar
reactions can be expected for element Cr or Al. As the higher affinity
for oxygen and lower diffusivity in the compact oxide layer of Cr or Al
compared to those of Fe, Cr or Al-rich oxides would be formed and enriched
beneath the Fe 2 0 3 -rich oxides. Sulfur-containing species, for example,
gaseous S02 produced in reaction (3), may penetrate into the compact oxide
layer and get reduced, thus causing Cr or Al-rich sulfides to form at the
metal/oxide interface as well as in the compact oxide layer. The Fe 2 +
ions from reaction (1) can move across the compact oxide layer and dis-
solve in the melt since Fe2+ ions are more thermodynamically stable than
Fe 3 + ions in the liquid sulfate phase close to the oxide/melt interface
where the oxygen activity is relatively low due to the reduction of oxygen
there. Fe 3 + ions in the eutectic melt may be involved in the cathodic
reaction on the surface of the compact oxide layer:

2nFe3+ + 2ne- = 2nFe2+ (5)

2+
The Fe ions from reactions (1) and (5) diffuse outwards through the melt
and get oxidized at the melt/gas interface:

3nFe2+ + 3nO2 = 3nFe3+ + 3no2- (6)

Porous Fe 2 03 particles precipitate through a secondary reaction:

3+ 3 2- n
nFe +-no -Fe203 (7)

When the compact oxide layer is relatively thin, the activity of Cr or Al
diffusing to the oxide surface is so high that the oxygen activity in the
melt close to the oxide/melt interface is significantly reduced. As a
result, a great negative solubility gradient of iron ions across the melt
film can be established, thus leading to the rather rapid precipitation
of porous Fe 2 0 3 within the melt. Afterwards, the activity of Cr or Al on
the surface of the compact oxide layer is reduced with the growth of the
oxide layer, and therefore, the oxygen activity at the oxide/melt inter-
face is increased. Consequently, the development of the porous oxide
layer becomes limited. Hot corrosion process is, thereby, dependent
mainly on the growth of the compact product layer. The rapid growth of
the compact layer is attributed to the easy diffusion of cations down
through short circuit paths of sulfides contained in it.

2. The Effects of Temperature, Gas Composition and Alloying Element
Content on Corrosion Behavior

The effect of temperature on corrosion kinetics of the alloys is related
to the following factors. In general, the increase in temperature will
cause an increase in corrosion rate. On the other hand, the temperature
increase leads to the rapid development of a Cr or Al-rich oxide layer,
which tends to reduce corrosion rate. As a result, a maximum corrosion
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rate of the alloys would occur at certain intermediate temperatures. As
corrosion kinetics of pure iron is only associated with temperature, its
corrosion rate increases with temperature monotonously.

S03 in the system is necessary for the sulfation reaction of oxides, the
formation of the sulfate eutectic melt and the formation of sulfides as
corrosion product. Higher PS03 in the system will favour all these reac-
tions, thus inducing severe corrosion, as observed in the present study.

The beneficial effect of Cr and Al content on corrosion resistance is
easily understood from the fact that the content of Cr or Al-rich oxides
in the compact oxide layer is associated with the content of Cr or Al in

the alloys.

Conclusions

The commercial iron, Fe-Cr and Fe-Al alloys tested were found to be
subject to hot corrosion attack in the presence of a Na 2 SO 4 deposit on

their surfaces inO2/SO2 /SO 3 gas atmospheres at 650-750°C. The reaction
kinetics were dependent upon temperature, gas composition and element
content in the alloys. The proceeding of hot corrosion of the materials
was accompanied by the precipitation of porous Fe 2 0 3 in the melt and,
mainly, the growth of compact corrosion products on the metal surface.
Hot corrosion process can be illustrated in terms of electrochemical
mechanism. The rapid kinetics is attributed to the fast anodic reaction
caused by sulfides formed within the compact oxide layer.
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Fig.5 Corrosion morphology and elemental maps for Na2SO4 -
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gas atmosphere at 650 C for 8 hrs
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Abas t-act

T Isk. cuosiveon potential variatlion with Lliue arid eleCt-VOChetmi~cal
V03 tdge nIIUILe haVe beenl Ico UCdeU for' PULe i'onl Ill All equ i 11o01 "

.~3  K'N0 3 uielt rin the Lew~peratuL V Uanat of 573 K Lu 773 Y iii
cui injer: L d~tmUSPheL (. TheL ahi ft Of LOULL Obii0i IJOLL-itiai it& kA Ltub I
direct i Oi wit h time CLnd tUMPUperALtui Up to 773 K', a ug&evt s th11e
f uL iut L1on of A Protective film. Almoust fouI ordezi:1 Uf 111zi~itUde:
uf hisihIi iioiast.e power- were obtairted At 773 K ill compaviriso Lu 573
K, wh Ich gener-ally indicatuti a decteatse of compactiieiie Of the
uJ I du fil1mia with the IiSCLeat~e Of telperaitUre. The(- duci t~:' of
C JPGMt )I 844 Of VXIde filma witha 1increaSe of te peLratuIre hase beenUI
1UL-thUr conlf iruad [L'0111 thM Po.wer spec Lial denisi Ly pluota and
at1LctalloAr-aphajc exacaiaaaitiora.

Key ttermsI' ?olteiA uAlt corr-osion, noise powev, passivaLion.

in'tl-oduc Lion

Ai& equiMUolal- 1oltenl MiXture Of sodium nlitrVat e anid P Utaia U M
z&IiLtrte I s consdider-ed Lu be Oric of the beet heiat tuanssfer. CLIld

atstoAge systemar besi.dem thaey etiJuy cuutmuli usie es cl heaLL tte..A..i;jL
beAth. because of their' loW CUo'usiVeness, low eu L u iL'. c
teiiapk.';Atuve, haigh hea&L a..apaci ty Arid uasy A vAilIabil1itLy
Becau.4e of the Auazrly applicationse of thikas vayst Ul, Vari ous8 hotL

uoarU11 studVieS havie beenl Lcarie''d U 1i6o" ILon arid stueel by
etiGaviuiet, ic anid electi ochew*ical Loe-&tt . h1oweVerL, no&st uf the
pi-eviouu; astudlea~ are relat~ed to thieuaodyiiawaiics a~d cnlysatIvs o:- f
the oxide filma arnd eacplainilni the potentiail - p0 vuaeit~ciwliip
"Aiid COmDpositIon Of thef- f ilza. HUweVer , nio atteiitioij ha~s beeni c pi d
to Ch~ardCtteriU the OAide- fil 11 Ill teKrnas of dU&Lc oS f couspac truils
With restpect to temper atUreU.
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)Rec Lilt) y *ciecti'OClhelIa~i(l no0ite UI &n-urL'Uluqalte "I e beiiag useed ill
cacueuOi4 &lytitemu&4 but very little itsnsiolteis atslts rsysteat. Noise I f
CL kelt.aecl ter'ia used to explaini the f luctuatizig behaviour of a
*;iJ k~j 1wi th reapeu t to tittle. 1in theI case Of tl eCtI.OC~laef!Cal
Cot r 4>iosiol, the procesks is sitochastic , randomx it& time and irs the
esutl t o f aseri1es of tranisi ents associat ed wi Lh the f ilm breakdowni

of, keneral c or rosi On. This t echnlique provides valuabl e
Jrtforma~Lior oil a corroding electrodes, such as pit iniitiation And

pr opaga ti Oil, u ls tabl1e active - passive transeit i ons and
eiectrucuystallizatuitz etc. FIlutuations-' Of POtenitials oLr curenti
of coir-odijifi metals ale (Aelerailly reClated to tsudden chanages of -L
dissolutionrazat e which caiia ecailly be nioted illUs fh. OLotu of

e) ectruchaeutical noiuse. Ins &is uxidiz.isg t.11ViLOl.011L'Ekt isL le V aL e d
teilpem atut-es, clucne bdhererice of u.Kide filu& stay alsio Iin fl1ueic v
the lue tUl di1ssol1utLi onl u the electrode interf ace , thereby
a ff ec t I ng the -,ol t ag e or currentit fluctuatiosis. IiUll Le .k, 0oDI 4

1 rf ot-iuat ion onl the courpac tracris, of the oxide fi lu Carl be obtainecd
I Loum inoise anialyslis. Based on the above hypothesis. the pr'eý;csnt

isivestigationA has beens unidertaken to ekautifIC the n'ature Of all
oxide f i Iit formed onl ironi surfAice inl NaNO3, KNO 3  Biel t atL
V ati oub: Ltemp er'At ULres.

Experimental details

Ali equiiauolar biniaL-y maixture of NaN0.3 anid i(N0 3 wcLL us-ed a LI te
md.aI IwI elecrL Lu1y t e A R - grade NN.0, rAnd KNO 3  Wer e dr ied well

_.cpa.i de), a dL 4731( up to 10 hours cirid Lhuni inl their. eq4uiraaold
mikixture aL 50.3K for six houtrs ins vacuum. Af ter dr yingi well I t I e,
equilUa].ars eutectic mixture was kept in tUse irrIreL tube of t itv
el (uctLUtoIAeui(.cL) Cell (PyrexA alcass) which wa.s plate;od Lii c vci ticcal

tUbuIl1z furnae~e. TIle-temjpe.rature of the welt wats measciured U&;ing ak

clir visiel - l~umel tireirrocuuple which was placed into tUse cull viai
4* 8epaRA-ete 09l1ss tube-

Ili thre pr eseirt linvestigationi, t bL 1 0 eleutLOch~eaiea~cl siet-up wd5t

etuijI o yed asm nepux Led elsewhere c: Tire ir on (Ar MIo Ii on)
el fectuudeus wet e welded to Ai Cteel WIre aind Weet L insel. ted IinLu CA

PY IeXUI gasis tube. Tir g ap betwevin thre Pyraextlakas Lube anid
specim~en Will Co~teied by a high iýenrperatur e #Adiseeige (Cel.alliabonld

57V1). Tihe exposed are-a (0.16 cm'i) of the spec.imen was; pol ished

w tl11 by Var 'ious gr~ades Of ellerY paper, d UgrL e-as ed b Y
t i ch I ofoe thy I YA t. The C Orrosaio u PO t ntia 1dIWas MIeas;ure d w ithI LI ti:
help of Ag/Ag Lre fee el tl IeIe ctlo d e. The tLeferenc el ectLrode w.A ;

iua~de up of puve silver wive which wae immers ed iiiLo the equintulaxi
NarNO 3  KNO 3 'Belt coaaI~iniing 0.07Hl AIANO inl seperate glassý Lube

"as Jreo CU ted elsewiher:e .Two idenitica~l iron3 eluctrodes wee tU.Sed
foi el ecLL UChellij Cal noisne Ole/ASUr eMentat beLduse tUse msean potenitiail
diiffer ences betweena tihe two ideistical y~eCtrodet i r the salAe

Wenvironmluent I.emain a scpprLox imat Lely Z erL . Beforet tatar t Lizg th ie

expel imseit , Lise melt was decieratt~d by bub~linre oxygens free dr Y
Ii &ogtiA gats
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For ueak;U I-i I I the ri (. it;e power Val ucr V') the Vol t a&V
f luctuatfuion asid iuLo)CoUL-eldatioi fuctions11 of the vol Lage Vs.-
t Jme dtata were mneasuted with a signaal PlsOCessJOr (1200 S.uai Luoza
UK) in the bansd width of 20 uilz to 1 Hz. The noise p~ower.Vd ~le a
were obtarined from~ the autucor-r elationa function at tivic zvt-o. The
Openl cir-CUit po tenatial val ues wi th t ite waus iot ed using a digi tt.l
vc'ltnreteu. Ieta~lloguaphic exantination of the crosus sectioni of tlie
oxidized epcimenS w as made by Scatinitia electron mliscuucupe

(i Re.4L potential Vai timet behaviour

FiC. SlaoW.1; thle opell LiicuiL potential (0(17) variationst withi tiwe
cAt v aIil o U.; t eup e LatLure s forL i L rin. I'hle potLenitia ISlii f t L ill th1e-
I1*01 b C d i r eL- Loion w I Lih Lria we wh ich g e ne i'al I1I' i nd icLateLs- th11e fo lU f131t ionI
Uof ajj uxide lcayer . Am the temper-atur-e of the Biel L is iiic reased
fiuni !73 to 773 K, tire opena cir-cuit poteittial becomteu miore nioble
arid a steady state is attained ini a Shor Icr, timei. Isict ealle o f
t eipte t aLlur t: inrc irea.,;es t he oxi1datLi on k inret ics -arid th e OC1P att a ins
a steady .value' inl a shror' Ic time. The cliari~e of ocr wi ti, t ji we
( Fie. I ) ,;how4; thatL oxidat iu, r at e is qui te hi~hi in the beginniiark
bu L deci taases wi th immer1VLSion petriod.

( ii1) No! -e power vatrIa tion wl th temtpuratur e

NU;s Stpower i S- a gleiasi Vaýlue Of the f'luctuating CE curret or
pute~i iL;l witLh time ae. wenitioned ear-lier . The vat istioui of sioise

power wi ti tempen-atur-e for ironl af LeL ohV hourL immer eaioz cA L

Vat i OuS t ellperatLures- is i veni in 17!g.-2. Thler e jai all incrIeaise of
llecas I Y foUUL ordt.ers of mtagniitude o f lkul i , power wheln thre
temIpLeratui t! is incrl.eased f out 57,'3 to 773 K. This wkay be due Lo
the iici eaued 11i.gr atltl oLate of Metal ioul fr L 0 the Metal &4Cal 4:
iiiLet f at-e to Ihie scale. The turend of inicreaisu of no0ie b POW el.
val]uesi witli temlper-atule s;eemrs to be liniear' up to 723 K a&. Shown
inl Fig.2.

(iii) Power SpeCtra] denisity analytsis

The t typiCal power spectral denscity (pad) plots of ir-on a t 5 7 - K
cirid 623 K aftert 30 mlinutes, 1immetsionii it& Lh. umelt arc Nhuwsi 1 11

171 g. 3a arid lb r erspec t ivel y. The pad p1 ots show that the fnois-e is
o f whlite type at both, temper-atur-es,. This indicatea the pe;'~
o f Passive type of Oxide film icesuch type of 1 lhj~e fou i - . is
,Lerrra~ll)y r elIa Led to thrO pL Ok; iC e o f pass;i Ve f il lwte
&Veneral~io of a l ow f requ ency njoi se at 6 73 KC (F ig4 a sud
cd! cos t iruous nois ae ai 723 K (Fig.4b)) ayq1 ,bove t euper ature ,
inrdic atLes, tire br eakdowt, of t Ike ox ide f ilin

981



(iV) m1eta~l o0(aaphaic exanainlationl

SUM PhotoMICr-OJJiaphM of the cr-oss sections u f the Oxi dI w.ed
epc.imetis after- six houva Iranei-sion Iin the juelt, at 723 and 773 K
.41e shjown it, Fiam.5,* anad b, respectively. Prresence of voids near.
thme vietal scale vegion at 723 K and suicro CraUcks at 773 K are
obner-ved. Due to this, the scale seems to losaek: its compactniess
-it lijaher. temoper-ature..

Discuss ion

Thme poteratia] tilit mieaSULeurement at varilouas tem1pe-atur-eU clear-ly
1indicate not oily thme for-mationi of ant oxide fiun. but also ILhe
fact that the fil1m formation& kinetics b e ine f akt erL whmela
t e imp e i t u te i rac I-eas es. I t hae been r-epor-Led htima ' Fe.3 0 4  i&

f ormaed ini tiaillIy ot, bar.e ivonx eu tf ac e arid tha~t Fte2 03  i1

faucleaitaed onl the- Fe 3 O 4 layer. vubs equentaly'. Even Lhough LMe we I L
wca*. deaiel.ated by ox.ygCam ffice nitO&Uen, the pr-esence of oxtfn ill

the mtelt !v. possible due to gemmer~atiori of gaseoutt oxygen by
the reductilon of nitr-ate ion ast.

NO,3 N02  *1/2 02 (U). .... 1

I-ULte rLLLeductL;onr of uxygeiz Ii La. time oxide ionl (Q2  take&;P Cif.; t:

O2(ý + 4 20' 2

kAnd Lime r-edox potential of 02 '/0 r-eaction it; - 0.72 V (11 ,17).
Thiet~e oxidu ionsv react with hi-on to foLrn. the ir-on oxidue anid the

pp-svible reactionl of Fu'O, Fte3 0 4 anid " 2 0-3 for-matiora cank be giVeni

F i 0' FeD p 2e -(3)

3 EcO + o2 - .- e 3 0 4 +2......(4

2 Fte3 0 4 1 02 3 Fe-2 0 3 + 2 e 5

S! it-~ e 1e0 (Uusite) decomposell below 843 K( 1 8 ), Fe3 04 anid Fe 2O3p

"I t: time mia Iin oxi dem ae formwed oil1 iroGy out. face. llowe~rer time

imacoi~porationl of stodium ira the &settle Wilty also Ntar t ciL

himi lai t eiaper-atuve.

V!ituallIy, a vetry thin and compact oxide f1lmt was f ouad onl the
Lsurface upto 623 K. Pr'esetace of thin oxide layer- ;m -- eracrLally
L0upc LC i an d adacr-ent !in n a tu r e which control- the outwar-d
di1f f uionIu of mel~al oions. This mjay r:esult Iin the- ageiaIl.rtloll Of aL

low aaoiSe kliaraal. at lower' temiperatulre. The Igeraul.atioln of noise is

SesultL of raradom fluctuationst of voltage-cur-r-ett due Lo tMe

I azaiduill mtotionl of tipj)elcc utron or- iows wi thin tiae mYstt.-mli ;1 iahe

e..ui 111 Wb ium -; t ctLe . C(lenci tion- of hliialat nioise wi tim ila..mVast:

of tempetiitui e waay be relatled to time 1:elievilaa of tlaeici ~;u~ of

the: &L OWifa oXide- I ayea at Lliac metII/ttal al e inter- facLe aý 1aice t-he
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t~hiougIa tLe d e tcac hll en t of the ecale ab 2 te LUMe t AlI/ s t Ie

1izat u fac L. or cutAcakirig of Lhe scale III the present
iiiavesLigatiori the relieving of stzesse&3 May likely be r'elAL#--d to
the development of voids arid cracka: In the sc~ale. This ILias b~een
Co1nfIt-wed On mtallogr.aphIc examtinationa of the scale at 723 aisd
773 KC (ric ba arid b). Once voids are fourmed iII the scale,
WJifratiOnl Of the Metal loris from1 the Wetdl /&sca1 IraLerf(ace to the
-Ic 60. becomes falit Which maay o ubw eq uentl tI 1.1 i uflunc e the
electrochiemical equi libriumi of the system resul Lixig lit get&ratioll
of hi11lher floise Values.

The~ ueieriAti on of white noise up-to 623 KC predict the pi easence of
protective type compact oxide film. Above 673 IC the gerieratiora of
low fLi equen-cy or discontinuous naoise Iiiilraa i & obL;er ved . The
jaUllWsaezLi oil of sucha ioise indicates thu developmaent of voids i I,
the Jc-1 t Which 1 ecd to tht; loss of collpectil-teaso th oid

Th11116'; sfe uasul.-ez t1:* hav e *;hiowii that -L coumpai.L oxide. Li i is 1
fI Uiikld UIA iLoil !ii NiN0,-. ICNO- melL upto 62 3 KC. AL 11;e,1 (Ii~
t uiipkei aL UL UU thje cutliPactness- of oxide fiau tenril to decreaue due~
to deve.louuteai& of voids; it-, the ac.alt:.-

Ackiiowl edgersaeiaa

T110- -Ut1AUV.L5a t:C gr Leful to 1'zuf.G.V.Subba Rav, Dia'eCtOs C1.CRI,
YdzdcikUdl 623 006 fUr 1110 int~erest anid permisslion to publishl
thlit woakh.

Reft evcev

I. H F.P.Vozzaiick afid V. I. U111, Chew. Eiig. 7 0, ( 19 6 3) p. 135
2. Sunderaaieyer. U, Atigew cm,77 (196.1j) p.2 41
.. T.N.Tallerico, Sand ia Labvi-Aaor i e Report. SAND) (1979)

j. 8019.
4. 1).-Inzuaan arid N. S. Ur.erichl, Bri t . Corrlos. 3 , 1 ( 19 6 6) p. 2 4 6
r.. J.ooaaidRhioikawu, Deiiki KCAgku 39 (1971) 930 anid 41

(1973) p. 8 15.
6. A.J.Anivsi, J.J.rodcasta Slid R.C.riatti, Flectrochiiat. AcLei, 16

(1971) p. 1 7 9 7 ut-Ad 17 (197/2) p. 2 5.
A. .ihaa~kca, A. J . Rehmaait anid A.A. Llliost~j )r,13i t . Curio 0.3. I 11
(1976) P.44

8. l)hISJij1i, Iltdiaii J.Techriol, 30 (1992) p.347

30. . B.S1zaahi, C. Vvikc*LachaaLi arid IC. fala~ka1ie11Cii i, Corn1 oaMioa , to be
aIublii;tted.

11 r.c.,Zaiubussii, J?.lectfraiiaa-.Chiem. IjAit ~f tcI dl EleLtno claeai., 24
(1970) J65.

12.-K k'HIacdk~ aiud J .L. Dawtsoza, Cu~oIU.SC I , 2 2 (1902) p. 2 _3
13. 1; - 3. Buggu, R. H. Kachik adud C. L.Pei i;el:J,-: 3.lL L IOLhIMiI. SUL:,

983



112 (1965) p.5309
14. K.Nuchetedt dazd J(.E.Heusler, Electruchiiw Acta, 33 (1988)

p. 311.
15. F.F31.4, JA.L.Iwavsc&.J.G~ll and CC Uood, CoXzLo. Scd., 32,

(1991) p.73.0.

16. G.Plv-axd,J.Flajsetat and fl.Trewxilluzz, proceeding of the
Initerniational Synapoziiuu ona Molten Salt Cheskictry atzad
Teclaliolo~y, KyoLu, Japata (1983) p.05.

17. IF.Passiccia and 1'.G.Zatuboiaini, J.PhIy Chem, 17 (1973)
IC~. P.flayer arid A.v.flarul;ee* Proceeditig of the Hligher Temaperature~

Cuutoauiura. Edited by R.A.Rapp, NACE 6 (1901) p. 1076.
19. P .BI idr L a, 11. rl'I #-- Ia chautatra, J.IJ.Oldfield and D. S irig1e to n ,

Dioa~cukssluuA of Fazadety Sou.., 56 (1974) p. 180.
210. H i1 U1 temiperactuz e cOZZOmiusi. rer Kofu;Lad. ElaievieL' SC 1etIC C

Publi;a~iasik Itii.., NY (1.988) p.246.
:.D.L.Houjilast-;, Oxid.rleL, 1 (1969) p.127

22. J.Sta IIijez , CUurI:V. SCi, 10 (1970) p..573.

-250

5-500-
>

L-
0

LJ- 750

-10001
0 10 20 30

Time, min

Fig.1 Variation of Ecorr with time for
iron in NaNO 3-KNO 3 melt.



o> 10-

._5
z

1(9lI I i

573 623 673 723 773

Temperature, K

Fig. 2: Variation of noise power with temperature
for iron in NoNO 3 -KNO 3 melt.

xII

20 m~z AUTO POWER (PSD) / FREO 1.0Hz

XIO' b

PSO
V'2

20 mHz AUTOPOWER (PSD) /FREG 1.0Hz

Fig.3. PSD Plot for iron in No NO 3 - KNO 3 melt
(a) 573K and (b) 623K

985

Vn rn2A i nn nl • m= .== = = - . - -- - - . .



PSD

V2/Hz

0
20 mHz AUTO POWER (PSD)/FREQ 1.0 Hz

977X106,
PSD b

V2/Hz

20mHz AUTO POWER (PSD)/FREQ 1.0Hz

Fig. 4. PSD plot for iron in NaNO3-KNO3 melt

(a) 673K and (b) 723K.

4.

(a.) ( !,)

]:i•.h :;En l'ho Loani cto~rcphia fz'oai Lhke ci • • ,,•LiuA uza o oxidized
:;mpe;LI)i i aotuaua sd up to .i ix hour '; ihi LIhe adlL (ti) , t 723 I(

(L) 773 I(.

986



CORROSION KINETICS STUDY AT HIGH TEMPERATURE OF THE IN-657
SUPERALLOY AFTER LASER SURFACE TREATMENT IN CONTACT WITH THE

EUTECTIC MELT 82% K2 S2 0 7 - 18% V2 0 5

A. Pardo
Dto. Ciencia de los Materiales e Ingenieria Metal~irgica.
Facultad de Ciencias Quimicas. Universidad Complutense.
Ciudad Universitaria. 28040. Madrid. Spain.

E. Otero
Dto. Ciencia de los Materiales e Ingenieria Metaldrgica.
Facultad de Ciencias Qulmicas. Universidad Complutense.
Ciudad Universitaria. 28040. Madrid. Spain.

F. J. Perez
Dto. Ciencia de los Materiales e Ingenieria Metalirgica.
Facultad de Ciencias Quimicas. Universidad Complutense.
Ciudad Universitaria. 28040. Madrid. Spain.

J. F. Alvarez.
Instituto Tecnologico de Costa Rica, Becario Conicit.
PO Box 159-7050 Cartago, Costa Rica

Abstract

In an oxidizing atmosphere the corrosion kinetics of the
IN-657 superalloy have been studied by electrochemical
methods, in contact with the eutectic melt 82% K2 S 2 0 7 -18%
V2 0 5 (molar ratio) with different contents of carbon and
different temperatures (773 and 823 K). The corrosion
kinetic laws are determined for the material with and
without laser surface treatment, comparing the results in
both cases.

Key terms: IN-657, High temperature corrosion, Hot
corrosion, molten salts, Laser, Laser surface treatment, Nd
Laser, surface modification.

Introduction

According to current usage in the literature, the phenomenon
of hot corrosion is the accelerated oxidation in a high
temperture gaseous environment of a material whose surface
is coated by a thin fused salt film (1). Engineers concerned
with the degradation of boiler tubes by fuel ash condensates
have long been familiar with corrosive slag films (2).

The fossil fuels used in energy generation systems have
chemical elements that can be transformed by the combustion
reaction to form inorganic compounds with low melting point.
Such deposit on metallical systems at temperatures over the
melting point of these inorganic compounds cause
catastrophic corrosion phenomena (3.4,5).

The catastrophic corrosion results from the electrochemical
nature of hot corrosion at high temperatures (6,7).

The IN-657 superalloy was developed to achieve high creep
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resistance. As a result, it is interesting to note its
corrosion behavior at high temperature in contact with
molten salts.

An important new alternative to enhance the resistance to
hot corrosion is the laser surface treatment with an
inherent fast heating and cooling cycle. The laser process
can be controlled and applied to specific areas of the
material. The surface experiences fast heating and cooling
rates (On the order of 106 and 108 0 C/s). This techinique
is used to improve the behavior of the material to wear,
friction, corrosion and fatigue, due to the microstructural
changes induced into the surface (8,9).

The objective of this work is to determine the kinetics of
the catastrophic corrosion, in the eutectic melt 82%
K2 S 2 0 7 -18% V2 0 5 (molar ratio), in contact with the IN-657
superalloy with and without laser surface treatment.

The molten salt tested was 82% K2 S 2 0 7 - 18% V2 0 5 (molar
ratio), whose melting point is approximately 600 K. It is
usually present in the combustion ash, as a result of the
oxidation of vanadium and sulphur from the fossil fuels
(10). It is also possible to form this salt from the
combustion of low quality fuels in industry and in aircraft
turbines (11).

Potassium pyrosulphate K2 S 2 07  is formed from alkaline
compounds deposited on the metallic surface, from K2 SO 4 to
react with the S03 (12). The vanadium pentoxide V2 0 5 is
formed from vanadium porphorine in the fossil fuels reacting
in the combustion process, first to form VO(OH) 3 (gas), and
then V2 0 5  (solid), with an excess of oxygen in the
combustion gas (13).

The study was carried out at temperatures between 773 and
823 K, when the salt mixtures are molten. Also, at these
temperatures, it is often possible to find various metallic
areas showing catastrophic corrosion phenomena in equipment
operating in energy transformation industries. To study the
process one has used polarization resistance and
intersection techniques. Such measurements have confirmed
that the corrosion process, in the presence of molten salts
is an electrochemical process. According to the results
obtained, the authors suggest the possibility of the
participation of different electron sinks in the cathodic
reaction.

The Stern-Geary equation was used to obtain the corrosion
intensity by determining first, the cathodic (Bc) and anodic
(Ba) Tafel slopes obtained from polarization curves, and the
polarization resistance values (Rp). The corrosion
intensities (Icorr) were determined from the Tafel slopes
and from the Stern-Geary equation.

In the industry, it is usual to find carbon residues in the
molten salts. In this work, the effect of carbon on
corrosion is analyzed for contents between 1% and 3% wt% C.
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Experimental Method

The working electrode was the alloy studied: IN-657, with an

exposure area to the corrosive media of 0.67 cm2 (Table-i).
The laser surface treatment was applied to the polished
sample, by neodimium laser equipment (Nd:YAG). A pulse was
used as shown in Figure 1. The energy applied was 7.7 J,
with a power of 240 W. The frequency was 30 Hz. The
atmosphere was controlled at 2 Bar pressure with an argon
flow of 0.5 m3/h. The beam speed was 1200 mm/min with a
focus of 5 mm.

TABLE 1

COMPOSITION OF THE IN-657 SUPERALLOY (wt%)

ELEXENT8

ALLOY Ni cr F7 Mn 2L V V N P

IN-657 50.9 46.5 0.7 0.11 0.37 1.32 - 0.07 0.01

Platinum was used as a counter electrode. The electrical
connection to the test electrode was shielded with a vycor
glass rod sealed with ceramic paste (composed of sodium
silicate with kaolin added to saturation of the mixture), to
achieve the appropriate degree of protection from the melt.

The Ag/Ag 2 SO 4 reference electrode consisted of a tetradic
eutectic with the following molar ratio: 70.2% Li 2 SO 4 ,
12.15% K2SO4, 7.65% Na 2 SO 4 and 10% Ag 2 SO 4 (14,15).

The salt mixture was prepared with a molar ratio of 82%
K2S207 - 18% V2 0 5 corresponding to the eutectic composition
which has the lowest melting point of the system K2 S2 0 7 -V 2 0 5
(Figure 2) (16). Carbon concentrations between 1% and 3 wt%
were added to study the possible influence of this element.
A quartz crucible used as a cell container was placed in an
AISI 304L stainless steel sealed vessel, that permitted work
in a controlled atmosphere (17-18). This was placed in a
resistance furnace at the working temperatures of 773 and
823 K.

An AMEL potentiostat AMEL-568 and a function generator
AMEL-867 were used to obtain electrochemical data. The
temperature was controlled by a digital system.

Potentials of +/-10 my were applied to the corrosion
potential (scanning rate 2 mV/s) for different testing
times, to determinate the polarization resistance Rp for
each time.

The Tafel slopes were established from the active region of
the corresponding anodic and cathodic curves. The Tafel
slopes were plotted by applying a ramp of +/-100 my to the
signal generator with a polarization rate of 20 mV/s. Then
RD, obtained by the Stern-Geary equation (19), was applied
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to obtain Icorr. Subsequently, the instantaneous corrosion
rates were established for each time and different
conditions using Faraday's Law.

Experimental Results and Discussion

Figure 3 shows microscophy, after laser surface treatment
(Nd: YAG) of the IN-657 superalloy. The surface is
homogeneous without cracks. The laser melting treatment has
been used to enhance the mechanical properties of the
surface and near-surface regions. The effective cooling rate
can be related to two processes occuring in the melt zone:

(1) The heating process, which can control the temperature,
holding time, homogeneity and stability of the liquid phase.

(2) The diffusion of elements which can control the
segregation, phase transformation and precipitation
phenomena within the solidified metal.

In this work a very high homogeneity of the surface
composition has been obtained.

Figure 4 shows the evolution of the corrosion intensity for
different times in an oxidant atmosphere (P 02 = 1 atm),
with and without laser treatment on IN-657, in contact with
the molten salt tested without carbon. The evolution of Icoýý
was similar at 823 K, but at low temperature Icor, was
greater each time with laser surface treatment.

Figure 5 shows the integration of the Figure 4 data, which
allows calculation of the weight loss for different test
times. The mathematical relationship between mass loss and
time (kinetic laws) are as follows:

at 773 K:

a) without laser treatment (logarithmic):
y = k + 0.131n(t) t < 55 h
y = k + 0.221n(t) t > 55 h

b) with laser treatment (potential):
y = kt 0 . 5 5  t < 30 h
y = kt0.0 1  t > 30 h

at 823 K:

a) without laser treatment (linear-logarithmic):
y = k + 0.59t t < 25 h
y = k + 14.951n(t) t > 25 h

b) with laser treatment (parabolic-linear):
y = kt 0* 6 4  t < 100 h
y = k + 0.06t t > 100 h

The worse corrosion behavior of the material with laser
surface treatment can be attributed to the formation of
active-passive regions in the boundary areas between those
scanned by the laser pulse, changing the composition in
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these limited areas, allowing the formation of localized
active areas.

Figure 6 shows the evolution of the corrosion intensity for
different times in an oxidant atmosphere (P 02 = 1 atm),
with and without laser treatment on IN-657, contacting the
molten salt with 1 wt% carbon. The corrosion intensities are
in the same range for both temperatures tested (with and
without laser treatment).

Figure 7 shows the integration of the Figure 6 data, which
allows calculation of the weight loss for different test
times. The mathematical relationship between mass loss and
time (kinetic laws) are as follows:

ato773 K:

a) without laser treatment (linear):
y = k + 0.05t t > 0 h

b) with laser treatment (para-linear):
y = k + 0.12t t < 140 h
y = k + 0.05t t > 140 h

at 823 K:

a) without laser treatment (logarithmic):
y = k + l1.881n(t) t > 0 h

b) with laser treatment (power-logarithmic):
y = kt0 .7  t < 80 h
y = k + 2.951n(t) t > 80 h

At 773 K the corrosion behavior of the IN-657 superalloy is
worse than the material treated by laser, but this change in
behavior in the viscosity of the molten salt (ref. 16) at
823 K allows carbon transport to the alloy surface,
depositing in the active areas (boundary areas between those
treated by laser areas), and so that big anodes and small
cathodes decrease the corrosion rate in this case.

Figure 8 shows the evolution of the corrosion intensity for
different times in an oxidant atmosphere (P 02 = 1 atm),
with and without laser treatment of the IN-657, in contact
with the molten solt tested with 3 wt% carbon. The I,,,, at
773 K of the material without laser treatment was very low,
compared with the other three corrosion intensities .

Figure 9 shows the integration of the Figure 8 data, which
allows calculation of the weight loss for different test
times. The mathematical relationship between mass loss and
time (kinetic laws) are as follows:

at 773 K:

a) without laser treatment (linear-logarithmic):
y = k + 0.06t t < 75 h
y = k + 7.951n(t) t > 75 h
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b) with laser treatment (linear):
y = k + 0.57t t > 0 h

at 823 K:

a) without laser treatment (linear):
y = k + 0.75t t > 0 h

b) with laser treatment (linear):
y = k + 0.65t t > 0 h

In the case with 3 wt% carbon again the viscosity of the
molten salt allows the transport of the undissolved carbon,
in-the molten salt, and deposits it in the "boundary areas"
between the pulses of laser on the material (see Figure 1).

According with the previous studies of the molten salt
K2S207-V205 (see ref. 16) and with the results obtained we
can suggest the following chemical reactions between molten
salt, carbon and IN-657.

The vanadium V5+ reacts in the molten media to form very
stable "chemical complexes" in the test conditions as:

Vp5 + 3SP72" = 2VOSO4-7 3- (i)

VP5 + 2S-P72" = (V029 A(SO• -. ;74" (2)

VP5 + S72- = 2VO2SO42" (3)

The amount of V5÷ available to accept electrons in the
cathodic reaction is very low. According to the last
paragraph, the species rich in sulphur will play an
important role in the cathodic mechanism as:

S03 2- + 8e- = S2- + 30.2- (4)

S04 2- + 6e- = S + 402- (5)

S04 2- + 8e- = S2- + 402. (6)

SP72- + 4e- - 2S02 + 302. (7)

S p 72" + 2e -= ,S04?" + S0 2 + 02" (8)

The thermal descomposition of SP72" plays a very important
role in chemical equilibrium:

SP72" = S042- + S03 (9)

According with experimental results, the kinetic parabolic
and logarithmic expressions confirm a difusion mechanism
through oxidized layers to control the kinetics. The
formation of a chromium oxidized layer is:

1/202 + 2e = 02- (10)
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Cr = Cr 3 ÷ + 3e" (11)

justifying the corrosion of a Cr0 3 layer. Allowing a
reaction between the Cr2 3 layer and molten salts, with a
"basic fluxing" as:

3/202 + CrP 3 + 202- = 2CrO 4
2 - (12)

3/202 + CrP 3 + 02-= Cr 7 2- (13)

At the temperatures studied, the two possible reductants in
the Budouard equilibrium are CO and C; but the thermodynamic
reductant under 943 K is carbon. Carbon is the
thermodynamic reactant, but the kinetic process is fastest
with CO, because in this case the reaction is gas-liquid and
in- the other case the kinetic process is solid-liquid.
These above discussion can be described by the following
reactions:

CO 2 + C = 2CO (14)

K 2S20 + C = K 2S; 5 + CO 2  (15)

V 5 + C = V P 4 + CO (16)

K 2$;0 + 2C = KS.s + 2CO (17)

reacting with the system components. But the action of the
carbon can also occur on the protective layer.

CrP 3 + 3CO = 2Cr + 3CO 2  (18)

Na rP 4 + CO = 2CrO + Na•D + CO 2  (19)

CrP 3 (g) + 2C = CrO + Cr + CO 2 I C (20)

Conclusion

1. The laser surface treatment applied to the IN-657
superalloy, obtains a superficial continuous microstructure
without cracks.

2. At 773 K, independent of the carbon contents, the
corrosion behavior of the IN-657 superalloy is worse than
the material treated by laser surface modification.

3. At 823 K, for all the carbon contents in the molten salts
tested, the corrosion resistance of IN-657 superalloy is
better after laser surface modification.
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Figure 3. IN-657 superalloy treated by laser,
with a polarized filter (X magnification).

-773 K Laser ..... 773K
-- 823 K Las- 823 K

2.00

1.00

050 100 150 200

rime (hours)

Figure 4. Evolution of I.... with time in an
oxidizing atmosphere for the IN-657
superallQy, with and without laser surface
treatment. Molten salt with 0 wt% of carbon.
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Figure 5. Loss mass with time in an oxidizing
atmosphere for the IN-657 superalloy, with
and without laser surface treatment. Molten
salt with 0 wt% of carbon.
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Figure 6. Evolution of Z with time in an
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superalloy, with and without laser surfacetreatment. Molten salt with 1 wt% of carbon.
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Abstract

A conmmon problem found during burning fuels containing vanadium, sodium and sulfur is the

high temperature corrosion attack on metallic components of the combustion system. This

phenomenon is of special interest due the increased use of heavy oil with high content of vanadium

and sulfur.

This research describes the development of corrosion resistant metallic coating on carbon steel

based on chromium -aluminium. Diffusion coating by pack cementation was the technique used to

applied this coating. The optimization of the coating was perfomed. Then, coated and uncoated
samples were exposed in laboratory test to Na2SO4/V205 fused salt in S021SO 3 /02 atmospheres

at 700 -C.

Results of this experimental program showed that the Cr-AI coating tested adequately protected the

base metal of the corrosion attack. Thickness losses on coated carbon steel were up to five times

lower than on 5% Cr steel.

The work done demonstrated that the Cr-Al coatings can be used to control corrosion due to fused

salts, under the tested conditions.

Key Words: Pack cementacion, high temperature corrosion, coatings, difusion,

fused salts

Introduction

The use of fuels containing high concentration of contaminants such as vanadium, sulfur and

sodium is limited as a result of the corrosion attack ( hot corrosion) that may take place on internal

components of the combustion system. It is well known that this attack is due to the formation of
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low melting point vanadium-containing compounds, such as Na20.V2 04. 5V20 5 (1,2). Several

mechanisms have been proposed to account for the effect of this corrosion attack. These are:

vanadium compounds act as oxygen carrier (3); vanadates dissolve the protective oxides (4)

vanadates penetrate the protective scales and distort the normal stable lattice, increasing the defect

concentration (5) and attack by a sulfur specie. Fang (6) concluded that vanadium compounds have

a chemical or electrochemical effect on the corrosion rate. All of these mechanisms involve the

deterioation of the product barrier that forms on the alloys when deposits are not present. The

effect that prevails depends the concentration of impurities, the alloy composition and the type of

oxide that can be formed.

Several methods have been employed to reduce fused salt fireside corrosion. These include

combustion control, equipment design, the use of fuel additives which are largely based on

magnesium oxide, selection of high alloy materials and protective coatings.

It is well known that in Fe-base alloys, bulk addition of oxide-forming elements such as aluminium

and/or chromium, fe-ilitates the development of protective oxide scales, therefore reducing alloy

degradation at high temperatures. Surface alloying by pack-diffusion processes provides a practical

and cost-effective alternative to bulk alloying. In this sense, the incorporation of Cr in a protective

coating is expected to promote low oxidation rates, while Al is added to improve the resistance to

sulfur attack (6,7). Thus, a programme was initiated at INTEVEP, S.A (8,9) to develop this kind

of surface treatment for upgrading the corrosion resistant of metallic materials. As part of the

research program, chromium-aluminium diffusion coatings were applied on carbon and low alloy

steels. In the present research the performance of carbon steel coated samples were evaluated in

laboratory, under conditions that promote vanadate-induced corrosion.

Experimental procedure

Materials

For the laboratory tests, rectangular pieces with dimension of 2x2x0. 1 cm, were cut from tubes of

carbon steel ASTM A-178, commonly used for boilers and other combustion systems. The

composition of this steel, which were determined by Atomic Absorcion Analysis, is reported in

Table 1. The specimens were ground on 600 grid emery paper, degreased, air dried and weighed.

Rectangular specimens of the steel was sequentially aluminized and chromized by a proprietary

pack-diffusion process. although, the process was optimized in this particular aplication (8,9).
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Test Procedures

Laboratory corrosion tests were performed at 700 'C in a horizontal tube furnace. The specimens

were placed in a crucible, immersed completely in a molten salt and exposed to a flowing

SO2/SO 3/O2 gas mixture. This synthetic flue-gas was preheated in a platinum catalyst at 900 0C in

order to convert SO 2 into SO 3. The tests were carried out during different periods of time ranging

from 50 to 200 hours. The compositions of both, the salt and the synthetic flue-gas, are shown in

Table 2. These conditions were selected to simulate an aggressive environment to promote high

temperature corrosion due to ash deposit. The salt composition used is very corrosive due to the

formation of eutectic compounds with low fusion temperatures (10).

The corrosion rate was estimated by gravimetric methods using an electrolytic descaling procedure

(11) to clean the samples after the tests. Specimens were examined by optical and scanning electron

microscopy (SEM) and chemical composition profiles were obtained by energy dispersive X-ray

analysis (EDS).

Results and discusion

For the aplication of the pack cementation process on the carbon steel was necessary the

optimization of the parameters such as temperature of the process, deposition time and activation

gas flux (9). Figure 1 shows a photomicrograph of a cross-section aluminized/chromized carbon

steel. The coating was about 60 g.m thick, EDS analysis indicated up to 3% Al and a maximum of

44% Cr. Concentration profiles of Cr were characterized by a smooth gradient to a depth of 70

g.m. Then a steep fall in chromium concentration followed. A compact and homogeneus coating

was found.

Weight loss measurements at different times were performed to establish the corrosion kinetics data

of both uncoated and coated material. Figure 2 shows the weight losses per unit area of metal

specimen as a function of time, for the uncoated and coated carbon steel. For the uncoated

samples, a parabolic kinetics law was observed for this steel. Initially, the corrosion rate increased

rapidly and then near 100 hours the kinetics slow down and tends to be linear but with a very low

slope. In the case of the Cr-Al diffusion coated samples, the corrosion kinetics was similar with

uncoated steel, the corrosion rate followed a parabolic law. However, in contrast to the behavior of

uncoated steels, the coated materials showed a much lower corrosion rate. In fact, a reduction of

80% in weight occurred in the coated specimens, as a result of the protection afforded by the Cr-

Al coating. The carbon steel showed the smallest weight loss compared to low alloy steels (9),

under the same testing conditions using the same coating. A visual microstructural examination
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showed that the coating on carbon steel was more densa and defect - free than the coating on the

either of the low alloy steels.

Microscopic examination of corroded samples showed that scales of uncoated specimens were 125

p.m. These scales were highly porous and nonadherent as shown in Figure 3. Semiquantitative

EDS revealed a mixture of iron and vanadium compounds. On the other hand, sulfur products

were mainly adjacent to the metal/scale interface.

Additionally Cross-sections of exposed carbon steel coated samples (Figure 4), showed that the

coating remained after the test and the thickness (50 p.m) was not significantly affected by the

corrosive environment. Also, the coating surface was covered with a sulfur free compact scale

formed by chromium and aluminium compounds.

The formation of sulfur compounds in the base metal/corrosion products interface has been

observed in different kind of steels (12,13). In some cases of severe hot corrosion where copious

amounts de sulphide are formed, it appears that oxidation is following the sulphide penetration,

and early investigators attributed a crucial role to the sulphur. In general, sulphur compounds form

scales which have a higher defect concentration than oxides. Then, the corrosion rate tends to

increase because the parabolic rate constant is proportional to the defect concentration (7).

Additionally, metallic sulfides form low fusion point eutectics. Therefore, liquid phases can be

formed at relatively low temperatures (14), producing the breakdown of the previously formed

oxide scales.

It can be seen that different corrosion behavior was clearly defined for the tested samples. The

uncoated specimen showed sulfidation while the coated ones did not show this type of

degradation. This indicates that a sulfidation mechanism did not take place during the corrosion

process of the aluminized-chromized materials.

Conclusions

The modification carbon steel by a surface alloying process such as pack diffusion provided

materials with an improved resistance to fused salt corrosion. The results obtained with the

coatings applied on this substrate, can be summarized as follows, from a standpoint of

morphology and on the bases of the protection afforded:

1. From a morphology point of view, a very good aluminized chromized was obtained on carbon

steel. This coating was found to be dense and defect-free.
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2. With regarding to the protection afforded by the coatings, it can be concluded that it performed

adequately, reducing the severity of the corrosion attack in 80%.

3. The incorporation of Al into a Cr containing film, prevented or reduced the sufidation attack to

the carbon steel.
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Table 1 Elemental Composition of the Steel

Element Composition (weight % )

ASTM C S Si Mn Cr Mo
Designation

ASTM 178 0.158 0.015 0.01 0.50

Table 2 Corrosive Environment for Laboratory Test

Salt composition ( weight % ) 85% V20 5 - 15% Na2 SO4

Gas composition 2400 ppm SO 2 - 100 ppm S03 - 1%02 - Bal N2

Temperature 700 -?C

Time (hrs) 50, 75, 100, 200
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Abstract

The kinetics and mechanism of high-temperature sulfidation of
cobalt-chromium alloys were investigated. It has been found
that the sulfidation rate of low-chromium alloys, in sulphur
partial pressure 10 2' Pa and 10- 3' 5Pa at 873 K to 1023 K, up
to 5 wt% Cr, is higher than that of pure cobalt. The one-layer
homogeneous scale on these alloys is a solid solution of
chromium sulfide in cobaltous sulfide. In case of alloys
containing more chromium, up to 10 wt% Cr sulfidation rate
decrease gradually with chromium content, further the increase
of chromium content in the alloys more than 10 wt% Cr practi-
cally does not influence on the sulfidation rate of the alloys
and double scale layer is formed. At 1273 K in sulphur partial
pressure 10- 2' Pa and 10-3, Pa, sulfidation rate increases
gradually with chromium content. The one-layer scale on these
alloys are chromium sulfides. The rate-controlling mechanism
appears to be diffusion of chromium ions through the chromium
sulfides. Internal sulfidation of these alloys is also
observed.

Key terms: high temperature sulfidation, sulfides, kinetics,
hydrogen sulfide, scale

Introduction

The Co-Cr alloys are one of important system which have been
extensively studied in the last decade. In spite of this, how-
ever, the mechanism of corrosion of Co-Cr alloys are still not
fully explained. Cobalt based alloys exhibit good high tempe-
rature corrosion resistance in oxidizing atmosphere, but they
sulfidize easily. Such a situation results mainly from the
fact that the transition of metal sulfides is much more
numerous than corresponding oxides [11.

Mrowec et al. [2] have studied sulfidation cobalt chromium
alloys under sulphur-vapor pressure of 1 atm at 873 K - 1173 K.
They have found that sulfidation rate of low-chromium alloys,
up to 2* Cr, is higher than that of pure cobalt. The one-layer
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homogeneous scale on these alloys is a solid solution of
chromium sulfide in cobaltous sulfide. In case of alloys
containing more chromium, up to 45%, sulfidation rate decreases
gradually with chromium content, the scale consists of two
layers.

Davin [3] has sulfidize of Co-10 and Co-30 wt% Cr alloys in
H2/H2S mixture at 1073 K and 1273 K. At sulphur partial pres-
sure where the sulfides of both the base metal and of the
alloying element are stable, the increase of chromium content
in the alloy decreases the rate. This was due to the formation
of increasing amounts of Cr2S3 which reduced the area available
for diffusion through the cobalt sulfide.

Whittle, Verma and Stringer [4] have carried out sulfidation of
Co-Cr binary alloys containing up to 25 wt% Cr in H2/H2S atmos-
pheres of an effective sulphur partial pressure of 15 torr at
1073 K and 1273 K. They have stated that at 1073 K, the scales
on the alloys consist of an inner layer of cobalt chromium
sulfide solid solution and an outer layer of CoSi+x containing
no chromium. The scale on the 1 and 5 wt% Cr alloys also
contain an intermediate layer of Co9S8. The scale on the Co-17
and 25 wt% Cr alloys at 1273 K is similar to those at 1073 K.

Many industrial gases contain small amounts of sulfur
compounds, so very lower sulphur partial pressure is observed.
Under this condition, in agreement with theoretical prediction,
on the cobalt-chromium alloys only Co9S8 or Co4S3 sulfides can
form. The recent advance in an experimental procedure allows to
study corrosion processes by very low sulfur partial pressures,
comparable with those in the industry. This study forms part of
an overall investigation into the effects of sulfur pressure,
alloy content and temperature on the sulfidation behavior of
Co-Cr alloys.

Experimental

The alloys of nominal composition Co-i, 5, 10, 20 and 45 wt%
Cr, were prepared by melting 99.8 per cent pure starting
materials in an induction furnace under a pressure of 300 mm Hg
in a round cast-iron mold coated with aluminum oxide.

All the castings were annealed in an evacuated sealed quartz
for 6 hr at 1373 K to homogenize the structure and to remove
the inner stresses. After annealing, all the ingots were cooled
in the furnace to the room temperature and after removing the
surface layer, disk-shaped samples 16 mm in diameter and 0.25
mm thick were cut out.

The surface of the sample was polished with emery paper" inclu-
ding 5/0 and washed with water, methanol and acetone.

The investigation of sulfidation kinetics were carried out
under a sulphur partial pressure of 10-1 Pa to 10-4 Pa, being
achieved using H2/H2S gas mixture, in the range of temperature
873 - 1273 K by a continuous gravimetric method in apparatus
described elsewhere [5]. The required H2/H2S ratio at a parti-
cular temperature is obtained from the known [6] equilibrium
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constant for the reaction

H2S(g) = H2(g) + l/ 2 S2191 (1)

under the assumptions that only diatomic sulphur molecules are
present in the gas phase, and that there is no influence of
hydrogen on the su'fidation reaction.

Samples were located well above the hot zone and were lowered
into the furnace when the desired conditions of temperatures
and atmosphere had been attained.

Results

The weight gain/time data for the sulfidation of the five
alloys at a sulphur partial pressure 10-2 '5 Pa at 973, 1023 and
1273 K, and 10 - Pa at 873, 973 and 1273 K are presented in
Fig.1, 2. Reproducibility was generally within + 10 per cent.
It effects from the plots that sulfidation process follows the
parabolic rate law, being independent of the alloy composition,
temperature of the reaction and the sulphur partial pressure,
clearly indicating that in the steady state conditions the rate
of scale growth is diffusion controled. It should be noted that
only in cases of low chromium content in alloys at the condi-
tions where only chromium sulfides are stable, the sulfidation
process follows the parabolic rate law after certain incubation
period.

The influence of chromium concentration on the parabolic rate
constants is shown in Fig. 3. It follows from these plot that a
small chromium addition ( below 5 wt% Cr) causes the increase
in the corrosion rate and then decreases gradually with an
increase of chromium concentration in the alloy up to 10 wt%
Cr. Although according to Fig. 3 the weight gain experienced by
the 1 per cent alloy at 973 and 1023 K is lower than that by
the 5 per cent alloy, there is little difference in the
parabolic rate constants. Above 10 wt% Cr the sulfidation rate
becomes independent of the alloy composition. At higher tempe-
ratures (T > 1173 K) and sulphur pressure lower than the
dissociation pressure of Co9S8, the rate increases markedly
with chromium concentration.

The effect of temperature on the sulfidation rate of the dilute
chromium alloys is insignificant in Co9S8 stability region and
below the dissociation pressure of Co9S8 (Fig. 3)

Morphology and Phase Composition of the Scale

The morphology of the scale was examined using SEM. Selected
data of these investigation are shown in Fig. 4-8.

The phase composition of the scale was examined using Debye-
Scherrer powder methods and also X-ray diffraction patterns
obtained for the top and internal surface, polished metallo-
graphically parallel to the scale/gas interface. In case of
two-layer scale each layer was examined separately. The inter-
pretation of the X-ray patterns was carried out using data of
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ASTM [7].

Fig. 4 shows SEM micrigraph of the scale on the 1 wt% Cr alloy
sulfidized at 1023 K in sulfur partial pressure 10-2, Pa. One-
layer scale is formed. It follows from the X-ray diffraction
data further that the scale formed on this alloy is homo-
geneous and contains small amounts of a dilute solid solution
of chromium sulfide in Co9S8.

Layered scale developed on the Co- 5 wt% Cr alloy at 1023 K in
10-2, Pa is shown in Fig. 5. Outer scale layer built of large
columnar grains consists of a cobaltous sulfides Co9S8 and
Co4S3 whereas the inner one is cobalt sulfide Co9S8. On the
outer most surface of the metallic core fine grains of chromium
sulfide Cr3S4 is observed.

Figure 6 shows fracture cross sections of the one-layer scale
grown on Co- 45 wt% Cr alloy at 1023 K and 10-2 ' 5 Pa sulfur
pressure. Large columnar crystals with some voids are observed.
The X-ray diffraction patterns has shown that the scale is
built of CoCr2S4, Cr3S4 and Co9S8.

Figure 7 shows fracture cross sections of the scale grown on
Co- 45 wt% Cr alloy at 1273 K and 10- 2'5 Pa sulphur pressure.
The scale formed on this alloy is built with large grains; some
of them are in a contact with the top of the surface of the
metallic core in the toothlike shape of a saw. The X-ray inves-
tigation has identified that the scale consists in upper part
chromium sulfides Cr2S3 and Cr3S4 whereas in the scale/metallic
core interface Cr3S4 and CrSS6.

Figure 8 shows the top surface of outer very thin scale formed
on Co- 1 wt% Cr alloy at 1273 K and 10'2 'SPa. EDAX analysis has
indicated that the thin film of the chromium sulfide is formed.

The metallografic cross section has revealed that the internal
sulfidation is observed only on the alloys sulfidized under
these condition where cobalt sulfides are unstable Fig. 9.

Discussion

Based on the kinetics measurement, combined with data obtained
with X-ray investigation, and structure analysis, allow some
conclusions to be drown concerning the sulfidation mechanism of
cobalt-chromium alloys at low-sulfur partial pressures. All
alloys sulfidized at above conditions according to a parabolic
rate law indicating a diffusion-controlled reaction regardless
of temperature and alloy composition. However, the scale compo-
sition is strongly dependent on alloy composition.

From Fig. 3 it follows that two distinct regions can be obser-
ved for the alloys sulfidized under the conditions when both
cobalt and chromium sulfides can form. In the first region, a
low chromium content, the scale is single-layer and homo-
geneous, and the rate of sulfidation is higher than that of
pure cobalt. The difference in the numerical values of the
parabolic rate constants between the pure cobalt and the
various alloys was only about half an order of magnitude.
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The monophase scale formed on low-chromium alloys consists of
dilute solid solution CogSs or Co4S3 (depends on the condition)
- CrxSy (this chromium sulfide was virtually undetectably by
X-ray only by microanalysis). The higher sulfidation rate of
low-chromium alloys can be explained in terms of Wagner model.
However, there is not data concerning defect structure of Co9S8
and C4S3 but it can be assumed the both cobalt sulfides are
metal-deficit p-type semiconductor. The growth of such scale
should proceed due to the outward diffusion of cobalt and
chromium ions and electrons via cation vacancies and electron
holes. Incorporation of trivalent chromium ions into the
crystal lattice of Co9S8 or Co4S3 scale results in an increase
in the concentration of cation vacancies, and consequently
increases the sulfidation rate. The process of cation vacancies
formation can be expressed by the following equation:

CrxSy - xCr' + V" + yS2 (2)C• Co

where Cr" is a trivalent chromium ion on the site of a biva-
Co

lent cobalt ion; V" is a doubly-ionized cation vacancy.
Co

In the second region (Fig. 3) the scale has a two-layer scale
structure and the sulfidation rate decrease with increasing
chromium concentration in the alloy up to 10 wt% Cr. The sulfi-
dation rate of alloys containing more than 10 wt% Cr is practi-
cally independent of chromium concentration in an alloy. Fig. 5
shows the scale formed on these alloys. The scale consists of
two layers. The outer layer of the scale is compact and built
of large columnar grains and no porous was observed. X-ray
diffraction has reveled that the outer scale layer contains
two cobalt sulfides Co9S8 and Co4S3. The inner scale layer
contain cobalt-chromium sulfide solid solution Co9S8 and Cr3S4.
The cobalt-chromium sulfide solid solution can exist over a
wide range of the composition. As might be anticipated, the
chromium content in this inner sulfide increase with increasing
alloy chromium content, whilst at the same time the diffusion
rate of both cobalt and chromium ions through this sulfide
decrease, thereby reducing the parabolic rate constant for
sulfidation. The selective sulfidation of chromium has been no
observed.

The sulfidation rate of alloy containing 45 wt% Cr is compar-
able with the sulfidation rate of alloy containing 26 wt% Cr.
As follows from Fig. 6 the scale on this alloy consists of
one-layer which consists mostly cobalt-chromium spinel CoCr2S4
and Co9S8 and Cr3S4. In this case the scale growth occurs due
to the outward cobalt and chromium ions diffusion. The sulfur
activity gradient in the scale layer is now so high that
internal sulfidation is observed.

The sulfidation rate of alloys at 1273 K increases with incre-
asing of chromium concentration. In this case one-layer
chromium sulfide scale is formed since cobalt sulfides are
unstable. The very thin layer of chromium sulfide is formed on
the surface on the alloy containing 1 wt% Cr with the clearly
grain boundary visible (Fig. 8). Such situation results mainly
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from the fact that grain boundary chromium diffusion and conse-
quently internal sulfidation is observed. Fig. 7 shows a single
large columnar scale composes of Cr3S4 and CrSS6 formed on 45
wt% Cr alloy at 1273 K and 10-2'5 Pa. The mechanism growth of
the scale is outward chromium ions diffusion through the scale.
The sulfidation rate of this alloy is one and half order
magnitude lower than the sulfidation rate of pure chromium [8],
however the scale composition is practically the same. It
seems, the that diffusion of chromium in the alloy plays an
important role and determines the sulfidation rate.
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Abstract

Premature failure of Alloy 800 tubes of steam super heating coils of two hydrocracker
charge heaters of a refinery were investigated. The tailures of the tubes could be attributed
to thermal fatigue as a result of pressure and temperature fluctuations as well as restriction
to movement. Fatigue cracks initiated intergranularly from both the flue gas and steam
sides. Enhanced general and grain boundary oxidation coupled with age hardening of the
alloy led to the formation of incipient intergranular cracks which acted as sites for the
initiation of the fatigue cracks.

Key terms: Alloy 800, thermal fatigue, steam coils,hydrocracker

Introduction

Alloy 800 is an Fe-Cr-Ni alloy containing small additions of C, Ti, Al, Cu, Mn and Si. It has
a fully austenitic microstructure which is age hardened by the formation of Ni3(Al,Ti)
precipitates. Alloy 800 combines excellent strength and creep properties with resistance to
carburization and corrosion in many aggressive environments at elevated temperatures. The
alloy has become standard material for many high temperature applications such as steam
generation, gas cooled reactors, steam/hydrocarbon reforming, ethylene pyrolysis etc. There
are several versions of the alloy but ASTM B-407-87 specifies three types - UNS N08800
(Alloy 800), UNS N08810 (Alloy 800H), and UNS N08811. Alloy 800 is normally employed
in service temperatures upto and including 11000F, while the latter two alloys are specified
for temperatures above 1100°F where resistance to creep and rupture are required.

This paper presents the results of the failure investigation carried out on prematurely failed
Alloy 800 tubes of steam super heating (SSH) coils of two hydrocracker (HCR) charge
heaters of a refinery.
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Design of HCR Units and Locations of Failure

The tubes of the two HCR heaters (designated as units 1 and 2 respectively) have a wall
thickness of 2.75 mm and a diameter of 88.9 mm. Some of the tubes are circumferrentially
finned on the outside with type 304 stainless steel while others are bare. The fins (thickness
1.25 mm, width 12.8 mm) are spaced approximately 7 mm apart and are joined to the tube
surface by electric resistance welding. The SSH coils have super heated steam inside and
hot flue gas on the outside. The design temperature is 14120F, but the normal operating
temperature is 6160 F. The design pressure is 206 psig.

Unit 1 suffered five successive tube failures over a period of about three months within two
years after the unit was commissioned. All failures were in the finned tubes located near
the intermediate support towards the inlet side and were similar in nature, having
circumferrential cracks. Two of the tubes were completely fractured in two pieces. It was
also noticed that the fins at the intermediate support were damaged, indicating restriction
in movement. Unit 1 was recommissioned after re-tubing with Alloy 800 having double the
original wall thickness (4.5 mm). Slight modifications were also made to the tube supports.

One of the finned tubes in Unit 2 failed in an identical manner three years after start up.
In addition, hydro-testing of the unit during a shutdown shortly after wards, revealed leaks
in an~other finned tube which as located between the intermediate support and the outlet.
Figure 1 shows the arrangement of the SSH coil in the HCR units and the locations of the
failed tubes.

Failure Investigation

HCR Unit I

The failure investigation was carried out on a tube section, approximately 200 mm long,
which was completely fractured in two. Visually, the position of the crack appeared to
coincide with the base of one of the welded fins. No secondary cracks were visible except
the main one. Figure 2a shows a photograph of the failed tube with the matching fracture
faces, while Figure 2b is a photograph of the fracture surface.

Metallographic cross-sectional and longitudinal sections were prepared from near the
fracture area and from an area slightly away from the location of fracture. The grain size
of the alloy was not uniform and varied between ASTM grain sizes 2 and 3. Inter and
intragranular carbides were observed in the microstructure of the material.

Examination of the metallographic cross-se- t:ons revealed the presence of intergranular
fissuring in addition to oxidation with intergratular and transgranular penetration in both
sides of the tube (Figure 3a and b). The intergranular fissuring and oxidation were more
pronounced on the inner surface (steam side) than on the outer surface. (flue gas side).
Microprobe analysis along the oxidized grain boundaries provided a mean value of 33% for
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chromium, thus indicating chromium depletion from the matrix and its oxidation at the grain
boundaries.

Stereo-microscopic examination of the tube outer surface after removal of the welded fins
revealed the presence of a circumferrential crack adjacent to the base of one of the welded
areas. A metallographic cross-section revealed that the crack was transgranular without
branching (Figure 3c) and it had progressed about 1/4 of the wall thickness. It may be noted
that welded fins were not uniformly attached to the tube material and were disbonded in
several places, which was probably because of improper welding.

The fracture surface of the tube was examined with the scanning electron microscope
(SEM). Figure 4a shows a low magnification view of the area marked 'X' in Figure 2, while
Figure 4b shows a higher magnification micrograph from the same area. Fati,.ue striations
are clearly visible in Figure 4b. The relatively wide spacing of the striations suggests the
occurrence of low cycle fatigue. The direction of striations indicates that the fracture path
is from the steam side to the flue gas side. However, the direction of other fatigue striations
found in another area of the fracture surface suggested a fracture path in an opposite
direction. It is worth mentioning that the fracture surface was mostly transgranular in
nature, except for some intergranular cracking near the steam side.

Rockwell B hardness tests were carried out on both the inside and the outside surfaces of
the tube and tensile tests were conducted on longitudinal specimens machined from the tube
material. None of these specimens had surface cracks at or near the welded areas. Table
I shows the tensile and hardness results in addition to the values provided by the
manufacturer and the ASTM specifications. The values given in table show that the tube
material has high yield strength, ultimate tensile strength and grain size higher than that
specified by the manufacturer or the ASTM specification. Therefore, these results suggest
that the material had age hardened during service.

HCR Unit 2

The tube in HCR Unit 2 was cut in half and a section 350 mm long with 40 fins was
examined. Four circumferrential cracks 2 to 6 mm in length were visible on the inside
surface, two of which are shown in Figure 5a. The cracks were all located in the 9 o'clock
position in the direction of the steam flow. No cracks were readily visible on the finned
outer side.

During removal of the fins they were found not to be uniformly welded to the tubes, in a
similar manner to the tube of Unit 1. Examination of the outer surface after removal of the
fins revealed that the four cracks observed on the inner surface had completely penetrated
through the tube thickness. Sixteen other circumferrential cracks of various dimensions were
also found on the outer surface. Figure 5b shows some of these cracks. It was noticed that
all the cracks were located adjacent and to the right side of the welded zones. None of the
cracks originated in areas where there was lack of welding.
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Examination of metallographic cross-sections showed that cracks initiated near the base of
the weld and were transgranular in nature without crack branching (Figure 6a). As in the
case of the tube in Unit 1, intergranular fissuring was observed on both the steam and the
flue gas sides and again was more prominent on the steam side (Figure 6b and c). However,
unlike the tube of Unit 1, there was no oxidation layer and the grain boundary oxidation was
much less than in the tube of Unit 1. The grain size of the Unit 2 tube was found to be
between ASTM No. 4 and 5.

One of the cracks shown in Figure 5a was carefully broken open to expose the fracture
surface for examination with the SEM. Some intergranular and transgranular fracture
features were seen in addition to fatigue striations. Again as in the tube of Unit 1, the
striations were in different directions, suggesting that the fatigue cracks propagated from
both the steam side and the gas side.

Because of the extensive cracking of the tube, tensile tests could not be carried out.
However, hardness tests were done and the value was found to be 82 on the Rockwell B
scale.

Effect of Alloy Composition

The metallurgy of Alloy 800 is rather complex and minor constituents, in particular Ti, Al
and C, together with the annealing heat treatment play a critical role in determining its
service performance characteristics. It has been established1 ,2 that the maximum Ti+Al level
should be 0.6% and the Ti to C ratio should be a minimum of 12 to maximize the stress
corrosion cracking resistance, the creep rupture strength, and rupture ductility properties.
Variations of the above limits create instability in the microstructure.

The chemical composition of the two heats of Alloy 800 used in the HCR units as provided
by the manufacturer in addition to ASTM B-407-88 specification are given in Table 2. It can
be seen that the Ti+Al content of the failed alloy is between 0.6 to 0.72% and the Ti/C ratio
is around 6. Hence some microstructual instability may be expected during service.
However, it should be mentioned that the ASTM specification does not specify a Ti and Al
level for Alloy 800, but does so for the higher temperature grades to be 0.85 - 1.20. The
specification also does not specify a Ti/C ratio limit.

The service performance of Alloy 800 in various applications is generally good. It is not
surprising, therefore, that not many instances of failures have been reported for this alloy.
The one most relevant to the present failure case is that reported by Lippold 3 where the
author has described the creep-fatigue failure of Alloy 800 in super heated steam.

Operating Conditions and Causes of Failure

In order to identify the cause of failure of the SSH coils, it is necessary to consider the
findings of the investigation in parallel with the operating conditions of the HCR charge
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heaters. According to information gathered from the refinery, it was found that HCR Unit
1 was on occasions operated at the design temperature of 14120 F and the SSH coil was also
run dry for sometime. The normal operating temperature should be 6160 F. ASTM
specifies 11000 F as the maximum service temperature for Alloy 800. The time-temperature-
precipitation diagram for Alloy 800 indicates that the use of temperature >9300 F would
result in rapid carbide formation3 . High temperatures would also induce age hardening and
grain coarsening. The total effect would be to deplete the Cr content of the alloy,
particularly at the grain boundaries and the surface.

With reference to HCR Unit 1, it was seen that the tube material of the unit suffered from
oxidation and intergranular attack both from the steam side and the gas side (Figure 3a and
b). The microstructure was quite coarse (ASTM size 2 - 3) and there was carbide
precipitation at the grain boundaries. All these features are consistent with high
temperature operating conditions. Moreover, the presence of striations on the fracture
surface (Figure 4b) clearly indicates that fatigue was involved, and that cracking was from
both sides.

The occurrence of fatigue failure in the tube of HCR Unit 1 is not readily explainable since
in general the fatigue life of Alloy 800 is quite good 3. However, the situation appears
logical when one considers the information available in the literature on the low cycle fatigue
of Alloy 800. The fatigue life of tubular samples was found 4 to be only 20% of that of solid
bar samples when tested in static steam at 12000 F with a total strain range of 0.5%. A
more dramatic decrease in fatigue life was observed when a tensile and/or compressive hold
period was incorporated into the fatigue test4' 5. Nearly a 50 fold decrease in the fatigue life
was observed because of specimen geometry (solid vs tubular) and fatigue loading conditions
(hold vs no hold time)'. Tensile or compressive hold time during fatigue can result in creep
damage to the material during the hold period. As a result, the material damage is termed
creep-fatigue behavior, rather than low cycle fatigue.

It is difficult to ascertain the exact source of fatigue in the present case. However, it is well
known that steam equipment may fail by fatigue if mechanical service stresses are fluctuating
or vibratory, or if thermal cycles or thermal gradients impose sufficiently high peak stresses6.
It has also been established that a reduction in fatigue life takes place due to the occurrence
of intergranular cracking and due to the effect of oxidation 7. Grain boundary oxidation
may produce a notch effect that may limit the fatigue life. In the present case, creep
damage was not observed in the alloy as apparent from the absence of any significant
intergranular damage within the alloy matrix.

Hence it appears that thermal fatigue was responsible for the failure of the tubes in Unit
I. Operation of the unit at high temperatures resulted in ageing, grain coarsening and
carbide precipitation, all of which led to enhanced oxidation of the alloy and grain boundary
attack, thus reducing the fatigue life of the alloy. Moreover, the presence of grain boundary
oxidation acted as stress raisers which together with hold times during fatigue, led to the
premature failure of the tubes of Unit 1.
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HCR Unit 2 was found to have been operated under tighter control, i.e. the unit was not
run dry and there were no excursions to high temperature. The observed microstructure
(finer grain size, less carbide precipitation) and the less severe oxidation of the alloy in
comparison to that of Unit 1 appears to be consistent with the operating conditions of Unit
2. The metallographic and fractographic evidences indicate that failure of the tube of Unit
2 was similar to that of Unit 1. However, because of the longer time taken to form incipient
intergranular fissures, the fatigue initiation time was longer in Unit 2 and hence the service
life was longer (approximately 3 years as compared to 2 years for Unit 1).

In the case of Unit 2, the fatigue cracks were mostly from the flue gas side. A few cracks
were found propagating from the steam side. Crack initiation and propagation from the
outer side of the tube is quite logical since the highest tensile stresses are concentrated on
the outer diameter of the tube. The reason for cracking to occur near the base of the
welded fins is not easily explained since no obvious microstructural changes in the parent
metal were observed in the weld zone. It is possible that properly welded fins give rise to
complex stress patterns in the area adjacent to the weld zone due physical restrictions.

Conclusions

1. The failure of the Alloy 800 tubes in the HCR units was due to thermal fatigue. The
source of fatigue was possibly due to pressure and temperature fluctuations in
addition to restriction in movement of the coils.

2. The initiation and propagation of fatigue cracks were mostly from the outside (flue
gas side). However, some cracks were found to propagate from the steam side.

3. In the case of Unit 1, uncontrolled operating conditions (running dry and excursions
to high temperatures), resulted in age hardening of the material and enhanced
general and grain boundary oxidation with incipient intergranular cracks, leading to
early initiation of fatigue cracks. In the case of Unit 2 with controlled operating
conditions, the grain boundary oxidation and incipient intergranular cracking were
less severe which was manifested in a longer fatigue life.
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Table 1. Tensile and Hardness Properties of Alloy 800

Data YS UTS Elongation Hardness Grain Size

(N/mm 2) (N/mm 2) (%) (Rockwell B) (ASTM No)

Laboratory 337 670 34 85 2 - 3

Manufacturer 238 556 55 69 4 - 5

ASTM 172 (min) 450 (min) 30 (min) 95 (max) 5

Table 2. Chemical Composition of Alloy 800

Element %Composition %Composition %Composition

Heat 1 Heat 2 ASTM

Ni 31.02 31.35 30.0 -35.0

Cr 20.20 20.39 19.0 - 23.0

Fe 46.00 45.00 39.5 min

C 0.06 0.06 0.05 - 0.10

Mn 0.72 0.89 1.50 max

Si 0.46 0.49 1.0 max

Cu 0.14 0.14 0.75 max

Ti 0.36 0.34 0.15 - 0.6

Al 0.36 0.26 0.15 - 0.6

S 0.005 0.002 0.015 max
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Figure 1. Schematic Arrangement of the Steam Super Heating (SSH) Coil in the
Hydrocracker (HCR) Units showing Locations of Tube Failures in Units 1 and
2. (A and B respectively)
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Figure 2. Photographs Showing (a) Fractured Finned Tube from Unit 1; and (b)

Fracture Surface of the Failed Tube.
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Figure 3. Micrographs of Cross-sections from the Tube of Unit I Showing (a)
Oxidation of the Flue Gas Side With Inter and Transgranular Penetration; (b)
Intergranular Oxidation on the Steam Side; and (c) Transgranular Crack
Originating From the Gas Side, Near the Base of the Welded Fin.

(a)

Figure 4. SENI micrographs Showing: (it) Lowv %Mgnit cation View of the Arcii Miirked
"VN on the Fraicture Suirfdtce Shown in FigUre 2; and (h1) Fatig.Ue Striations
Observed in the Same Area in (at). Note - Direction of Striations is from the
Steam Side to the Filue Gas Side of thle Tube).
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F ig.ure 5. Photographs- Showing: ( W) 'Of titlte h)L~r Visible Cracks ( bser, ed ()n tile
InnerCI Surftace ()f the LubeC Of LUnit 2; anld ( b) thle ( uter Surtace (it thle TubeI
Afte r Remnoval of the F ins. Arrows 1I ndicieIC LOCat i MIs ()I Cracks Adja~ice toi
thle Welds.

Figure 6. Micrographs Showingz (a) it I'ta.nsgrinular ('rack ( )rgmanang i rtm Near -lthe
BaSe Of I W\Ve Id; (1b) 1CI riCiielit Intier anrd 'lri nsgra iiu ar I issuIri 0H~ til e STeam11
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Abstract

Tn an air raid in October 1985, the Atmospheric and Vacuum towers
of Crude Distillation Unit of Isfahan Refinery were hit by
several rockets, and were set ablaze. The fire was ex:tinguished
by spraying mainly water and foam. The towers were made from low
carbon %n steel with stainless steel cladding. In order to deter-
mine the effects of the fire on the materials properties, and to
check the suitablity of the towers for repair and reuse various
t-sts were rerfcrmed on the materials in the damaged areas. Te.Fts

"•clude on site and laboratory Optical Metallography, laboratory
5!echanicrn Testing, laboratory Corrosion Testing to determine the
s ~cept~iliy 1 of the stainless steel cladding to intergranular
corrosion. The results were analyzed with respect tn the Con-
stitution Diagram of the alloys. It was concluded the thermal
cycle dito to the fire had not affected the materials properties
significantly. The materials properties were still in the
specification range, and therefore they were suitable for reuse.
The towers were repaired in few months and have been suiccessfully
in operation ever since.

}ey terms: blaze, mechanical and corrosion properties, refinery

Introduction

Tn an air raid in Octoher 1985, the Atmospheric and Vacuum towers
of Crude Distillation Unit of Isfahan Refinery were hit by
several rockets and were set ablaze. The rockets caused severe
deformation and created holes in various locations, from which
fire was coming out. The fire was extinguished after 2 hours by
spraying mainly water plus foam. The towers were made from low
carbon Mn steel sheet, ASME SA 516-60, with a ferritic stainlesR
steel cladding, Type AISI 405. The thickness of the backing plate
and the cladding were about 20 and 3 mm respectively. The nominal
chemical composition and mechanical properties of these steels
are shown in Table 11,2. The operating condition and other
characteristics of the towers are as follows:

Atmospheric Tower. This towers has been designed to refine the
desalted crude. The crude enters the tower at tray no. F, with
the temperature of 330 C. The height of the tower is about 52 m,
internal diameter about 6 m, bottom temperature 330 C, top tem-
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perature 148 C, bottom and top pressure 30 and 26 psi (210 and
180 kPa). The tower has 43 trays. The trays at the lower sections
were made of AISI Type 410 stainless steel and at the upper sec-
tions were made of Monel. The volume of the injected steam at the
bottom of the tower was 6 tonns per hour. Film forming corrosion
inhibitor and Ammonia to control pH were injected into the tower
to control corrosion. The tower was designed to refine 100000 bpd
of crude oil.

Vacuum Tower. This tower has been designed to refine the so
called Atmospheric Bottom, i.e. the remaining of the crude in the
Atmospheric Tower. Atmospheric Bottom enters this tower at tray
no.6, with temperature of 427 C. The height of the tower is about
45 m, internal diameter of about 4.5 m, top and bottom tempera-
ture 57 and 354 C. This tower has 34 trays made of AISI Type 410
stainless steel. The volume of the injected steam is 2.5 tonns
per hours. The designed capacity is 50000 bpd of the crude.

Due to the fire, the temperature of the body of the towers had
increased to red heat in several locations. The fire fighting
lasted about 2 hours during which water and foam were used for
lower sections. Water and foam did not reach to the very top
locationp on the towers and these areas were cooled in air.The
time at temperature of various locations were not knowrn exactly.
This thermal cycle could cause changes in the microstructure and
mechanical properties of the backing plate steel and also could
cause changes in the microstructure and corrosion properties of
the stainless steel cladding. The backing plate steel is; a low
carbon, low alloy steel, which is normally used for the construc-
tion of the pressure vessels. This steel is used in the normal-
ized condition, i.e. the microstructure consists of ferrite plus
pearlite. Fig. 1 shows the related portion of the Fe-C constitu-
tion diagram3 . The vertical line on 0.3% C on this diagram shows
th- position of backing plate steel. This figure shows that in-
creasing the temperature of the steel up to 720 C does nct cause
significant microstructural changes, unless on prolonged heating,
during which the cementite will spherodize. In this temperature
range cooling rate also would not cause any change in the
microstructure. On the other hand if the temperature of the steel
is increased to more than 720 C, some Austenite may form, depend-
ing upon the temperature and time at this temperature. In this
case cooling rate will affect the microstructure. Rapid cooling
by water may cause some undesired martensite and other accicular
phases which reduce the toughness of the steel dramatically. Slow
cooling in air, on the other extreme, will result in the desired
normalized structure.

Fig. 2 shows the vertical section of the Fe-Cr-C constitution
diagram at 0.1% C4 . The vertical line on this figure shows the
approximate position of the stainless steel cladding. Based on
this diagram, increasing the temperature to less than 800 C
causes Chromium Carbides to precipitate. Cooling rate from this
temperature range will not affect the final nicrostructure.
Chromium Carbides, on the other hand will precipitate on the
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grain boundaries and will make the steel susceptible to inter-
granular corrosion. This is the so called sensitized condition,
and the stainless steel will not be suitable to use in this con-
dition. Fig. 2 shows that increasing the temperature to more than
800 C, will result in austenite in the steel, the amount of which
depend upon the time and the temperature. Cooling from this tem-
perature range will result in different microstructures. Rapid
cooling will result in some martensite, and thus a mixed struc-
ture, which is not good for corrosion resistance. Slow cooling,
on the other hand, will result in once again, a sensitized fer-
ritic structure.

Since the thermal cycle of various locations were not known ex-
actly ,in order to determine the effect of the fire on the back-
ing plate and the cladding materials, and to check the
suitability of the towers for repair and reuse, it was necessary
to determine the actual structure and properties of these steels.
Thi• paper describes the results of such investigation.

F xperimentpa

The microstructure of the damaged areas were studied by Optical
Yetallography using replica method, and also by portable micro-
scope, on site. Some portions of the damaged areas were cut out
and the following tests were performed on them in the labcoatory:
Yetallographica] examinations, Tensile Testing of the backing
,',lte steel, testing susceptibility to intergranular corrosion of

the stainless: steel cladding, using ASTM A 763-83 practi4e 4 . For

co-rosion tests of the stainless steel, several specimens with
the dimensions of 20 by 20 mm were abraded to no. 1000 emeryc
paper, degreased with acetone and then electrolytically etched in

10C, Oxalic acid, with a current density of I Ampere per square
centimeter for 1.5 minutes. They were then examined under micro-
scopp and compared with the standard photomicrograph!.

Results and Discussionp

Backing Plate Steel. Table 2 shows the results of on site metal-
lography of backing plate steel on various damaged locations. In
this table the location, the severity of the damage, the ex-
tiguishing procedure, and the microstructure of some of the
damaged areas are summarized. The microstructure of various loca-
tions did not show any evidence of accicular structure and
usually contained 25 to 30% pearlite plus ferrite, irrespective
of cooling rate, which is the usual microstructure of the
original plate. Based on the previous discussion, it was con-
cluded that the temperature and time had not caused any austenite
and therefore the microstructure had not changed. The location
no. 1 in Table 2 showed spherodised cementite in the structure.
This could not be due to the thermal cycle during the fire, be-
cause this structure requires prolonged heating time at around
720 C.

Fig!. 3 and 4 shol, the typical microtruirtur- of thr damaged
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areas of the Atmospheric and Vacuum Towers. The microstructures
show the usual pearlite plus ferrite of the normalized condition.

Tables 3 and 4 show the results of the Tensile Tests on ba-king
plate steels of the towers. The comparison of these results with
the standard properties of the steel, Table 1, indicates that the
mechanical properties of the steel is in the standard range and
thus indicates that the effect of the blaze on the properties of
the backing plate materials has been insignificant.

Stainless Steel Cladding. Figs. 5 and 6 show the photomicrographs
of the stainless steel claddings. The microstructures consists of
normal equiaxed ferrite grains plus some chromium carbides. There
were no evidence of any accicular structure in the microstruc-
tures. Based on the previous discussions, it was concluded that
the temperature and the time has not caused any austenite. These
results were in agreement with the previous conclusion in the
preceding section. But, as it has been pointed out before, e-.-
posure to temperatures below 800 C will result in chromium car-
bides precipitation and senEit-7eS th• -tai nrsi steel. Thc-re-
fore, Figs. 5 and 6 which had been prepared according to the ASTM
Standard for' detecting the susceptibility of this materin! to in-
tergranular corrosion, were compared, to s t anda rd
photcmicrographs. Based on the ASTM A 763-83, the microstructur-
Cf the stainless steel w,'ac ranked a- the dual structur'e, wh i-ch
v a- an acceptable structure. In this class the major areas of the
grain boundaries are free fror carbides, and none of the grain
bouindaries are completely surrounded by chromium cart,ides. These
results indicated that the effect of the blaze on the corrosion
resistance of the stainless steel had been insignificant.

Conclusion

Paved on the above results, it was concluded that the thermal
cycle in various locations has not resulted in any austenite in
the plate materials. Therefore various cool~ng rates during fire
fighting had not caused any major structuiral anI properties
change to occur. This thermal cycle on the other hand, had caused
s:me chromium carbides to occur in the stainless steel, but this
was not to that e':tent to deteriorate corrosion resistance of the
material significantly. Therefore both backing plate steel and
stainless steel cladding properties were acceptable and the
towers could be repaired and reused.
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Table 1
Nominal Chemical Composition and Mechanical

Properties of the plate Materials

Type of Steel %C,maw: %Mn TS* YP* %E1
SA-516-60 0.27 0.6-1.2 41-55 21-23 25.0

Type of Steel %"C,ma-x %Cr TS* YP* %Fl

ATST 405 0.08 11.5-14.F 5I .5 35 30

* Kg/mm2

Table 2
The Results of on site Optical Metallography

of Various Locations on Vacuum Tower

Location Location Visual Cooling .Microstructure
Number on Tower Appearance Procedure

I Tray 13 severely By Water Ferrite+ Sphero-
South deformed dised carbide

2 very top hole-fire Air Cool Ferrite+ 25% Pear
-lite

3 Tray 13 undeformed By Water Ferrite+ 25% Pear
North -lite

Table 3
The Results of Tensile Testing on backing

plate steel of Vacuum Tower

spec.no. direction T.S.,Kg/mm2  Y.P.,Kg/mm2  %El,in 2"
1 transverse 50.0 31.5 30.0
2 49.5 30.0 32.0
3 " 50.0 32.5 31.6
4 longitudinal 44.0 27.4 31.0
5 " 44.0 26.1 28.0
6 " 45.2 26.5 29.0

Table 4
The results of Tensile Testing of the backing

plate steel of Atmospheric Tower

spes.no. direction T.S. ,Kg/mm 2  Y.P. ,Kg/MM2  %EI, in 2

7 tr n r ver!e 41.3 27.0 15.0

8 -41.0 24.P 30.0
9 41•. 5 _, 7 i35

42.0 28 0 33.5
4 1 .5 P F5 33.3
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Fig. 4, Photomicrograph of bacl~ing plate steel of Atmospheric
Tower, etched in Nital, at 200 magnification.

Fig. 5, Photomicrograph of stainless cfteel cladding of varuurn
tower,electrlytically- etched, at 2'00 magnification.

F7ig. F, Photomicrograph of starnn'-pz -tee] r1addingcot Atmospheric
tow~er, elrectroytically e~tched, at 200 magnification.
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New Alloys for High Temperature Applications in Incineration Plants

Hans-Peter Martinz, Wolfgang Kock
Metallwerk Plansee GmbH
A-6600 Reutte Austria

Abstract

The hot components of incineration plants exposed to temperatures between 800 and 1200°C like boilers,
grates, thermocouple sheaths and nozzles suffer from severe joint slag and hot gas attack. Considering
corrosion resistance only, ceramic materials show excellent performance under these conditions. But because
of the ceramics' brittleness metallic materials exhibit an overall advantage although being corroded faster.

Within the class of suitable metals PM-ODS(oxide dispersion strengthened)-superalloys based on iron or
nickel and PM-Cr-base-alloys are among the most promising ones. This can be derived from various
laboratory and field tests which were performed up to now. Laboratory oxidation tests indicate that these
new alloys can be used at temperatures up to 1300*C in hot air. High temperature erosion tests with quartz
particles show that PM 2000 (FeI9,5Cr5,5A10,5TiO,5Y 2 0 3 ) and Ducropur (99,7 % Cr) have almost th,- same
resistance against particle impact as alumina or zirconia at 900"C.
Agricultural waste and residues will get more interesting as non-fossile fuel for future power production. The
corresponding laboratory and field tests under typical joint slag and hot gas conditions at temperatures up to
1200°C show good results for PM 2000 and already lead to the actual application of boiler components.
Extensive testing has been performed in the field of municipal waste incineration. Depending on
temperature, slag and hot gas composition selected grades of the PM-ODS- and Cr-base-alloy-group give
satisfactory results in the field tests.
In the pulp industry black liquor, an alkaline solution with high concentrations of organic waste, is
incinerated for the recovery of caustic soda. Flame sprayed coatings of Ducrolloy Cr5ONi give a sixfold
increase of the lifetime of the burner nozzles compared to unprotected stainless steel.
For the applications cited above the new alloys are compared with standard materials using gravimetric,
metallographic, light and electrone microsopic methods for the elucidation of corrosion rates and
mechanisms.

Key terms: incineration, ODS-superalloys, chromium alloys, waste, slag, oxidation
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Introduction

It is well known from literature that chromium is quite resistant to hot air at temperatures up to 900-1000"C
and kinetics and mechanisms have intensely been examined (1, 2, 7, 8, 9, 14, 16, 17). Above about 1000"C
oxidation is accelerated by spallation of non-adherent Cr2 0 3 scale and enhanced oxidation of Cr 20 3 to
volatile Cr0 3 . Furthermore the metal beneath the oxide scale is nitrided. As tight and adherent protective
layers are also essential for good performance against joint slag-hot gas attack (like in waste incinerators)
advanced materials have to be used in these cases. Chromia-formers can be applied up to about I 100*C if
they have been improved by small additions of reactive elements or oxides of reactive elements like La,
La20 3 , Y, Y2 0 3 , Ce, CeO 2 and others more. (9, 10, 12, 23, 14, 20, 3, 5, 6, 11). At higher temperatures up to
about 1300*C alumina-formers alone remain applicable. The performance of these alloys against hot gas
attack can again be improved by reactive elements or their oxides (13, 18, 20, 21, 22). ODS-superalloys
furthermore exhibit enhanced mechanical properties which enables lean designs. With slags it seems to be
important that the temperature is not above about 1200"C and that the oxygen potential of the atmosphere is
sufficiently high; otherwise even alumina-forming ODS-superalloys fail. In the present work the above
considerations from literature could essentially be confirmed with new alloys.

Experimental Procedures

In case of laboratory tests specimens of typically 10 - 20 cm 2 surface (ground) were exposed to hot air only
or were immersed in slags for defined times in a chamber furnace. The evaluation was performed by weight-
and dimensional change-measurements, surface-LiMi,-EDX and -XRD and by metallographic cross-sec:ions
(and consequent LiMi, SEM and EDX). For the field tests ("TAMARA") samples had a special shape (rings)
to be easily mounted on a rod standing into the hot zone of the combustion chamber. Evaluation was done
equally. For the test in the pulp industry an original burner tube was flame-spray-coated with Cr5ONi and the
improvement of thL endurance was registered.

Results and Discussion

Figures 1 and 2 distinctly show the beneficial effect of reactive element oxides (La2 0 3, Y2 0 3) on the
oxidation resistance of chromia-forming alloys and furtheron the excellent performance of the alumina-
formers Fel9,5Cr5,5A10,5Ti0,5Y 2 0 3 ("PM 2000") and Cr44Fe5AI0,3Ti0,5Y 2 0 3 . The latter two alloys and
the chromium-base-alloys CrlLa2 0 3 and Cr5FelY 2 0 3 do not exhibit any internal attack beneath the
protective oxide layers.

Consequently the best chromia-formers from the hot air test at 1000°C were exposed to 1080"C over 1000
hours. Additionally the content of reactive element oxides was varied. In Fig.3 the results are presented:
CrO,5La 2O3 and Cr5Fe 1 Y2 0 3 show the lowest oxidation rate under these conditions.

A further increase in temperature to 1300"C (Fig.s 4 and 5) clarifies the limits of the chromia-formers Cr
99,7 ("Ducropur"), CrlLa2 0 3 ("Ducrolloy CrlLa2 0 3"), Ni20Cr0,3A10,5Ti0,6Y 2 0 3 ("PMI000") and
Ni30Cr0,3A10,5Ti0,6Y 2 0 3 ("PM 1500").

The chromium-base-materials form very thick non-adherent scales whereas the nickel-base-alloys become
porous by strong Cr-consumption on the metal gas-interface.
Even the alumina-formers (which also form Cr20 3 or some Fe-Cr Oxide on A120 3) are not completely
stable forming pores throughout the material owing to Al and Cr losses into the scale.

Besides chemical attack in practical systems erosion oftcn plays an important role. Fig.s 6 and 7 show the
results from tests pcrlbrmed by Univcrsity of Dortmund for Metallwerk Plansec. Quartu-sand injected into a
hot air jet was shot to preheated specimens of various alloys and ccramics.
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Cr 99,7 and especially Fel9,5Cr5,5AI0,5Ti0,5Y 2 0 3 were fairly resistant comparable to glass-bonded
alumina and MgO-stabilized zirconia. This may be attributed to the tight oxide-layers formed on these
materials at 800 to 900"C.

Joint hot-air- and slag-atack on various alloys has been examined in laboratory with the view to incinerators
for agricultural waste and residues. Fig.8 represents the results obtained at I 100*C: The best alloys from pure
oxidation tests also perform best under these conditions. At 1200"C (Fig. 9) attack is naturally more severe
and lead to complete destruction in case of the steels.
"PM 2000", Cr44Fe5AI0,3TiO,5Y 2 0 3 and CrlLa2O3 in summary were most resistant although formation of
pores and mass loss by non-adherent scale respectively indicate a limited lifetime. Table I summarizes the
results.

Field tests concerning the incineration of municipal waste were performed at KFZ-Karlsruhe, Germany in a
model incinerator (Fig.10), more exactly: in the hotest zone of this plant (870 - 1050°C) within the
combustion chamber. The materials (ring-shaped) were exposed to joint ash/slag (composition unknown, and
hot gas attack (see Table 2). Considerable amounts of SO 2 and HCI could be found in the still oxidizing
atmosphere. The results are shown in Fig.s II to 15 for various chromium-alloys and ODS-superalloys ("PM
1000", "PM 1500", "PM 2000" and Nil7Cr6Al2Mo3,5W2TaO,15ZrO,95Sil,IY 20 3 = "PM 3030"). It is
apparent that the alumina-formers "PM 2000" and Cr44Fe5A10,3Ti0,5Y 2 0 3 are corroded least of all and that
the Cr50Ni-flame-spray-coating suffered the highest mass gain. The latter fact can be understood considering
Fig.s 12,13 and 15: The porous spray-coating is oxidized throughout the cross-section not loosing its
adherence. Y2 0 3-doped chromia-formers loose some mass by non-adherent scale but behave much better
than a steel of composition Fe24Crl,2Si 1,5AI (Fig.16), which has also been tested in "TAMARA".

Finally there is some experience with Cr50Ni-flame-spray-coatings on steel in pulp industry. For recovery of
caustic soda and sulfur "black liquor", an alkaline solution with high concentrations of organic waste, is
incinerated. Burner tubes used in this combustion process were coated with Cr5ONi on the fire-side and
could then be used about six-times longer than unprotected steel (Fel7Crl 1Ni2Mo).

Summary

Chromium ("Ducropur"), chromium-alloys ("Ducrolloy") and ODS-superalloys ("PM 1000, 1500, 2000,
3030") were exposed to hot air and combined stystems slag/hot air at 800 to 1300°C under laboratory and
field conditions. Chromia-formers show acceptable performance up to I 100°C when they are doped with
lanthana or yttria. Otherwise even at 0(X)0 *C oxide growth and spallation are too severe. At temperatures up
to 1300'C or joint slag/hot gas-attack Y20 3-doped alumina-formers are more resistent although they suffer
formation of pores throughout the material above 1200*C. Erosion tests at about 9000C with quartz-particles
in hot air showed that Cr 99,7 and "PM 2000" are nearly as resistant as alumina and zirconia. Considering
the above results reactive element doped chromium-base-alloys and ODS-superalloys are promising
materials for tubes, grates, thermocouple sheaths and nozzles in the hot regions of incinerators.
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Table 1: Corrosion behaviour of various alloys in slags from the incineration of straw and waste
from sunflowers in air at 1 100"C and 1200C

Slags from incineration of: straw (A)
waste from sunflowers (B)

Materials slag (A), glassy slag (B), powdery
1100*C 1200"C 1100*C 1200"C

Fe25Cr2ONi +1. . .

Fe25Cr4Ni 14. . .

Fe27Cr32NiO,3Si - -...

Fe J 9,5CrS,5A10,5TiO,5Y 2 03 + + +/. +/.

Cr44Fe5AI0,3TiO,5Y203 + + +.- +1-

CrlLa20 3  +1. +1. . +1.

Cr5Fe I Y2 0 3  + .

(+) no visible attack (+/-) weak attack (-) strong attack (--) destroyed
Analysis of slags (except gases): (A): Ca, K, Fe, P, Si, Ti

(B): Ca, K, Fe, P, Si, Ti, Cr, Ni, Zr

Table 2: Combustion gas composition in the hot (870 - 1050"C) region of "TAMARA".

Incineration of municipal waste 870 - 1050 C

Gas concentrations

oxygen (02) 7 - 14 vol%

carbondioxide (CO2 ) 100 - 200 g*m-3

watervapour (H20) 100 - 200 g*m-3

carbonmonoxide (CO) - 0
sulfurdioxide (SO2) 0 - 1100 amg*m-3

hydrogenchloride (HCI) 0 - 1100 mg*m-3
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Specific mass of not Total specific mass
adheient scale (mg-cm-2) gain (Mg.cm- 2)

Ni2OrO.3A1

O.5Ti0.6Y 203 - 0 I1
N130CrO,3AI
0.5TiOSY*0a -

FeI9.5Cr6.6AI
0.6TiO,5yo,O -

Cr 90.7

Cr1LOW

Cr6Fe'Y 2 0 3

Cr44Fe6AI0,3Ti0.5Y 2 03 -I

-60 -50 -40 -30 -20 -10 0 10 20 30 40

1=262.5 h 10 168,0 h Mil262.5 h M168.0 h

Fig. 1: Isothermal hot air oxidation of various chromium- and ODS-superalloys at I 0000C over
430,5 hours.

Air 10000 C / 430,5 hours / all x480

Ni2OCrO,3A1 Ni3OCrO,3AI Fe19,5Cr5,5AI Cr 99,7

O,5TiO,6y 2 03  O,5TiO,6y 2 03  O,5TiO,5y 203

U7,7

CrOMi Cr1 La2O3  Cr5Fel Y203  Cr44Fe5AIO,3Ti
0.5Y 203

Fig. 2: Cross-sections of various chromium- and ODS-superalloys after an exposure to air at
I1000*C over 430,5 hours.
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Air 10800C / 1000 hours / all x100

Crl La20 3  CrO,5La 2O3  Cr5Fe1Y 2O3

2,0, 1,8

Total specific
mass gain 1,0,'
( mg cm-2 ) '0,4 0,4

Parabolic rate 0 ___

constant kp -13 -14 -14
g 2 *cm4 *s1) 9*10 4*10 4*10

Fig. 3: Isothermal hot air oxidation of various chromium-alloys at 1080°C over 1000 hours.

Air 1300 0 C / 332,5 hours

A) - 0,0006 *0.0040

A) - A) Fe19,5Cr5,6AO,5TiO,5Y 2 0 3  0,0015 *0.0033

A B) Nj20CrO,3Aj0.5TiO,6Y 2 0 3  0
A) - C) Ni30CrO,3Al0,6TiO,6Y 2 0 3  0,0011 .0,0032

B) 1'G) Cr44FeSAIO.3TiO,5Y 2 0 3  0,0186 .-0.0024

B) 0,0237 Vi -. .0,0031

B) 0,0244f .0,0031

C) 0.0184 -0.0014

Cr 99,7 0,1500 -.. - .0,0467

CrILa2 O 0.2003 ti> -mA.fi_ 0.1078.

CrlLa 2o 3  0,1977......... - .0,0890

D) 0,0049 '0,0025

D) 0,0035 ..0,0009

-0,25 -0,2 -0,15 -0 1 -0,05 0 0,05 0.1 0,15

specific mass of not Total specific mass change
adherent scale [g/cm2 1 Ig/cm2

Lj' 4: Iotihcmld hol adir (1' idoion () ,ri jr'ju, c hrnu iui II du( (M[)S -,uperalloys at 1,3()0(V ovcr

112,5 hours
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High temperature erosion test

Conditions:

Cr 09.7 0 Temp. (Jet) = 850 - 900'C
Temp. (Sample) = 810 - 850C

FPl9.5CrG.5Al _f- Velocity (Jet) = 20ms-1 Air
0,5TiO,6Y2 0 3 • 4 Particles: SiO2 100-200tim

Angle (Jet-Substrate) = 25"FeO.iCrO.SMo -93 Particle-concentration = 2kg*Nm- 3

** Angle (Jet-Substrate) = 90*
F*25Cr2ONI28 so] 0 Duration =24h

F*20.CCr4.AN1251 39

W A120 3  1

glass bond.

" ZrO-
2  - ,i 17

MgO atabli. __________________________________

1I I I

0 20 40 60 o0 100 120
Erosionrate 10 mm 9g-1

Fig. 6: High temperature erosion test of various alloys and ceramics with quartz-particles in stream
of hot-air.

High Temperature Erosion Test

Fe19,5Cr5,5AI0,5TiO,5Y 2 0 3  Cr 99,7

x 1,9

Fig. 7: Surfaces of a ferritic ODS-superafloy and of chromium after an high temperature erosion
teSL
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350 6 280

-. Bece 600

dust

220

Combustion

dubr

Dlostuton of temperatures in TAMARA CC)

Fig. 10: Schematic drawing of the model incinerator for municipal waste ("TAMARA") at KFZ-
Karlsruhe with a rough distribution of temperatures.

Incineration of municipal waste
960 - 1000'C ( week)

Cr 99,7 -0.54

CirlY 0 ________ 11
203 -1,12

Cr44Fe5AIO,3TiO,5Y 2 0 3 - 0,04

CrSONi -_ __.2,16

flame spray coating on ateel

te19.5CrS,5Al0,5TiO,5Y2 0 3  - -0.17

N120Cr0,3Al0.5T10.6Y 2 03 - -0,30

N13OCrO,3tAl0.5TiO,6Y 0-062 3-

Nt17Cr6A12Mo3,5W2Ta 0 0.00
0,15Zr0,9E SSi.1Y2 03

-,.S -1 -0.5 0 0,5 1 Is 2 2,5

specific mass change [mg~cm'2]

Tests performed in TAMARA (- model incin. for munic. waste), Karlsruhe, 3/4/92

Fig. 11: Field test results of various chromium- and ODS-superalloys from "TAMW RA", 960

-1000"C, I week.
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Incineration of municipal waste
(TAMARA)

Corrosion rate (mmry)

2,S

2.2 870- 1050"C

Alloys Cr44FeSA10,3Ti0.SY 2 0 3 , Fe 19,5Cr5,5A10,5Ti0,5Y 2 0 3 and Cý50Ni

on steel show a mass gain;Ni l7Cr6AI2Mo3,SW2Ta0.I5ZrM,95Si%, 1Y40 3

seemed to be resistMt by equal mass loss and gain!

1.$

I data fromn Dr J. Vehlow

0.7 gravimetric evaluation of tests

over 1- reap. 2- weeks

0.5S

O.S 0,27-

0,41 i10, 0" 0,08°

steel Fe24Crl,2Sl,fiA1 99,7 CrHY 2 O3 NI2OCrO.3A1 Ni3OCrO,3A1

preox.: 1000
0 C 900*C C'6Ti0'0Y2030,5T'6Y203

Fig. 16: Field test results of various alloys from "TAMARA"

Conditions Endurance

inside: black liquor 80 days

Na 2 CO 3  2 wt%
Na2S 12 wt%
Na SO 43 wt%
NaOH 1 wt%
Si02 4 wtA
H20 38 wt%/

H 13- 14 14 days
T= 1101C••

P = 0,8 - 1,2bar
Fel7CrllNi2Mo Fe17Cr11Ni2Mo +

outside: hot combustion gas 0,5mm Cr50Ni flame
oT = 00-I spray coating outside
T = 900 - 1000.0

Fig. 17: Field test results of uncoated and Cr5ONi-flame-spray-coated steel from the incineration of

black liquor in pulp-industry.
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Corrosion Evaluation of Materials in Sulfur Compound Environments

Mao-Ying Teng
Materials Research Laboratories
Chutung, Hsinchu, Taiwan, ROC

Iuan-Jou Yang
Materials Research Laboratories
Chutung, Hsinchu, Taiwan, ROC

Abstract

The para-toluene sulphonic acid (PTSA) serves as a catalyst in producing diethylene
glycol dibenzoate (DEGDB) and decomposes with increasing time at elevated temperature.
Due to the presence of bisulfite ion, it is important to evaluate the corrosion properties of
materials in this metastable environments. Potentiodynamic method was used to screen
materials' properties in PTSA solution. Surface analysis technique was also performed to inves-
tigate the oxide films. The critical current density and passive current density were substan-
tially reduced when Fe alloyed with Cr and/or Ni. With the addition of Mo in Fe-Ni-Cr al-
loys, the critical current density was lowered further to show the beneficial effect of alloyed
Mo.

A plot of the corrosion rate of materials in DEGDB as a function of Ni/Cr ratio shows
the linearity with increasing Ni/Cr ratio, disregard the type of materials. The result suggests
that nickel corrodes preferentially in DEGDB with controlling PTSA concentration. The corro-
sion rate of pure chromium can be estimated as = 2.0 mpy by extrapolation of the linearity to
Ni/Cr=0. This is also the minimum corrosion rate that even Fe-Ni-Cr alloys were alloyed
with Mo. Surface analysis results showed that the dissolution of Fe and/or Ni leads to a higher
surface chromium content and results in the formation of chromium oxide on metal surface.
This chromium oxide then prevents metal from corrosion. It is concluded that the higher the
nickel content the higher the corrosion rate of materials.

The composition potential-pH diagrams for Fe-S-H 20 and Ni-S-H 20 show that the
stability fields of FeS and NiS cover a wide range of pH. The effect of sulfur or sulfide ions in
promoting dissolution of Fe and/or Ni are highly possible. In view of the experimental results,
the activating influence of sulfur compound on Ni is stronger than that of Fe, although the
highly electronic conductivity of iron sulfides can catalyze the cathodic reaction. Undoubtedly,
sulfur compound strongly depaisivates high Ni contents materials.

Key terms: polarization curve, surface analysis, depassivation, sulfur compound
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Introduction

According to the equilibrium relations of sulfur compound, all the substances whose
oxidation numbers lie between -2(sulfides) and +6(sulfates) are thermodynamically unstable
and tend to decompose. PTSA has been used as a catalyst to produce DEGDB. Since PTSA
contains bisulfite ion, which may decompose to form several sulfur compounds, e.g. sulfur
dioxide, thiosulfate ion, or tetrathionate ion, it is important to evaluate the corrosive interac-
tion of sulfur compounds with technical construction materials.

Stainless steels are the most widely materials used for constructing facilities. The pit-
ting of AISI 304 steel in thiosulfate or thiosulfate-sulfate solutions has been reported.12
Crevice corrosion testing of stainless steels in thiosulfate solutions indicated that the enhanced
penetration rates were due to the formation of a reduced sulfur species in the active regions. 3

Only 0.1 ppm sodium thiosulfate was found to give rise to cracking of sensitized type 304
stainless steel. 4 "5 No pitting of AISI 316L SS occurred in concentrated sulfate/thiosulfate solu-
tions, even at 80'C. However, when chloride is the predominant anion, 316L SS undergoes
thiosulfate pitting. 1

In this study an attempt was made to investigate the electrochemical properties of
materials in PTSA solutions and to measure the corrosion rate of materials in DEGDB. Also,
the elemental distribution of the oxide film formed in the passive region was performed by se-
quential Auger electron analysis and sputtering.

Experimental

Table 1 gives the compositions of materials studied and the Ni/Cr ratios. A scan rate of

1 mV/s was chosen to construct the polarization curves. Analytical grade (MERCK) chemical
reagent was used to make up PTSA solutions. The pH of the electrolyte is 0.5. An

electrochemical interface (Solartron 1286) was used to sweep the potential and monitor the cur-

rent. A saturated calomel reference electrode (SCE) was maintained in contact with the

electrolyte. The ring-shaped platinum served as a counter electrode. The electrolyte was

deaerated by purging with nitrogen before and during the test. All experiments were performed

at room temperature and the potentials were reported as SCE.
A surface analysis instrument (VG Microlab Mark III) was used to investigate the com-

position of passive films. A 2.5 KeV primary electron beam served as a source to generate
Auger electrons. The ultra high vacuum of the system was kept at 10-9 torr. Depth profiling

was performed by filling the chamber with high purity argon generating an argon ion beam of

2.5 KeV. This beam was used to sputter the surface for controlled periods of time.
The corrosion rate of materials in DEGDB at 130'C was determined by weight dif-

ference before and after test. The specimens were polished with a silicon carbide paper (600
grid), cleaned in an ultrasonic water bath at room temperature, and finally dried in pulsed
warm air. After the immersion test, the specimens were cleaned according to the ASTM G1-88

to remove corrosion products. The weight of specimens were measured by microbalance to
give a reading of 0.1 mg.
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Results

Fig. 1 gives the polarization curves of Fe and Fe-based alloys in 2% PTSA solutions.
No passive region can be observed in the case of pure Fe. When Fe was alloyed with Cr (430
SS), after passing the corrosion potential (Ecor), the anodic current increased continuously
with the increase in potential until the passivation potential (E P) was reached. The current den-
sity obtained at E was termed as the critical current density (icrit). The icrit was lowered for
one order of magnitude with the addition of Ni in Fe-Cr alloys. When Fe-Ni-Cr alloy was al-
loyed with Mo, the icrit was further reduced to 10 aA/cm2 . It is clear that with the addition of
alloying elements (Ni, Cr, and Mo) shifted Ecorr and EP in the positive directions, while the
passive current density (ip) kept constant. When the potential was more than + 000 mV, the
anodic current decreased, suggesting the further oxidation of chromic oxide and can be formed
through the following reactions in acidic media: 6

Cr 20 3 + 5H 20 - 2HCrO4 - + 8H+ + 6e (1)
or

Cr 20 3 + 4H 20 - Cr207" + 8H + + 6e (2)

The anodic polarization curves of Ni, Cr, Alloy 600, and Alloy 625 in 2% PTSA are
shown in Fig.2. For pure Ni, the multipeaks were observed in the active region, suggesting
the formation of different nickel oxides with increase in potential. Cr was transpassively dis-
solved at high potential and shows its anti-corrosive superiority in PTSA solutions. The icrit
and i of Alloy 600 are similar to those of 304 SS, but transpassively dissolved at a more nega-p
tive potential than that of 304 SS. With the presence of Mo in Ni-Cr-Fe alloy, both the icit
and i were substantially reduced. Generally, Ni is active in PTSA solutions and the transpas-
sive behaviour of Ni-Cr-Fe alloys follows that of pure Cr.

The major peaks chosen for this AES study were 0 (503 eV), Cr (529 eV), Fe (651
ev), and Ni (848 eV). A series of spectra of 304 SS oxide films passivated in 2% PTSA solu-
tions at +200 mV for 30 minutes is given in Fig.3. The spectra of S (151 eV) and C (272 eV)
were monitored on the unsputtered surface. Small quantities of the inert gas (Ar (215 eV))
were implanted in the first few surface atomic layers by the sputtering process, as seen in
Fig.3(B). Fig.3(C) shows a fully sputtered surface of 304 stainless steel. The oxygen peak was
so small that the positive excursion of Cr could be seen on the spectrum.

The depth profimng of 430, 304 and 316 stainless steels are given in Figs.4-6, respec-
tively. The disappearance of the S and C peaks suggests that both components were con-
taminants. An enrichment of Cr in the passive films of ferritic and austenitic stainless steels
can be identified. The Mo peak of 316 SS can hardly be identified and therefore did not
present in AES profile diagram.

The corrosion rate of materials as a function of Ni/Cr ratio is given in Fig.7 for
specimens immersed in DEGDB for 288 and 1008 h, respectively. A linear relationship can be
obtained. Fig.7 also shows the corrosion rate of Mo-containing alloys (316 SS and Alloy 625)
tested in DEGDB for 1008 h. An extrapolation of the linearity to Ni/Cr=0 produces a value of

2 mpy, which is though to be the corrosion rate for pure Cr.
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Discussion

When Cr was alloyed with Fe, such as 430SS, the anodic current substantially reduced
and a passive region can be obtained. However, the icrit ( - 0.1 mA/cm 2) was still high. The
beneficial effect of Ni alloyed with Fe-Cr alloys (304 SS) is to reduce icrit by one order of mag-
nitude and shift Ecorr and E toward more positive potentials, while i remained unchanged.
The formation of the passive region was believed to be due to the formation of chromium
oxide on the metal surface, since a Cr-enriched oxide film was identified by AES analysis
(Figs.4-6). Although the passive oxide film may contain nickel oxide, the passive current den-
sity of the oxide layer of Fe-Cr-Ni alloys in PTSA solutions is similar to that of Fe-Cr alloys.
This is also true for Mo alloyed with Fe-Cr-Ni alloys. Nevertheless, icrit of 316 SS can be con-
siderably reduced.

For Ni-based alloys, with the addition of Cr, icrit of Alloy 600 was reduced by nearly
one order of magnitude as compared to that of pure Ni. The further increase of Cr content and
with the presence of Mo, icrit of Alloy 625 was significantly reduced by 1.5 orders of mag-
nitude.

When Mo was used as a alloying element, the active current of stainless steel was sub-
stantially reduced (Fig. 1). For Ni-based alloys, both the active and the passive currents were
significantly reduced (Fig.2). When Ni-based alloys were polarized at high potentials, the
transpassive behaviour was controlled by Cr.

It should be emphasized that Mo in the absence of Cr may indeed be detrimental to Fe,
since Mo allows more rapid dissolution of the Fe component of the oxide. 7 Mo appears to play
a role different from that of Cr; the higher the Cr content of the alloys the more the
pror junced effect of Mo. 8

With Mo alloyed with either Fe- or Ni-based alloys, the anodic active current can be
considerably decreased when metals were polarized in PTSA solutions. The suppression of the
active region suggests Mo helps in forming the chromium oxide in the early 3tage. When Fe or
Ni is preferentially dissolved, more Cr is left behind (Figs.4-6) and reacts with water to form
protective oxide films. The passive film which contains more Cr may thus suppress the anodic
dissolution, leading to lower the active current.

It is interesting to note that the corrosion rate of Alloy 600 in DEGDB environment is
higher than those of carbon steel (A508), 430 SS and 304 SS, as given in Fig.7. Undoubtedly,
the higher the Ni content, the higher the corrosion rate was obtained. This result strongly sup-
ports the depassivation of Ni in sulfur compound environment. With the addition of Mo in al-
loys, the corrosion rate of Mo-containing materials can be reduced to that of pure Cr, shown
in Fig.7 as a dotted line. It has been shown that Mo and Cr work cooperatively to form protec-
tive oxide film on metal surface. 7-8 It seems that even with more Mo contents in alloys the
minimum corrosion rate can be obtained is = 2 mpy, since the Mo/Cr ratio of Alloy 625 is
2.7 times higher than that of 316 SS, however, the corrosion rate of the former alloy is
roughly the same as that the latter.
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Conclusions

Sulfur compounds strongly depassivate high Ni content materials. However, the active
current can be significantly decreased by alloying metal with Mo when materials were
polarized in PTSA solutions. Mo and Cr act cooperatively to suppress the dissolution. The sup-
pression of the active regions suggests Mo helps provoke the preferential dissolution of Fe or
Ni and results in an enrichment of Cr content in the passive film. The minimum corrosion rate
of materials studied in DEGDB environment is - 2mpy, disregard the Mo/Cr ratio in alloys.
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Table 1. Chemical composition of materials (Wt%)

C Si Mn P S Ni Cr Fe Mo Ni/Cr

A508 0.7 0.15 0.8 0.025 0.025 0.4 0.25 bal 0.1 1.6

430SS 0.12 1.0 0.9 0.045 0.03 0.7 15.5 bal - 0.04

304SS 0.08 0.51 1.7 0.033 0.005 9.2 18.5 bal - 0.5

316SS 0.08 0.71 1.6 0.029 0.008 12.5 17.5 bal 2.5 0.71

A600 0.08 0.25 0.5 - - bal 15.5 8.0 - 4.88

A625 0.05 0.2 0.5 - - bal 22.3 2.5 8.5 2.98
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Fig. 1 The polarization curves of Fe and Fe- Fig.2 The polarization curves of Ni, Cr, and
based alloys in 2% PTSA solution at a scan Ni-based alloys in 2% PTSA solution at a
rate of 1 mV/s. scan rate of 1 mV/s.
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Materials Selection considerations for Vapor Collection Systems at
Marine Tanker Facilities
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Abstract

Selection of piping materials suitable for marine tanker vapor collection systems
was determined by in-situ corrosion tests aboard marine crude oil tankers,
laboratory immersion corrosion tests, and chemical analysis of fluids sampled
from tanker inert gas (IG) systems. Test results have shown severe localized
corrosion associated with low pH and high chloride concentration can occur with
carbon steel and austenitic stainless steel. Therefore, high performance alloys
are recommended for vapor collection piping at facilities loading crude with
inert gas blanketing.

Key terms: vapor collection, marine tankers, inert gas, flue gas, chlorides, pH,
carbon steel, austenitic stainless steel, duplex stainless steels, nickel alloys.

Introduction

Recent environmental legislation (The Clean Air Act Amendment of 1990) may
require the control of volatile organic compounds (VOC's) during the loading of
crude oil tankers. The inert gas (IG) vapors used to blanket the cargo spaces
of tankers, and displaced hydrocarbon vapor could be collected by an on-shore
vapor collection system to prevent venting VOC's to the atmosphere. Tankers use
scrubbed flue gases to supply the IG needed to blanket the cargo tanks. A
potentially corrosive environment exists whenever the corrosive fluids present
in the flue gas scrubbing system become entrained in the IG blanket and are
carried over into the vapor collection system.

The proposed vapor control system consists of vapor collection arms to capture
and draw-off IG and VOC's from tankers and a large diameter vapor collection line
to deliver the vapors to a compressor station where the vapor is sent to the on-
shore crude oil tanks or to the incinerators. The system also includes auxiliary
equipment such as pumps, valves, and collecting and discharge vessels.

The tanker flue gas scrubbers which provide vapor for IG systems use seawater to
scrub the vapors prior to use. A deck seal located downstream from the scrubber
serves to maintain positive IG pressure, to isolate the cargo holds from air
ingress, and prevent the possibility of any ignition source reaching the cargo
tanks from the flue gas system. The vapors are distributed to the various cargo
holds by means of a network of piping arranged above the deck and cargo holds of
tankers. During loading, these IG vapors along with crude oil vapors are
currently expelled to the atmosphere through the mast riser located towards the
bow of the tanker. The arrangement of a typical tanker IG system is shown
schematically in Figure 1.

Tanker IG systems typically distribute vapors through carbon steel piping coated
with coal tar epoxy. Some of these coated carbon steel systems have been in
service more than ten years. In the IG system corrosion occurs at the bottom of
couplings in the IG header where the coating is easily damaged and liquid
normally collects. This problem is handled by rotating the IG piping and
repair/re-coating every 3-4 years. These systems are reported to work well on
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the tankers with frequent inspection and maintenance. The National Materials
Advisory Board recommends coal tar epoxy lining for inert gas piping, with pure
epoxy or epoxy phenolic linings as an alternative. Additional recommendations
include using a flanged system to permit cleaning and maintenance, low point
drains, and tests for coating imperfections'.

Other equipment in tanker IG systems is constructed either of non-metallics or
high performance alloys. Tanker experience indicates that austenitic stainless
steel (SS) will fail in this service (primarily through localized corrosion).
IG scrubbers have been constructed of austenitic SS, copper alloys and high
nickel chromium alloys with limited success, but fiber reinforced plastics (FRP)
give good service. The use of various coatings systems has been reported for
carbon steel in the IG headers.

Coated carbon steel piping provides good service on crude tankers where regular
shipyard maintenance can be scheduled, but is not considered viable for an on-
shore vapor collection facility where the proposed system consisting of several
thousand meters of large diameter piping must have a high degree of reliability.
Under these conditions, a low maintenance system is required. The use of non-
metallic material systems such as fiberglass reinforced polyester (FRP) and
coated carbon steel were considered for the on-shore facility; however, they
cannot be justified for a combination of technical reasons, installation and
potential maintenance problems.

In order to validate the materials selection for the proposed vapor collection
piping a corrosion test program using a wide range of candidate metallic
materials was undertaken, and combined with a program to analyze samples of
fluids present in IG vapors. This paper summarizes the results from these
programs.

Experimental Procedure
Corrosion Testing

Two separate corrosion testing programs were undertaken. The first test was
designed to support the selection of piping materials and was conducted using
flat and U-bend standard corrosion coupons (25.4 x 152.4 mm) placed in-situ in
the IG system of a tanker during an extended period of crude handling operations.
The second test was designed to focus on the crevice corrosion performance of
welds, especially duplex SS, and was an immersion test conducted on welded metal
coupons in a laboratory using IG system fluid samples from operating tankers.
The alloy compositions for coupons used are given in Table 1. In each of the
tests the alloy materials tested fall into three classes as follows:

Class I - carbon steel A-516 grade 70 (UNS K02700) - only used for in-situ
corrosion testing.

Class II - austenitic SS including: Types 316L (UNS S31603, standard grade and
modified with 2.75 % molybdenum content minimum), and 317L (UNS S31703).

Class III - high performance alloys including: 22 % Cr Duplex SS (UNS S31803),
25 % Cr Duplex SS (UNS S32550 & S32750), 6 % Mo Austenitic SS (UNS S31254),
Nitrogen modified SS Type 317LNM with 3-4 % Mo (UNS S31726), and Ni-Cr-Mo alloy
(UNS N06625).

In-Situ Corrosion Tests

Six corrosion test coupon racks (herein referred to as holders) were exposed in
the IG system of a tanker. These holders were assembled using SS hardware
insulated with teflon sleeves and non-serrated teflon washers. See Figure 2
showing the in-situ corrosion coupon holder. The holders included pre-weighed
corrosion coupons in U-bend (25.4 x 152.4 mm) and flat (25.4 mm x 50.8 mm, welded
and unwelded) configurations of the following alloys: carbon steel (flat coupons
only) and stainless steels ( UNS S31603, UNS S31703 ), and high performance
alloys ( UNS S31803, UNS S32550, and UNS S31254).
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The holders were located in three branches of IG header close to the cargo tanks.
In one location a dam was created in order to partially immerse two coupon
holders in the IG fluids present in the header. This was done since more severe
corrosion is expected in the vapor condensate which may accumulate in the low
points of the proposed vapor collection facility.

The holders were exposed to inert gas vapors being expelled from the tanks. This
environment is considered to be very similar to the intended service of the
proposed vapor collection system. The nominal composition of the inert gas is
80 % nitrogen, 12-14.5 % carbon-dioxide, less than 5 % oxygen, water, 0.03 %
sulfur dioxide, with traces of carbon monoxide, and various oxides of nitrogen.
Tanker IG systems operate at ambient temperatures with temperature excursions
close to 38*C during loading of the warm crude oil. In addition this location
exposed the holder to inert gas vapors supplied directly from the scrubber and
deck seal. This is a more severe environment than is expected for vapor
collection systems since the scrubber would not normally be in operation during
vapor collection.

The first four holders were removed from the tanker after 163 days of service.
The fifth holder was removed after 208 days of service. The sixth holder was
removed after approximately 300 days of service. All but the sixth holder of
coupons were metallurgically analyzed. The analysis consisted of cleaning and
weighing all coupons, measuring the extent of localized corrosion (pitting and
crevice corrosion), metallographically cross-sectioning through the corrosion
site on several test coupons, and conducting a spectrographic chemical analysis
of the corrosion by-products of a cross-sectioned coupon in a scanning electron
microscope (SEM).

Laboratory Immersion Test

This test included a sampling program to provide test fluids from the IG system
of tankers visiting the Alyeska Marine Terminal in Valdez, Alaska. Tankers were
regularly sampled for IG fluids during a period from May through August 1992.
These fluids were analyzed (using a procedure similar to that described below
under "Fluid Sampling" section). Most samples were taken at the end of de-
ballasting or the beginning of the crude loading which follows de-ballasting.
The fluids were tested for acidity with only those samples less than pH 3 being
selected for use in the test. Most had chloride levels greater than 1800 mg/L.
The sampled fluids were stored at room temperature after sampling and analysis.
The tray was filled with approximately 1.9 liters of fluid. These fluids were
then used to immerse corrosion coupons in the as-welded condition for a period
of 90 days.

One covered plastic tray partially filled with 1.9 liters of sample fluid was
used to immerse the corrosion coupons. The test fluid was maintained at
ambient temperature (25*C) and replaced at 2-5 day intervals with a fresh supply
of corrosive fluid from storage. The test container was maintained at room
temperature and was covered, but was not supplied with an inert gas blanket.

Two racks of pre-weighed coupons were arranged using mounting hardware which was
assembled through holes drilled through the weld at the center of each coupon.
See Figure 3 showing the laboratory corrosion coupon holder. Crevices were
formed by serrated teflon washers used with the mounting hardware. The coupon
holder was partially immersed with the fluid level fluctuating at the center of
the coupons. In this manner each coupon had a crevice located at the air/fluid
interface. The tray contained both racks side by side, each with the same nine
welded alloy coupons.

The as welded corrosion coupons used in this test included:

"* SS Types 316L (UNS S31603) welded with SS Type 316L filler metal.

"* 317LNMO (UNS S31726) welded with SS Type 317L filler metal and welded with
Ni-Cr-Mo alloy filler metal.
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* 22 % Cr Duplex SS (UNS S31803) welded with 22 % Cr filler metal.

* 22 % Cr Duplex SS (UNS S31803) welded with 25 % Cr over-matching filler
metal.

0 25 % Cr Duplex SS (UNS S32750) welded with 25 % Cr filler metal.

* 6 % Mo alloy (UNS S31254) welded with Ni-Cr-Mo alloy (UNS N06625) filler
metal.

* Ni-Cr-Mo alloy (UNS N06625) welded with Ni-Cr-Mo alloy (UNS N06625) filler
metal.

Based on work from the in-situ corrosion tests, the immersion tests focused on
the performance of duplex SS. Other alloys were selected to bracket the
anticipated corrosion performance of the duplex SS and offer a way to validate
the immersion test relative to the in-situ tests.

Most coupons were welded from plate stock except for the UNS S31603, UNS S31803
and UNS S32750 coupons which were welded from pipe. The coupons varied in
thickness between 6.4 mm and 12.5 mm, all were approximately 50.8 mm square,
except the UNS S31603 coupons which were welded from pipe (12.5 mm wall
thickness) and measured 12.5 x 25.4 x 50.8 mm. All of the corrosion coupons
were tested in the welded condition using a 50.8 mm heterogeneous (with filler
metal) butt-weld made from one side and located down the center with a 9.5 mm
diameter drilled hole centered on the weld. The coupons were exposed with the
weld bead intact in order to duplicate the as-fabricated condition.

The S31803 coupons with 22 % Cr Duplex SS filler metal were welded automatically
using the Pulsed Gas Metal Arc Welding (PGMAW) process, all other coupons were
welded manually using gas tungsten arc welding (GTAW) process.

Fluid Sampling

The IG system on crude tankers is intended to handle gases only; however, liquids
originate through either condensation or entrainment of mist from the seawater
scrubber. These liquids accumulate at low points; therefore, low point drains
proved to be the best locations for sampling. Since each tanker has a
differently configured IG system the location of the low point drains vary. To
gain a basic understanding of the chemistry of the liquids present in the IG
system, eight ships were sampled throughout de-ballasting and loading operations.
This sampling occurred several months after the in-situ tests. Liquid collection
and analysis for a greater number of ships was conducted concurrent with
gathering IG system liquids for the immersion test.

Experimental Results and Discussion

In-Situ Corrosion Tests

The results of the tests are summarized in Tables 2 through 5 corresponding to
the four sets of coupon holders analyzed together as a group. Tables 2, 3 and
4 show the results for holders I, II and IV respectively; all of which were
located in the vapor space of IG header piping (holders I and II for a duration
of 163 days and holder IV for 208 days). Table 5 shows results for holders V and
VI which were both located behind the dam set up to immerse the coupon holders
for 208 days. Holder III was removed after approximately 300 days but has not
been analyzed and the results are not shown here.

Corrosion is grouped according to density as shown in Tables 2 through 5.
Density refers to the total number of corrosion sites (pits or crevices) over the
surface of the coupon. Added to this is a rating system for depth: Incipient,
Mild, Moderate, and Severe based on depth of corrosion. In these tables the
data for most coupons includes both numbers of corrosion sites, and the depth of
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attack, separated by comma. Cracking was not found in the U-bend coupons. This
was anticipated since the exposure temperature was low for stress corrosion
cracking (SCC). Localized corrosion in the form of crevice corrosion and pitting
distributed over the surface of the bulk coupon (at sites removed from crevice
washers) was found on most of the coupons exposed in this test. The depth of
corrosion was the deepest at crevices. It is not certain that the coupon holder
located behind the dam was immersed in fluid since this location was dry when
coupon holders were removed. However, it was noted that the coupons on this
holder experienced the greatest amount of corrosion which suggests that the dam
did provide intermittent immersion in fluid. This suggests that immersion in the
fluids present (as with low point drains ) would increase localized corrosion.
Based on this it was anticipated that a laboratory immersion test should
demonstrate greater localized corrosion on the materials tested.

Next to carbon steel, corrosion was greatest on the immersed UNS S31603 and UNS
S31703 coupons (maximum measured depths: 0.61 mm in the crevices over a five
month exposure period, corresponding to 1.45 mm per year). These are linear
extrapolations of the observed corrosion rates which give conservative estimates
(the corrosion rate can decelerate as corrosion by-products fill the larger
pits). Figure 4 shows the crevice corrosion found on a flat, welded UNS 531603
coupon.

The results indicate severe attack of carbon steel (Class I material), extensive
localized attack of austenitic stainless steels (Class II materials), and
satisfactory corrosion resistance of high performance alloys
(Class III materials). There was a general correlation between increased number
of localized corrosion sites and greater depth of corrosion; however, specific
attempt to relate number and depth of corrosion sites was not made.

Laboratory Immersion Test

The coupons removed from the fluid were rinsed, dried, photographed and visually
inspected before being lightly scrubbed and reweighed.

The test results are summarized in Table 6. This table lists the coupon number,
base metal, weld metal, extent of corrosion, and the weight loss for each coupon.
The crevice corrosion has been separated into those locations at the weld metal,
the fusion zone, Rnd the weld heat affected zone (HAZ). For consistency the
nomenclature used to describe the extent of corrosion for the in-situ corrosion
test described above was modified for use for evaluating the results of the
laboratory immersion test. The five groupings used above for the quantitative
assessment of crevice corrosion have been combined into three groupings for
qualitative use to compare the visual results obtained from this test. The three
groupings used were: Incipient ( < 0.04 mm ), Mild to Moderate ( < 0.2 mm ), and
Severe to Very Severe ( > 0.2 mm ). The examination performed was visual, so the
groupings established are approximate, but are considered to be sufficient to
compare the results obtained in this corrosion test.

Most coupons exhibited crevice corrosion to some extent. The Class III materials
(UNS S32750 and UNS S31254) exhibited very light incipient crevice corrosion;
whereas, negligible corrosion had been experienced on UNS S31254 during the in-
situ test. This suggests that the laboratory immersion test was a more severe
corrosion environment than for the in-situ test, although most of the materials
performed similarly. The UNS N06625 coupon did not show any visible crevice
corrosion. Only the UNS S31603 coupons showed any surface pitting. The extent
and location (or distribution ) of crevice corrosion varied from coupon to
coupon, with most coupons exhibiting crevice corrosion to some degree in the weld
metal. A few of the coupons were corroded in crevices located at the fusion zone
(between the base metal and weld metal) or the weld HAZ.

The profile created by the "eld bead was raised and uneven making a variable
crevice between the weld metal and the washers thus preventing tight crevices
from forming adjacent to the weld on some coupons. Large protruding weld beads
tended to exhibit crevice attack to the greatest extent toward the weld
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centerline where crevice washers made tight contact. Welds which protruded less
tended to exhibit more crevice corrosion adjacent to the weld where crevice
washers made contact (in the fusion zone or HAZ).

Pitting at locations removed from crevices was only found on UNS S31603 coupons.
The UNS S31603 coupons were also the only coupons which exhibited attack on the
inner bore of the machined holes used to assemble the coupons onto the holder.
No significance is assigned to this corrosion on the inner bore since these
locations are not intentional crevices but it does underscore the severity of
localized corrosion possible with UNS S31603 in this environment.

The test showed a difference in corrosion performance between the 22 % Cr and 25
% Cr weld filler metal used on the test coupons of the S31803 base metal. Whilst
the UNS S31803 base metal showed no significant attack, the 22 % Cr weld metal
experienced severe attack for the liquid environment involved with this test.
The 25 % Cr weld metal was need to give comparable corrosion resistance as the
UNS S31803 base metal.

Fluid Sampling

The results of the initial fluid sampling study showed that the liquid chemistry
varied considerably among various ships. The sampling study confirmed the need
for materials which are corrosion resistant in the presence of low pH and high
chlorides. The liquid samples varied in pH from 1 to 7 with most samples below
3. The chloride levels varied from 9 to 85,500 parts per million (ppm) with most
samples between 10,000 and 30,000 ppm. The high chloride level can be explained
by the entrainment of the seawater in IG vapors. The low pH may be attributable
to the absorption of sulfur oxide gases by entrained seawater and any condensed
moisture present in IG system. IG system liquids collected during, and used for
the immersion test showed similar ranges and are listed in Table 7.

Summary and Conclusions

The performance of the alloys in these corrosion tests correlates closely to the
level of alloying present. Level of alloying is also related to cost. The
results of these tests validate the use of high performance alloys wherever there
will be accumulations of vapor condensate containing acidic aqueous chlorides in
on-shore marine tanker IG vapor collection facilities. UNS S31803 with 25 % Cr
filler metal, UNS S32750, UNS S31254, and UNS N06625 all performed well in the
welded condition without any severe corrosion. This justifies selective use of
these materials for especially severe services where low piping maintenance is
required. Overall, UNS S31803 with 25 % Cr (over-matching) filler metal is
recommended for bulk piping since it provides a cost effective materials
selection with adequate performance in the corrosion test programs undertaken.

Acknowledgements

The authors wish to thank to the Alyeska Pipeline Service Company for allowing
the publication of this information.

References

1. " Materials Aspects of Inert Gas Systems for Cargo Tank Atmosphere Control",
National Materials Advisory Board Publication NMAB-372, National Academy of
Sciences, Washington D. C. , 1980.

1069



TABLE 1: Alloy Compositons

COMPOSITION (Wt %)

____~ Mn I T Mo I N ITiN F
ALLOY

NAME UNS #
A516 K02700 0.27 max. 0.79 - 1.3 bal.

316L S31603 0.03 max. 16 - 18 2.0 max. 2 - 3 10- 14 bal.

317L S31703 0.03 max. 18-20 2,0 max. 3-4 11 -15 bal.

317LNMO S31726 0.03 max 17 - 20 0.75 max. 2.0 max. 4,- 5 0.1 - 0.2 13.5 - 17.5 bal.

2205 S31803 0.03 max. 21-- 23 2.0 max. 2.5 - 3.5 0.08 - 0.12 4.5 - 6.5 bal.

F255 S32550 0.04 max. 24 -27 1.5 - 2.5 1.5 max. 1 2-4 0.1 -0.25 4.5 - 6.5 baJ.

2507 S32750 0.03 25 1.2 max. 4 0.3 7 bal.

254SMO S31254 0.02 max. 19.5 - 20.5 0.5 - 1.0 1.0 max. 6 - 6.5 0.18 - 0.22 17.5 - 18.5 bal.

1625 N06625 J0.10 max. 20"- 23 0.5 max. 8 - 10 bal. 5.0 max.]

Table 2 Summary of Results of In-Situ Corrosion Tes Holder I
Location 2C Vapor Exposum Time 163 Days

Coupon Crevice Corrosion Pitting Max. Depth

Alloy Side Top Bottom Side" Surfaces Side,
(UNS, 2 . Surface Surface

K02700 as-rec'd Heavy General Corrosion
S31603 as-rec'd SampleCutp . . . . .

Flat welded >20.Sev. >20,Mod. <10,Sev. <5,Sev. <5,Sev. 0.16 N
Coupons S31703 as-rec'd N >5, Mild N N N 0.03 N

welded <101, I <10, Mild N N N 0.02 N
S31803 as-rec'd N N N N N N N

welded N N N N N N N

S31254 as-rec'd N N N N N N N
welded N N N N N N N

S32550 as-recd N N N N N N N
welded N IN N N N

Side Side Side Side

1 2 3 4

U-Bend S31603 as-rec'd >10,Mild >10, Mild >10.,Mild N <20,Mod. <2ftMod. >20, Sev. 0.11 0,25
Coupons F,31703 as-rec'd N >10,Midd N N 210,1 "N N N N

-931803 as-rec'd N N N N N N N N N
S31254 as-rec'd N N N N N N N N N
-32550 ss-rec'd 51 N N N N N N N N
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TabI. S3 ummary ofRsIb of In-Sihi Caorrosn Ted Holder N
Loca l tc vapor Ewposm Tihe 163 Days

Coupon Crevice Corrosion Pftng Max.

Alloy Side Side Top Bottom Sid"e Surfas Sides

(UNS #) 2 Surface Surface

1(02700 as-rec'd General Corrosion
831603 aa-rec'd <1lo. $,M od. <5 Mod. - >20 y. 0.08 020

welded >20, Mod. >20. Mod. <10, Mod. >5. Mild <5,V.S. 0.11 0.35
Flat S31703 es-rec'd N <5, I N <WLL N 0.08 1

Coupons welded N N N N N N N
831803 as-rec'd N N N N N N N

welded N N N N N N N
S31254 as-rec'd N N N N N N N

Welei S peCu-Up...

S32550 as-rec'd N N N N N N N
5 welded N N N N N N N

Side Side Side Side

1 2 3 4

U-Bend S31603 a-rec'd >20,Sov. •10, Mild <10, Mild me0, Mild 1m20,Mid >220,Mid >20,.. 0.15 0.39
Coupons d t31703 as-rec'd 10,fMild tc10,pMild lo20,Mild N < 2ild N N 0.12 i

S31803 as-rec'd <10, Mild 5. Mild N N N N N N N
S31254 as-rec'd N N NN N N N NjS32550 4sre' N N N N! N N N N:

Legend:
N (Nogfigibie)

S~I (Incipient) < 1 rail (0.025 mam)

xx - number of corrosion sites Mild I -< mile <c 2 (0.05 mam)
yyyy - depth of attack per legend Mod. (Moderate) 2 < mile -c 5 (0.075 mam)

Sev. (Severn) 5 < mile < 10 (0.25 mm)
V.S. (Very Severe) • 10 mile (0.25 mm)

Table 4 Summary of Reaults of In Situ Corroion Tog Holder IV

Location SC Vapor Exposure Time 208 Days

Coupon Crevice Corrosion Piting MaxDepth
(mm)

Ilo Side fie Top Bottom Sides Surfaces Sides
(UNS 1) 2 Surface Surface

K02700 as-rec'd Heavy General Corrosion Except Under Washe
S31603 as-rec'd <20, Mod. >20.42 Mod •20,_d >20, od > . 0.24 0.52

welded •20,Mod. >20. Mo <I0 YMld* 10, Mild >20, Sev. 0.11 0.16

Flat 531703 as-rec'd <5, Mild >10, Mill <5, Mild <5, Mild Mild 0.07 1
Coupons _ welded > 10, Mild/Mod >20, Mill _ <5, Mild <5, Mild >5, Mild 0.09 I

S31803 es-rec'd N N >5, I >5,.I N I N

welded N N N N N N N

S31254 as-rec'd N N N N N I N
welded N N <.S, I <S, I N N N

532550 as-rec'd N N N N N N N

- welded N N N N N M N

Side Side Side -Side

1 2 3 4

831603 aa-rec'd 10%,Sev. 10%,Se 50%,Sdn N >20, Sev. >71),Sev. >20, Sev. 0.00 0.21

U-Send 831703 ma-ree'd >$0,SevJMod >20,Mid >20,Milc N -5,Mild <5,Mild N 0.11 N

Coupons 831803 me-rec'd N N N N N N <_ N I

831254 aa-recd N N N N N N N N N

832550 as-rc'd 51_ N N N - - N N
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Table 5 Summary f AsIbulls of In MWt Cofosion Tm Holder V & VI
Locuo 6S Uquid CAndeswuExpoeure Time 163 Day.

Coupon Crevice Corrosion Pitting Max. Depth

Alloy Sie Sd Top Bottom Sides Surface Sides
12M #II I alu - -

K02700 as-rec'd Severe General Corrosion
S31603 as-rec'd Sam ple Cut U _p _.....

welded >20, Sev. >10, Say. >20,Sev. >20.Sev. >20,Sev. 0.19 0.40

S31703 as-rec'd >20, Say. >20, Sev N <10.Mild <20,Mild 0.14 -

Flat welded N N <20, Mild <10, Mild >20. Mod. 0.12 -

Coupons S31803 as-rec'd N N N N N N N

welded N N N N N N N

Holder 531254 as-rec'd N N N N N N N
V welded N NN N N N N

S32550 as- rec'd N N N N N

welded N N N N N N

Side Side Side Side
1 2 3 4

U-Bend
Coupons S31603 as-rec'd 80 %, V.S. 20 %, V.S. N 15%, V.S >20, V.S. >20, V.S. >20. V.S. 0.46

S31703 as-rec'd 20 %,V.S 90 %. V.S N 40%,V.S <10,Mild >10,Mild <SMod. 0.36 1
Holder S31803 es-rec'd 10%, I I N N N N N N N

VI S31254 as-rec'd N N N N N N N N N

S32550 as- rec'd N N N N N N N N N

Legend:
N (Negligible)

[E xyyy II (Incipient) < I mil (0.025 mm)
xx - number of corrosion sites (or % of coupon surface) Mild I < mils < 2 (0.05 mm)

yyyy - depth of attack per legend Mod. (Moderate) 2 < mils < S (0.075 mm)
Sev. (Severe) 5 < mils < 10 (0.25 mm)
V.S. (Very Severe) > 10 mils (0.25 mm)

TABLE 6: Assessment of Laboratory Immersion Corrosion Coupons

COUPON BASE CREVICE CORROSION WEIGHT
METAL WELD LOSS
(UNS #) METAL WELD FUSION HAZ OVERALL (grams)

1C S6 __[ S I__
1 S31603 316L S S - S 0.62
2 S31603 316L S - - 5 0.62
3 S31726 317L S M I S 0.11
4 S31726 1625 M M - M 0.03
5 S31803 22 Cr S S - S 0.07
6 S31803 25 Cr I - - I 0.00
7 S32750 25 Cr I - - I 0.01
8 S31254 1625 I I I I 0.01
9 N06625 1625 ...- 0.03

RACK II

10 S31603 316L S S - S 0.56
11 S31603 316L M/S - - M/S 0.60

12 S31726 317L S S I S 0.11
13 S31726 1625 I S - S 0.03
14 S31803 22 Cr S M - S 0.04
15 S31803 25 Cr I/M - - I 0.00
16 S32750 25 Cr I - - 1 0.01
17 S31254 1625 - I I I 0.01
18 N06625 1625 .... 0.03

I = Incipient Corrosion
M = Mild to Moderate Corrosion
S Severe to Very Severe Corrosion
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Table 7
Summary of Immersion Test Liquid Chemistry

Exposure
Period pH Chloride
(Days) (mg/L)

1 -2 2.6 5900
3-6 2.7 9500
7-8 2.2 650

9- 13 2.5 21000
14 - 15 2.7 9500
16- 17 2.1 450
18 - 20 2.1 24000
21 -22 2.6 320
23-24 2.5 1800
25 - 29 2.1 33000
30 - 31 2.2 3000
32 - 34 2.1 24000
35 - 36 2.6 16000
37-38 1.8 16000
39 - 41 2.4 16000
42-43 2.5 1800
44 - 45 2.1 33000
46 - 48 2 25000
49 - 50 2.4 19000
51 - 52 2.7 5900
53 - 55 2.2 28500
56 - 57 2.5 16000
58-59 2 16000
60 - 62 2.5 16000
63 - 64 2.6 19000
65-66 2 15000
67 - 69 2.4 13000
70 - 71 2.5 16000
72 - 73 2.7 26000
74 - 76 2.3 16000
77-78 2 15000
79 - 80 2.8 26000
81 - 83 2.3 180
84 - 85 2.3 16000
86 - 87 2 15000
88 - 90 2.3 16000
91 - 92 2.8 26000
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FIGURE 1. Schematic of Typical Marne. Tanker 10 System

FIGURE 2. In -Situ Corrosion Test Coupon Holder
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Cracking of Weldments in Feed Water Deaerator Systems

T G Gooch, D N Noble and R A Walker
TWI
Abington Hall
Abinglon
Cambridge CBI 6A4, UK

Abstract
Factors influencing cracking of deaerator water storage vessels have been examined. Carbon and microalloyed
steels and shielded metal arc weldments were employed with static, slow strain rate and fluctuating load test
procedures. The effects were examined of varying water oxygen level, pH and temperature, and crack growth
rate was evaluated under severe environmental conditions.

No cracking was found in statically loaded samples in water at 95"C, at pH7 or 9 and with nominally 5ppb or
2000ppb oxygen. Cracking in slow strain rate tests was induced at high oxygen levels, susceptibility being lower
with pH7 rather than pH9 and at 100°C rather than 150°C. No significant cracking was found even at 150 0C
with 5ppb oxygen. Measured crack growth rates were about 10-6mm/s.

It was concluded that cracking occurred by rupture of an otherwise protective magnetite film, with ensuing
iocalised corrosion of the bare metal. Effects of material composition and microstructure were secondary to those
of environmental conditions and service loading regime. Hence, deaerator cracks form primarily under conditions
in which plastic strain is experienced at fairly high oxygen levels and at above 100*C. This indicates that
cracking takes place mainly under transient conditions, whether plant warm up/shut down or when dynamic strain
is experienced from temperature/pressure fluctuations, water hammer etc.

Key terms: deaerators, steel, welds, stress corrosion cracking, corrosion fatigue

Introduction
Weld area cracking in feed water deaerator systems fabricated from carbon and C-Mn steels has become
recognised as a major problem in recent years. Some 30-40% of de-aerator vessels may exhibit such cracking,
(1-7), mainly at welds, either longitudinal or circumferential seams, or associated with attachments, eg nozzles
or baffles.

Specific factors controlling the incidence of cracking have not been identified, nor the cracking mechanism,
which has been described as thermal fatigue, corrosion fatigue, stress induced corrosion, stress corrosion cracking
and hydrogen embritllement (8). The cracks have, however, mainly formed below the water level in the different
types of deaerator that have suffered the problem, and clearly result from environmental action. Present palliative
measures are based on minimising service loads, whether static or cyclic from temperature/pressure fluctuations,
water hammer etc, and on providing good water quality (9). Postweld heat treatment for stress relief has been
advocated (7), with regular inspections being deemed advisable during service life (9). The present programme
had two main aims. First, it was necessary to identify conditions under which deaerator cracking is most likely
in order that guidelines may be provided on avoiding future failures. Second, data , i crack growth rate were
required to assist formulation of inspection schedules with non-destructive examination (NDE).

Experimental Programme
Approach

In most cases, deaerator cracking has developed only after a fairly long service lifetime, up to an average of 15
years (10). Accelerated laboratory test procedures were thus required. The approach adopted allowed both an
increased corrosivity of operating environment and the application of severe stress conditions. In Phase 1,
behaviour was examined under fairly low temperature conditions relative to normal deactator practice, such that
the surface oxide film was "defective" and afforded only inferior protection. Static load was employed, and the
samples were subjected to repeated simulation of shutdown conditions. Sp,',:imens in Phase 2 were assessed by
slow strain rate testing (SSRT) to obtain failure in high temperature, high pressure water, environmental and
loading conditions were varied, and the effects examined of material type and "1 iCrostructural changes associated
with welding. Crack growth rates wcre mcasured in Phase 3, employing environmental conditions identified as
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severe from Phase 2. Pre-cracked linear elastic fracture mechanics samples were tested under static,
incrementally rising or fluctuating load.

Materials and Welding Procedure

Two steels were used, namely a 10mm carbon steel to BS1501: 161 grade 430 (plate 1) and a 20mm
microalloyed steel to BS1501: 224 grade 490 (plate 2) (Tables 1 and 2). Multipass shielded metal arc (SMA)
butt welds were produced (Table 3) with a single bevel weld preparation to give a straight fusion boundary
perpendicular to the plate surface and facilitate testing of the heat affected zone (HAZ). For steel 1, rutile coated
electrodes to BS639: E4333 R21 were employed, with basic coated electrodes to BS639: E5154 B120 26 (1-H)
for the microalloyed material 2. Analyses were performed at the weld centres (Table 1). Metallographic
examination and Vickers hardness measurements were carried out.

Phase 1: Static Load Tests

Cross-weld specimens 100xl2x5mm were machined from steel I for testing in four point bend. Since there
might have been some stress relaxation wilth time in the test rigs, U-bend samples 110xI2x5mm from both steels
were also produced. Prior to testing, samples were heated in water of pH9 with about 5ppb oxygen (determined
by an Orbisphere instrument) in an autoclave at 200'C for 40 hrs. When removed, the specimens were coated
in an adherent black scale of about 5Ram thickness, confirmed as magnetite by X-ray diffraction.

Tests were carried out at high and low oxygen and pH conditions, at 95"C (Table 4). The feed water was
deionised with a conductivity below 0.21S/cm, and pH was adjusted as required with ammonium hydroxide. To
produce a high oxygen content, the water was purged with air at room temperature for 2 hours. This gave about
8000ppb oxygen, and, on heating to the test temperature, an oxygen level of 2000ppb (measured at room
temperature) could be maintained. To obtain a low oxygen content, the water was sprayed down a column
against a counterflow of nitrogen gas: oxygen figures as low as lppb were reached.

The cross weld specimens were tested using rigs shown in Fig. 1, calibrated via a parent material sample with
a strain gauge atiached to the top surface. All tests were carried out with an outer fibre stress nominally equal
to the parent steel yield stress. Unstressed samples were exposed for comparison. The U-bend samples were bent
conventionally to give a diameter of 5 x thickness. The load was maintained using steel bolting.

Samples and test assemblies were immersed in the required solution at 95"C with reflux condensers to avoid
evaporation. A simulated shutdown period was undertaken three times per week. The vessels were cooled to
room temperature, and the oxygen content of the water increased to about 8ppm. After 2 hours, the "correct"

test solution was produced and the vessels were reheated to 950C. Samples were removed after varying test
durations. These were visually examined, and a metallographic section taken transverse to the weld. The scale
on the samples was analysed using X-ray diffraction.

Phase 2: Slow Strain Rate "esis

Round section tensile samples were produced with 16 x 3.5mm gauge length, from parent steels and weld metals.
Specimens were also prepared transverse to the weld in plate 1, and parallel to the weld in plate 2 to include
as much as HAZ as possible along the gauge lenglh. All samples were magnetite coated prior to test.

Solutions were prepared as in Phase 1 with initial room temperature oxygen contents of nominally 5 and
50(X)ppb and pH levels of 7 and 9. Because of partitioning between the gas and liquid phases in the autoclave,
the oxygen level in solution during test could not be defined exactly. A loop was incorporated into the system
so that, directly a sample failed, water could be pumped from the autoclave, cooled to room temperature for
Orhisphere measurement, and returned to the autoclave which was still at about 150"C. Thus, the sample
analysed should not have been subject to significant oxygen pick up from the gas phase at temperatures below
that of the autoclave. In repeat trials at high oxygen level, the initial oxygen content of the water was 9000-
9700pph: this was reduced at test temperature, and sampling using the loop gave oxygen contents of 150-
500pph. Under low oxygen test conditions, an initial content of 2ppb was measured, and this increased to 4ppb
during tests at temperature. Tests were carried out at 150*C, with limited studies at 100*C. For comparison, tests
were undertaken in pure nitrogen gas as an inert environment. Individual samples were loaded, the autoclave was
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sealed and nitrogen purged, and the test solution was then admitted. Heating to the required temperature was by
external resistance mats, the temperature being controlled by an internal thermocouple.

Tests were undertaken at strain rates in the range 10-5 to 10-6/sec. Conventional monotonically increasing load
was normally employed, but in some cases the load was cycled, either via small temperature fluctuations or
mechanically. Following failure, the maximum load was recorded, together with the sample elongation and
reduction in area. One of the broken portions of each specimen was sectioned longitudinally and prepared for
metallographic examination.

Phase 3: Crack Growth Rate Studies

Single edge notch tension (SENT) specimens 60x25x9mm were machined from steel 1 (12mm total crack depth),
and magnetite coated. From Phase 2, cracking was most pronounced under high oxygen conditions. Testing was
therefore based on deionised water of pH9, overpressurised with air at 150"C.

From tests in room temperature air, stress intensity levels were determined corresponding to general plastic
deformation (K1,) and maximum load (K,,.). The tests (Table 5) proceeded to maximum load, without failure,
and specimens were broken open in liquid nitrogen for fatigue crack measurement. The values for K. and K,,,.
calculated (11) were taken to define loading conditions for the autoclave tests, but should not be regarded as
exact: elastic behaviour is assumed, whereas, with the fairly low strength steel involved, the high loads applied
for some tests will have led to significant plastic strain. A direct current potential drop (DCPI)) technique was
employed to monitor crack growth during testing. Calibration was conducted by making saw cuts to different
depths in duplicate samples and monitoring the change in potential. Voltage readings were normalised by
reference to plain metal adjacent to the crack. The DCPD leads were attached to an individual sample, which
was loaded into the autoclave. The test solution was admitted, the assembly heated to 150'C, and the load
applied.

Four loading regimes were examined. First, static load was applied over a period of time. Second, if no static
crack growth was evident, the load was increased by 5% increments until stable cracking or sample rupture
occurred: the aim was to obtain a measure of the critical stress intensity for crack growth, Kscc. A test with
increasing load was performed also in nitrogen at 150'C to determine whether or not low temperature creep was
responsible for any crack growth. Third, an attempt was made to identify the Ks,, under load shedding
conditions, the load being reduced once crack extension had occurred. Finally, some samples were cycled over
a range of stress intensity, both within nominally elastic conditions, and with higher peak stress intensity
corresponding to some plastic strain. As an extreme case, one sample was subjected to a concurrent temperature
variatior, being cooled to room temperature and off loaded at the start of each cycle.

Some specimens fractured while on test. Unbroken samples were normally broken open for measurement of
rTack face, although some samples were sectioned in a longitudinal plane at about one third thickness for

metallographic examination, the unmounted portion again being broken open for crack measurement.

Results
Metallurgical Examination of Test Welds

Figure 2 shows a typical weld section. Both steels had a banded ferrite-pearlite structure (Fig.3a). The HAZ
microstructure in both steels comprised ferrite with aligned second phase and martensite, although the martensite
content and resultant hardness (Table 6) were higher in steel 2 (Fig.3b), reflecting the relative steel hardenability.
Weld metal I microstructure consisted of grain boundary ferrite, ferrite with aligned second phase, and a small
amount of aci':ular ferrite. In contrast, weld 2 deposit microstructure was largely acicular ferrite, although
containing grain boundary ferrite and some ferrite with aligned second phase (Figs.3c and d).

Phase 1: Static Load Tests

Low oxygen, pH9 conditions produced an adherent, black magnetite scale; high oxygen, pH7 solution resulted
in a similar black scale, largely covered in a thicker, soft, rust colourcd iron oxide; and in :[1c high oxygen, pH9
environment a very thick (3-4mm), hard, rust coloured scale was present. These differences persisted throughout
the exposure periods and were similar for both unstressed and stressed samples, whether 4-point or U-bend.
There was no difference between deposits on tension or compression sides Similar observations were made for
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both steels and welds tested. From X-ray diffraction on steel 1, the scales in all three environments were largely
magnetite with some ferric oxide (Fe,O3 ), and, in the high oxygen, pH7 solution, some cementite.

The corroded metal surface had an irregular profile. General metal loss had occurred, but with a tcndency to
penetration in the form of open pits, more especially for the pH9, low and high oxygen conditions, in which
slightly enhanced weld metal attack was also noted (Fig.4). No significant cracking was found in either steel.
Crack-like intrusions were observed on the tensile faces of the U-bend samples from the microalloyed steel 2
at pH7 (Fig.4c), but total extension beyond the corroded surface was less than 0.1mm.

Phase 2: Slow Strain Rate Tests

Condition 1 - 150°C Nitrogen- Strain Rate 10-6ýs. No evidence of cracking (apart from the final rupture)
or corrosion was observed. (Table 7 and Fig.5). Tensile strengths were apparently higher in the SSRTs than in
Table 2, possibly a consequence of the use of slower strain rates, as evidenced by the test at 10-'/s. Cyclic
loading produced ductility values below those from constant strain rate tests. Plate 2 showed greater reduction
of area than steel 1, as in room temperature tensile tests (Table 2).

Condition 2 - 150'C Water- 5ppm O,_ pHrg Strain Rate 10-6Ls. All tests with monotonic loading gave a
decrease in reduction of area at failure compared to that in nitrogen. The test sample from steel 1 that underwent
cyclic loading produced the lowest RE/RN value and had extensive cracking, along the gauge length and
extending up the shoulder (Fig.6). Shallow pitting was evident. The microalloyed steel 2 showed an average
RE/RN of 0.8 as opposed to 0.4 for plate 1. However, samples from plate 2 displayed cracking and corrosion
as in the plate I tests, albeit mainly in the necked region (Fig.7). The crack morphology was similar for both
plates, with transgranular growth and oxide on the crack faces (Fig.7c).

Considering the all weld metal samples, there was less effect of the environment on weld W2 than on WI. Only
WI suffered extensive surface corrosion and contained a number of small oxide-filled cracks. The cross weld
sample from plate I also failed in the weld metal giving a low apparent RE/RN value, again with widespread
pitting and cracking. The HAZ of plate 2 appeared more susceptible than the parent microalloyed steel with an
average RE/RN of 0.6. Away from the final rupture, the crack depth was greater in the HAZ than in adjacent
parent steel (Fig.8).

Condition 3 - 150°C Water- 5ppm _2 pH9, Strain Rate 10-5 /s. Steel I showed little cracking, but shallow,
oxide-filled pits. From the RE/RN value of 0.8, environmental cracking had occurred, but the strain rate of
10--/s was less damaging than 10-6/s.

One sample underwent cyclic loading by means of a fluctuating temperature. A reference test in nitrogen was
not conducted, but the reduction of area at failure of 15% was low, implying that temperature/load fluctuation
again led to marked sensitivity to cracking. Two tests used cyclic loading between two predetermined stress
levels. No cracking was observed, but the hardness in the gauge length had increased by about 40 to 50 HV2.5
over the shoulder region. It is likely that, following such work hardening, the cyclic load corresponded only to
elastic deformation, whereas the increasing load during the temperature fluctuation test would have induced
continual plastic strain.

Condition 4 - 100°C Water, 5ppm 02 pH-9 Strain Rate 10-6/s. Relative to tests in condition 2, reduction
of area values at failure at 100°C were higher, while there was less corrosion of the sample surface, suggesting
that a temperature of 150'C is more aggressive than 100°C.

Condition 5 - 150°C Watei, 5ppm O0, pH7. Strain Rate 106/s. All samples showed some cracking,
although in some cases only isolated pits and single cracks. The RE/RN values tended to be above those at pH9,
and there was less discernable difference in the performance of plates I and 2.

Condition 6 - 150 0 C Water. 5pb (,- pH9. Strain Rate 10-6s. The RE/RN values for all parent steels and
welds were above those in higher oxygen conditions, especially with cyclic loading, indicating less cracking
susceptibility in condition 6. Samples from plate I contained wide-spread sharp intrusions up to about 0.1mm
deep (Fig.9a). Plate 2 samples showed little or no cracking and minimal corrosion (Fig.9h), again suggesting
lower environmental sensitivity than plate 1. Considering weld samples from both plates, no cracking or
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corrosion was generally evident. A sample from weld I did exhibit oxide-filled cracks in the necked region, but
the RE/RN ratio was high.

Phase 3: Crack Growth Rate Studies

Test in nitrogen at 150"C. A load of 10.3kN was initially applied, and then increased in 10% increments
up to a maximum of 16.5kN (Table 8). The applied K values ranged from 1140mm-' to 1825Nmm-'2. Despite
a total test duration of 1/z months, no crack extension was observed by DCPD or by metallographic examination.

Tests with Static or Monotonically Changing Load. No cracking was found in the samples tested at below
about 1200Nmm-3" by either DCPD or subsequent examination, and this was the case whether the specimen was
tested under purely static or incrementally increased load. Environmental cracking was induced at higher stress
intensities, the maximum crack depth observed being about 2mm. The cracks were predominantly transgranular,
with small regions of intergranular appearance, and were oxide-filled (Fig.10).

In the test under load shedding conditions, cracking (Fig.11) was induced at above the K,, the DCPD trace
indicating this to have developed especially in the final 10 days of the 80 day test period. The load was reduced
with no evidence of further cracking after 30 days.

Tests with Fluctuating Load. Tests were carried out initially using an applied stress intensity range of about
60-80% of the K. value. This range was progressively increased, first by reducing the lower limit to 35% Ko,
and then by raising the upper limit to 100% Ko. No evidence of any environmental cracking was found, either
on a section or on the fracture face. For the test at a high applied stress intensity, some 140%K., with regular
unloading and cooling, the DCPD record indicated an overall increase in crack length, although this could not
be ,elated to either heating or peak load portions of the cycling applied. Crack extension of about 3.5mm was
indicated by the DCPI) trace, but a maximum crack growth of only 1.5mm was apparent on the fracture face.

Crack Growth Measurement. In most tests, total crack growth indicated by the DCPD was in reasonable
agreement with the results of direct measurement on the sample following test. Certainly any crack extension
in a specimen was identified by DCPI) measurement. Figure 12 shows the average crack growth rates calculated
from the DCPD records, plotted against the stress intensity, either that applied during a static load period or the
maximum under cycling conditions. The result from the load/temperature cycled sample was obtained from the
actual measurement. From Fig.12, there is a trend for growth rate to increase at higher stress intensity levels,
while no cracking was found below 1200Nmm-31 .

Discussion
General Comments

The work carried out has successfully induced environmentally assisted cracking in carbon and carbon-
manganese steel exposed to high temperature water, such cracking being observed in slow strain rate and
precracked sample tests. In both cases, the morphology of cracking was similar to that encountered in service
(3-6,8), the cracks forming roughly perpendicular to the material surface and applied stress direction, with
predominantly tiansgranular cracking. Single and branched cracks were noted, the width at the surface increasing
as the crack depth became greater, and with formation of an oxide scale within the cracks.

There is no doubt that the cracking observed is a direct result of environmental action in that no cracking was
found in tests in an inert nitrogen atmosphere, whether under slow strain conditions or with constant load
precracked samples. Thus, despite the fairly short timescale of the individual tests, it can be concluded that the
problem of deaerator cracking has been reproduced in the laboratory, and the test data should therefore be
applicable to the practical situation.

Factors Influencing Cracking

All Phase I samples produced a thick rust scale for the oxygen levels and pH levels examined. The scale was
layered and defective in the sense of providing little protection for the steel, but there was virtually no evidence
of cracking, even in samples stressed well above the yield point. Presumably during sample exposure, all regions
of the surface corroded at one time or another, so that either conditions for cracking were not fulfilled or the
crack growth rate was less than general corrosion rate. Cracking may have been suppressed kinctically by the
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fairly low peak temperature of less than 100°C, as suggested by the relative data obtained in the Phase 2 slow
strain rate tests at 100 and 150°C (conditions 4 and 6). Whatever the reason for the lack of cracking, the
extended test duration of up to 28 months must be recognised, and it does not appear that exposure to oxygen
levels high enough to cause severe general attack is a sufficient condition to induce deaeraior cracking.

The Phase 2 tests on environmental factors are summarised in Fig.13. The data suggest that the major factor
influencing the occurrence of cracking is the oxygen level at high temperature. All samples were covered with
a magnetite film, with little indication of formation of higher oxides, whether haematite etc, but low REIRN
values, say below 0.5, were found only under high oxygen conditions. Moreover, for all steels and weld metal
studied, the minimum and/or average RERN ratios were lower with the higher oxygen level than at 5ppb
oxygen. This adverse effect of high oxygen content supports recent work by Wedgbury (8). The initial 5ppm
oxygen level in Fig.13a will be reduced during test, but, from the loop trials, can be expected to still be well
above 100ppb. The results suggest pH9 to be more deleterious than pH7, but the role of pH over this range is
secondary to that of oxygen. Although not definitive, the results in Table 7 indicate cracking sensitivity to be
reduced at 100°C, and at a strain rate of 10-5/s. Again, these trends follow other work (8), and indeed Copeland
et al failed to obtain cracking in SSRT studies at about 105°C (12).

Surveys on cracking in operating deaerators have not unambiguously established any particular material factors
as of overriding importance, but cracking has been considered more likely in higher strength steels (8). This view
is not supported by the present results, in which lower RE/RN ratios were found for plate 1 than for the
microalloyed plate 2 (Fig.13b). Cracking in elevated temperature water has been associated with high sulphur
levels and sulphide inclusions (13). This trend is consistent with the present findings: lowest RE/RN values were
found for plate I and weld metal I and both materials contained higher sulphur contents than plate 2 and its
corresponding weld metal. A possible adverse effect of higher material strength levels is indicated by the relative
behaviour of the steel 2 parent and HAZ samples, the latter being of higher hardness and cracking sensitivity,
but the RE/RN value was not as low as found with steel 1, suggesting compositional factors to be more
important. Available data are insufficient to associate increased cracking risk solely with higher sulphur materials,
since the low silicon and manganese contents in plate 1 and weld I may also have produced higher susceptibility
(14). At the same time, cracking was induced in a range of steel composition and microstructure, and thus
material variables appear of secondary importance relative to the operating environment.

The present results suggest that plastic strain in the steel is necessary for deaerator cracking to take place. In the
slow strain rate tests, total specimen elongations were well into the plastic range, while cracking arose in
precracked samples only with applied stress intensity levels above the K, value. Further, from the Phase 2
studies, imposition of a fluctuating load component is deleterious, but only when the material is under rising load
and constantly undergoing fresh plastic strain. In the Phase 3 tests, even repeated cycling under essentially elastic
conditions at below K, did not cause cracking within the test period employed. Cracking may be enhanced by
temperature fluctuation, as in the Phase 2 tests, and from the higher crack growth rate for the test with
temperature cyciing than for an incremental load test with a similar peak stress intensity of about 1640Nmm-3"2

(Fig. 12).

Crack Growth Rate

The precracked sample tests suggest an approximate threshold stress intensity for cracking in aerated water at
150°C of some 1200Nmm-3 2 , at least over 'he test durations employed. Above this value, most tests in which
cracking was observed indicated a growth rate of the order of 10-6mm/s, and a similar rate of penetration could
be inferred from the depths of cracks away from the necked region in SSRT samples tested at high oxygen level.
This rate is fairly high and, if maintained, would lead to cracking some 3'0mm deep after one year operation.
Indeed, the data in Fig. 12 represent an average of crack extension over the test period, and, from the DCPD
traces, more rapid cracking may have taken place at some periods. Even at say 10-Imm/s, penetration to the
depth of a corrosion allowance on a vessel wall would occur well within the expected operating life.

Most surveys have indicated a lower average long term growth rate and this implies that cracking in practice
has not been continuous, but has occurred mainly during transient conditions, whether warm up or shut down
or from unforeseen load excursions etc. An essential cavcat is that slower cracking could arise from corrosion
fatigue and a possihle contribution of this mechanism to service problems must be borne in mind (8).
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The precracked samples did not display entirely consistent fracture behaviour. This may reflect variability in
material properties, or the inexact use of an elastic parameter to describe the behaviour of a sample experiencing
significant plastic strain. However, there is no doubt that under adverse environmental conditions cracks can
propagate at a rate sufficiently high to be of practical concern. While only one steel was tested, it is unlikely
from the Phase 2 results that the situation will be greatly different for other materials: low sulphur grades may
give better behaviour, but this might be negated by the development of harder microstructures at welded joints.

Mechanism of Cracking

It is generally considered that deaerator crack growth takes place by dissolution at the crack tip (4,6,8,9).
Certainly, hydrogen embrittlement would not be expected, bearing in mind the low strength level and hardness
of the steels concerned, and the elevated temperature at which cracking occurs. Various workers have suggested
that the problem represents a form of "stress induced corrosion" in which attack is localised, essentially as a
result of rupture of an otherwise protective coating (1,15,16). The present results are consistent with this view.

First, for such a mechanism to be operative, a cathodic reactant is necessary with attainment of an appropriate
metal/environment potential (14). The Phase 2 results show that no significant cracking takes place under low
oxygen conditions, and presumably high oxygen levels induce cracking both by promoting the oxygen reduction
reaction, and, at the expected solution levels of over lO0ppb, increasing the rest potential of the system by some
200mVm,, probably to about OmVNHF (8,17). Second, the observed crack growth rate of roughly 10-6mm/sec
would require an anodic currznt density at the crack tip of about lOmA/cm2 (18). Polarisation studies by
Congleton and Parkins (14) indicate a current density at OmVN, below this value, but with a dependence on the
potential scan rate. This latter implies surface filming or increased anodic polarisation with time, and lOmA/cm2

could well be achieved if bare metal is exposed to the environment following coating rupture (18). Third, the
present results strongly indicate that some plastic strain is required for crack extension to occur. The tensile
ductility of a magnetite coating (8) is low, below 1% under tensile loading (15,19). Hence, by causing magnetite
rupture, whether or not local plastic strain is experienced is likely to be critical in determining the incidence of
cracking in operating deaerators. Fracture of the magnetite coating may be induced also by differential
expansion/contraction strain, the coefficient of expansion for magnetite being appreciably less than for steel (19),
and an adverse effect of temperature cycling is indicated by the data in Table 7 and Fig.12.

On this basis, cracking will occur most specifically under conditions in which an otherwise protective magnetite
film is present on the material, but with fairly high oxygen levels, and at points where high local strain is
experienced (8,16). This is entirely consistent with the reported occurrences of aeaerator cracking and its
preferential development at welded joints where both tensile residual stresses and local stress concentrations will
be present. Cracking would seem most likely to occur when transient stress is experienced, causing rupture of
the magnetite layer, probably during warm up and shut down in particular, but also if severe pressure/temperature
fluctuations or water hammer are encountered. The high crack rate recorded indicates that cracking will occur
only while such dynamic strain takes place: once steady state conditions have been regained, repair of the
magnetite may take place, with an interruption to crack growth. This mechanism does not preclude a contribution
to crack extension from corrosion fatigue, and it must be assumed that corrosion fatigue has been mainly
responsible for some service failures. Indeed, to some degree, distinction between the failure mechanisms is
unrealistic, and the present hypothesis of cracking can be regarded as constituting corrosion fatigue under high
strain, low frequency conditions.

Practical Implications

Recommendations to avoid deaerator cracking (9) are based most especially on control of the environment to
minimise oxygen levels and on reducing applied static and fluctuating loads. These measures are endorsed by
the present results and careful attention to plant operation can be expected to reduce the incidence of deaerator
cracking. It is suggested that low sulphur material and welding consumables are to be preferred. Moreover, since
cracking is associated especially with plastic strain, it can be inferred that all measures to reduce strain levels
experienced should be pursued, and, on this basis, postweld heat treatment to obtain maximum relief of residual
welding stresses would seem advisable.

If the view that cracks form primarily during upset conditions is correct, it is difficult to make specific comment
on the frequency of NDE during the life of an operating deaeralor, since the development of cracking will
depend critically on the service conditions experienced. The approach has been formulated that the frequency
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of NDE should reflect the amount of cracking observed during any shutdown (9). If similar conditions are
experienced from one operating period to the next, this is reasonable, but, should more irregular operation be
experienced, more frequent inspection may be needed, especially in view of the present high crack growth rates.
At the same time, cracking will occur during shut down and warm up and thus unnecessary interruptions to
service to carry out NDE may actually be deleterious.

Conclusions
1. Cracking in deaerator vessels occurs as a result of rupture of an otherwise protective magnetite film, with

ensuing localised corrosion of the bare metal. Cracking was observed only when the substrate steel
experienced plastic strain during exposure to the environment.

2. No cracking was found in samples statically stressed to the yield point and above in water at 95°C. Tests
were carried out at pH7 or 9 and with 5ppb or 2000ppb oxygen, and with simulated shutdowns involving
exposure to high oxygen levels and formation of copious rust scale.

3. Cracking in slow strain rate tests was most pronounced at high oxygen levels (above 100ppb), and
susceptibility was somewhat lower with pH7 than pH9 and at 100*C than 150°C. No significant cracking
was found at 150oC with oxygen levels of 5ppb.

4. Cracking in slow strain rate tests was induced in parent steel, heat affected zone and weld metal covering
a range of composition and microstructure. The role of material variables is secondary to that of
environmental conditions and service loading regime.

5. Under high oxygen conditions at 150"C, cracking in precracked samples was induced only at applied stress
intensity levels expected to give large scale yielding.

6. Above the threshold level, crack growth rate in high oxygen water at 150"C increases with increasing
applied stress intensity, but was typically 10"6mm/s.

7. Cracking in deaerators occurs primarily under conditions in which plastic strain is experienced by the
material when exposed to fairly high oxygen levels and most especially at temperatures above 100*C. Thus
cracking takes place mainly under transient conditions, whether plant warm up/ shut down or when
dynamic strain is experienced from temperature/pressure fluctuations, water hammer etc.
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Table 6 Hardness results, HV1Okg _______________

Location Hardness range Hardness mean

(Plate 162-174 165
Weld I (Weld metal 155-202 179

(HAZ 21 7-314 244

(Plate 153-159 159
Weld 2 (Weld metal 187-220 198

(HAZ 258-405 300
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Table 8 Precracked sample results (Phase 3)

Applied stress Average crack
Applied load, intensity, Nmm- Test duration, growth rate,

Test type kN No of cycles hrs mm/s

10.3 1140 1 24 0
11.7 1295 1 360 0

N, reference: 13.0 1440 1 310 0
incremental 13.8 1525 1 170 0
load increase 15.3 1690 1 70 0

L16.5 1825 1 100 0

15.0 1365 (1640)- 1 115 3.1x10W
Static load 11.2 1395 1 1344 0

10.3 1440 1 335 1.1x10-6

11.7 1640 1 145 0.7xl0'-
13.0 1330 1 265 0.5x10 4

14.3 1465 (1505) 1 6 ND

Incremental [-1 3.0  1200 1 475 0.2x10-6
load increase -j 13.7 1265 1 340 0

"14.3 1321 1 945 0.4x10'
1 190 0

6.4 925
6.8 985 1 190 0
7.5 1085 1 335 0
8.3 1200 1 430 0
8.7 1260 (1260) 1 70 0

-13.7 1263 1 1390 0,4x10-6
Load shedding T12.7 1171 1 720 0

7.8-9.8 770-965 123 145 0
5.9-9.8 580-965 90 240 0

Fluctuating 3.9-9.8 385-1165 111 551 0
load L3.9-11.8 385-1165 51 335 0

3.9-11.8 330-1005 50 350 0

Temperature
and load 200 to
cycled 0-10.3 0-1645 14 222 3x10s° *

"Values in brackets indicate calculated stress intensity at failure, following any environmental crack growth.
Growth rate from measurement of crack length on fracture face.

ND = Not determined.
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4- 50-Fig.2 Section through weld 7, X3
Fig. 1 Machined and magnetite coated 4-point
bend specimens and Phase 1 test rig.

6- a.

~V

- A4 A

< .
4 v,

-~ 4 v*~Y40 1

* (ci ~. ~ . (d) if t ~ .

Fig.3 Representative microstructures, X400:

a) Plate 1; b) HAZ of weld 2, c) Weld me'al 1; d) Weld metal 2
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(a) b

Fig.4 Sections through Phase 1 samples:

a) 3 months: 2000 ppb 0•, pH9, X2.5;
b) 28 months: steel 1: unstressed: 2000 ppb 02,

pH7, x 10;
c) 10 months: steel 2: U-bend: 2000 ppb 02,

(c) pH7, X200.

(aa)

(b) (b)

Fig.6 Steel 1: SSAtT." 150' C, 5 ppm 0?, pH9,Fig.5 Ste' 1" SSRT." 150°C, N2, 10 C/sec: 10 'Isec, fluctu,,ting temperature:

a) x6; I. ,,200. aý >5," b) X50.

1088



(a)

Fig.9 SSR T. 150'C, 5ppbO02 pH9, 10- Isec:
a) Steel 1, X400; b) Steel 2 X 15.

is (a

Fig. 7 Steel 2: SSRT: 150 C, 5ppm 0,' pH9, IO
10 6/sec:

a) x7; b) X200; c) x400.
(b)

(c)

- Fig. 10 Cracking in SENT sample: applied K from
1440 to 1640 N/MM3 12:
a) Growth from fatigque crack tip (arro wed), X50;

F4g.8 Steel 2: HAZ SSR T. 150' C, 5ppm 0,, pH9, b) Environmental cracking, X400;
10c- 6/sec, Y 700. c) Environmental cracking, X400.
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Fig. 11 Fracture face of SENT sample tested 41

with load shedding, showing transition C-

from fatigue crack (top) to environmental qu
crack (bottom), X 10. 0
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* - No cracking

9 : Cracking observed
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Fig. 12 Relationship between average crack growth
rate and maximum applied stress intensity.
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CondItion 2 ICondition 5i Condition 6 I CondItion 2
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pH9 pH7 pH9 pH9
150 *C ISO C 150 C 150 C
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Fig. 13 Summary of SSRT results.,

a) Effect of environment (conditions 2, 5 and 6);

b) Effect of material variables (condition 21.
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Abstract

An assessment of service water and auxiliary circulating water piping has been conducted at a coal-fired

power generating station. The piping systems have been degraded by corrosion. The purpose of the

assessment was to determine the short-term, long-term, and monitoring actions required to ensure reliable

plant operation.

This integrity evaluation included the ultrasonic inspection of selected piping areas throughout the systems.

To calculate the rate of wall loss, the original wall thickness, minimum measured thickness, and plant

operating life were utilized for each inspected component. The rate of wall loss was projected to find the

estimated remaining life of the corresponding sections of these systems. The remaining life was based on

the results of code minimum wall thickness calculations with added conservatisms.

It was observed that much of the piping has signs of corrosion damage. Based on remaining life

calculations a significant portion is due for immediate replacement while substantial areas are to be replaced

within twelve years. However, data indicate that much of the remaining pipe may be retained by continuing

the station's chemistry practices and removing as much of the corrosion layer build-ups as possible.

Operational recommendations have been made and include monthly flushing for all stagnant or intermittent-

use lines.

Key terms: service water, piping corrosion

Introduction

A piping study is presented for a coal-fired power generating station. The study was Initiated due to

concerns over the integrity of the Service Water (SW) and Auxiliary Circulating Water (AW) Systems in the

plant. Corrosion in these systems had plagued this 250 megawatt coal-fired power plant since it began

commercial operation. Even though the plant is less than ten years old, significant lengths of SW and AW

Systems piping had already been replaced due to corrosion. Until root causes were recently addressed,

corrosion rates varied from in excess of 100 mils/year to less than 10 mils/year as measured with corrosion

coupons. It became obvious that major expenditures could be expected In the future if nothing was done.

A total replacement of these systems was estimated at over a million dollars and would require an extended

outage. Another issue, besides the cost of piping repairs, was the effect on plant availability and potential
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damage to equipment. A significant failure in either the SW or AW Systems would mean inability to supply
cooling water to critical pieces of equipment resulting in a unit trip, equipment damage, or both. Resolving
these corrosion and reliability problems became a critical issue facing the station.

Several steps were performed as part of the scope of work. To determine the status of the plant systems,
information was collected from walkdowns, plant personnel interviews, drawings, and operational data. Both
normal and off-normal operating modes were considered. Flowrates were measured at key locations in the
system to allow a gross determination of the output of the service water pumps and the flows to various
segments of the system.

To survey the condition of the piping, locations for ultrasonic examination (UT) were identified. Of course,
it would have been impractical and prohibitively expensive to Inspect all the piping. Thus, the approach
taken in this evaluation consisted of identifying locations that are especially susceptible to fouling; inspecting
such locations to determine the extent (if any) of damage; evaluating the results; and recommending
corrective actions and maintenance/operations procedures. Although the data are specific for this power
plant and its systems and equipment, the methodology and techniques can be applied to any plants using
cooling water. Heat exchangers and pipe configurations here can be found at other power plants, and these
results can serve as a guide to corrosion assessment elsewhere.

Station Operational Background

Except for lines plugged by corrosion products, there is adequate pressure and flow throughout the systems
and components. New major flow demands have not been added since original construction, and the
pumps can satisfy system flows if the lines are clear. The ultimate source of water is deep wells, and the
plant has zero net water discharge. Prior to treatment, the well water is temporarily located in the raw water
pond. The source of the cooling tower water is the same as SW and the chemistry must be balanced for
both systems. Fifteen to sixteen water cycles are currently practiced at the cooling tower. The station has
experienced considerable problems due to corrosion of the carbon steel piping and has taken continuous
action to minimize the effects. The problems include flow blockage due to corrosion products, wall thinning,
and leakage.

System Descriptions

Two cooling water sources in the plant are Service Water (SW) and Auxiliary Circulating Water (AW). The
SW and AW Systems spread throughout several buildings and structures.

Service Water System. The SW System takes water from the clearwells at the Water Treatment
Building and delivers it to various areas at the power plant. These areas include the Chlorination
Building, Circulating Water Services Building, Gas Cleaning Building, Intake Pump Structure, Power
Block, Recycle Water Pump Structure, and Water Treatment Building. The Circulating Water
Service Building houses chemicals and equipment for maintaining circulating water. Equipment
necessary to remove sulfur dioxide from the flue gas is contained in the Gas Cleaning Building. The
Intake Pump Structure directs water from the raw water pond into the Chlorination Building. Most
of the equipment necessary for the generation of electricity is housed In the Power Block, including
the boiler, turbine, deaerator, and heaters. In the Recycle Water Pump Structure, bottom ash water
is recycled back to the bottom ash handling system at the boiler. The SW System is designed to
fulfill the following requirements: supply the demineralized water system, heat exchanger cooling,
washdown water, and pump sealing. The SW System is non-recirculating, and it is constructed of
lined ductile iron pipe below ground and unlined carbon steel piping above.
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Auxiliary Circulating Water System. The AW System supplies various heat exchangers within the
Power Block. AW is pumped by the auxiliary circulating pumps through the main and boiler feed
pump turbine lube oil coolers, main and auxiliary condenser vacuum pump coolers, and hydrogen
coolers. The entire AW System is constructed of unlined carbon steel pipe.

The SW is chlorinated and there is no evidence of macrobiofouling (the presence or growth of clams,
mussels, etc.) in the water or systems. Microbiological counts in the water are virtually zero. No traces of
slime have been found. Pyrophosphate is injected into the SW System In the Water Treatment Building and
has the potential to lower corrosion rates. However, the station had not seen significant reductions below
what was achieved through pH adjustments. It is postulated that corrosion rates may be reduced once the
entire system becomes passivated; there may be too many corrosion products in circulation currently for
the treatment to be effective.

Heat Exchangers

The station operates most equipment continuously although there are some heat exchangers that are on
a standby basis for long periods. In the AW System, the hydrogen, main condenser vacuum pump, and
auxiliary condenser vacuum pump coolers are in service at all times with continuous flow. The main turbine
and boiler feed pump turbine lube oil cooling systems include two 100% capacity coolers which are rotated
as needed. This can result in long periods of stagnation for the coolers on standby duty. The plant
examines these coolers regularly especially during an outage. Cooler tubes appear free of corrosion.
Nevertheless, coolers have been collection points for corrosion product pieces circulating in the AW System.

In the case of the SW System, sample coolers, humidifier lines, and many hose stations are often stagnant
for long periods of time. HVAC heat exchangers may be isolated with stagnant water up to nine months.
It is known that low SW flow exists in the line discharging to the Blowdown Tank. Scaling also occurs in
the air compressor intercoolers due to the reverse solubility phenomenon of calcium carbonate. This makes
the resulting outlet water more aggressive to the carbon steel piping. These coolers are backflushed weekly
with a combination of air and water. The backflushing appears to be an effective method for clearing the
exchangers.

System Corrosion

Corrosion product growth has resulted in pluggage of small bore lines up to and including 4 inch nominal
diameter. These corrosion products are hard and reddish brown in color but can break off in chunks.
Broken-off pieces of corrosion products have been found lodged in heat exchanger tubes. Recent
inspection of a main turbine lube oil cooler located two tubes (5/8 inch diameter) almost completely
occluded with corrosion pieces. Corrosion damage has been observed in cooler pass partition plates and
heads; and in some cases, an entire 3/8 inch thick pass partition has been destroyed. Coatings in these
areas have afforded some corrosion protection.

The station has already replaced an estimated 20% of the total piping length of the SW and AW Systems
combined. Pipe replacement was usually done on a like-for-like basis and some replaced pipe has already
developed leaks. Other regions with identical piping configurations and flows (sister trains) were
simultaneously replaced where feasible as preventive maintenance. In some cases, PVC piping and rubber
hose have been used as replacement materials for carbon steel in the case of smaller diameter piping. In
general, drains, vents, and instrument tap lines have been replaced. In addition, it had been believed that
some areas contain corroded pipe which had not produced leakage due to relatively low pressure.

Horizontal and vertical piping runs seem equally susceptible to corrosion; the corrosion had attacked at
various circunifeiential positions. Weld areas and 2 inch nominal diameter and smaller threaded pipe
seemed especially prone to deterioration. The corrosion can be very localized. For coolers, in general,
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discharge lines have corroded faster than the inlet lines. It is Interesting that no Indication existed that high
velocity degradation, such as erosion/corrosion and conventional erosion, was present. All of the degraded
pipe showed significant corrosion products on the wall as a result of typical corrosion mechanisms. Figure
1 displays a photograph of typical corroded pipe that had been taken out of service. Tuberculation is clearly
present. Some of the smaller diameter pipes were found virtually completely blocked.

Study Initiation

The task of resolving the SW and AW Systems corrosion and reliability Issues was given to the Generation
Engineering group at the station. Due to the many other systems connected to the SW and AW Systems,
with each one having specific requirements, resolution of the root cause problems and addressing all
concerns would be a complex undertaking. Corrosion rates would have to be reduced, and there were only
two options available: either change the piping material or water properties. It was decided that an attempt
to significantly change the SW and AW properties (still satisfying the requirements of all the other systems
involved) would be initiated.

Addressing Water Properties. Work began on modifying SW and AW properties so that they would
not corrode the carbon steel pipe at an unacceptable rate or foul critical heat exchangers. Listed
are the deficiencies found and corrective actions performed.

" A tie between the SW and AW Systems had been made after commercial operation so that SW
could be input into the AW System for additional cooling capability. A study determined that
this was not necessary from an equipment cooling standpoint, and the SW and AW Systems
were once again isolated from each other.

"* The original SW pH control system could not maintain the pH within 1.0 of the setpoint. The
pH control system was redesigned to maintain a pH within 0.1 of the setting.

"* Also, the SW pH setpoint was originally 8.5. After lengthy testing, it was determined that a pH
of 9.4 was optimal in order to balance the corrosion and calcium carbonate deposit concerns.

"* Corrosion inhibitors were not being added to the SW System. It was determined that an
injection of phosphate treatment at 5 ppm would further reduce corrosion rates.

The combination of these actions resulted in the SW and AW Systems having corrosion rates
averaging below 5 mils/year as implied by coupons. As an example, one SW coupon exhibited an
original, average corrosion rate of 22 mils/year; this had been reduced to an average rate of 3.5
mils/year or a reduction in corrosion rate of approximately 85%. However, corrosion rates do differ
throughout the systems.

Addressing System Reliability. Engineering then began the systematic approach to obtain reliable
SW and AW Systems. The plan included various steps:

" Immediately replace piping which is obviously corroded as evident by patches and small leaks
including piping that ran in the proximity of equipment that would be damaged if a significant
water leak occurred; piping was replaced in a sectional rather than piecemeal fashion so that
clear boundaries were created between existing and new piping.

"* Determine the current condition of the remaining SW and AW Systems' piping so that further
replacements would be performed as needed; this would require the condition analysis and life
assessment of many different sections of piping.

"* Develop piping replacement criteria so that the field data could be converted into replacement
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directives; these directives should neither result in leaving questionable piping in place nor
replacing piping that could reliably function.

Develop a long term Inspection plan in order to ensure reliable SW and AW Systems; the plan
would include both replaced and original pipe.

The implementation of these steps is the primary focus of this study. The efforts evaluating system
integrity are described in detail.

Piping Assessment Methodology

Part of the approach taken in this evaluation consisted of identifying locations that are especially susceptible
to corrosion and fouling and inspecting such locations to determine the extent (if any) of damage. This
required several sequential steps.

Data Gathering

The purpose of this task was to prepare for the selection of the proper inspection locations. Since it is not
feasible to inspect all the piping, the proper representative sampling of locations must be chosen. This task
consisted of the collection of system descriptions, flow diagrams, and physical drawings as well as
information on the operation of the piping systems from both normal and off-normal modes. Specific
component data, such as pipe schedules and water flowrates, were also developed.

Evaluation of Piping Components

This task involved evaluating the various piping components in terms of their susceptibility to degradation.
Here, the bulk water velocity in the component along with local geometry effects were considered to identify
locations that are highly susceptible to erosion concerns (high velocity, highly local turbulent effects) and
those prone to corrosion, silting, and biofouling (low velocity, minimal turbulence).

Selection of Inspection Locations

Twenty-eight inspection locations were chosen. The locations were based upon modeling, plant operating
history and experience, and engineering judgement. The locations included areas that are particularly
susceptible to high and low flow degradation as well as areas that typify the remainder of the piping. The
goal was to survey the general status of the systems so that the piping could be classified as to its short
term or long term need for repair. Walkdowns of the local geometries and plant personnel interviews were
performed. Isometric sketches of the chosen inspection locations were prepared.

Ultrasonic Data Evaluations

Prior to UT inspections, preparations included identifying scaffolding requirements; pipe surface cleaning;
and pipe surface gridding. Grids were spaced in 1 inch x 1 inch increments for piping with a nominal
outside diameter of 4 inch or less and 2 inch x 2 inch increments for piping with a nominal outside diameter
of 6 inch or greater. The grids contain sufficient detail to locate localized corrosion spots. To properly
construct the grids, guidelines were formulated for grid extent, orientation, and reference points/lines.
Figure 2 presents a sample component and its grid details. Over 9,100 total UT readings were taken for the
twenty-eight inspection locations.
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The ultrasonic inspections determined the amount of wall thinning based upon nominal initial thicknesses
or maximum measured thicknesses, whichever were greater. A code minimum wall thickness for pressure
and temperature analysis was completed for each component to assist in determining the useful remaining
life of the component.

As an example, Table 1 displays UT measurements for a short, horizontal run of 21½ inch diameter pipe
downstream of air compressor intercoolers. The nominal pipe wall is 0.203 Inch thick. The data show
significant corrosion at the bottom portions of pipe. The degradation area extends to a tee and may be
progressing from an existing weld joint.

Remaining Life Calculations

From the ultrasonic measurements, pipe schedules, and plant operating time, an estimate was made for the
remaining life of each of the inspected components. These results were extrapolated to the entire SW and
AW Systems to project recommendations as to which piping should be replaced in the short term and in
the long term.

To determine the extent of degradation, it was necessary to estimate the rate of wall loss for each
component. Generally, the piping was installed per Schedule 80 for 2 inch and smaller piping, Schedule
40 for nominal sizes 21h inch to 10 inch, and standard wall for 12 inch and larger piping. Since nominal
rather than the actual original wall thicknesses are known, the original wall thicknesses for the basis of the
calculations were taken as the greater of the maximum UT readings or 110% of the nominal thickness.

The measured minimum wall thickness was subtracted from the original wall thickness to calculate the
apparent wear (wall loss). In the case of elbows, the maximum value of the difference between the
maximum and minimum readings in each longitudinal band was used as the wear value. In the use of
expanders, reducers, and tee runs, the maximum value of the difference between the maximum and
minimum readings in each circumferential band was the wear value. This reduced the effect of
manufactured differences in wall thickness along the surface of the components. The time period over which
the wear was assumed to have occurred was taken from start of commercial operation to the present. In
this way, a conservative wear rate (greater than actual) was computed. A wear rate was not generated for
piping that has been previously replaced since the short operating time would lead to extremely unreliable
calculated wear rates.

A code minimum wall thickness for pressure and temperature analysis was completed. This value was
compared against 30% of the nominal wall thickness and 0.100 inch, and the greater of these three was
used as the minimum required wall thickness for the individual component. For these water systems, a 30%
wall thickness was judged to be sufficient to protect against external collapse and assure structural stability.
Of course, the actual integrity of the pipe depends on other factors such as the extent and location of
supports. Nevertheless, the minimum wall thicknesses used here seem reasonable for cooling water
systems which have relatively low operating pressures and temperatures.

Using the minimum acceptable and measured minimum values for the wall thickness the remaining life of
each component was determined by projecting the calculated wear rate. Note there , no assurance that
any wear, especially in the case of under-deposit corrosion, is linear. Furthermore, the improvement in water
chemistry practices by the plant was not factored into the projections of remaining life since the improved
treatment may not be able to penetrate the layers of corrosion deposits that are Insulating the degradation
at the base metal.
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Assessment Results

The inspection results ranged from severe thinning to no noticeable wear or corrosion depending on the
location. Mostly random, localized pitting was observed. Some lines show significant corrosion at the
bottom portions. This is characteristic of corrosion Initiated under deposits which have settled on the
bottom of pipe. In other cases, the degradation area occurred at a weld joint due to the use of backing
rings. Regions near screwed joints in small diameter piping also appeared susceptible to corrosion attack.
Inspections in an area that experienced cracked pipe indicated general loss of pipe wall. This is consistent
since general thinning would cause cracking of the pipe while localized pits, more common In the systems,
would produce leaks.

A few small areas showed erosion damage. There was noticeable wear in a SW elbow and its downstream
pipe. The wear is characteristic of conventional erosion since the damage is localized at the extrados of
the elbow and its corresponding downstream piping. Several corrosion pits were also present in these data.

Based upon the findings, the piping was grouped into three replacement categories. Segments of pipe were
recommended for replacement within the next three years, replacement within 4-12 years, and long term
remaining life. Where feasible, replacements were listed in order of priority. Replacement priority was based
on the estimated remaining life and whether or not the piping is critical for uninterrupted service of the plant.
In other words, a certain segment may be expected to have a slightly longer remaining life but is higher on
the priority list since it is critical to operation of the plant.

Short-Term (3 Year) Remaining Life

A large amount of 4 inch and smaller SW and seal water piping in the Gas Cleaning Building requires
replacement including all branches to pump seals. Some original portions of the lines in the Water
Treatment Building were projected for replacement. This included mainly 8 inch piping and the 6 inch
branch to the Reverse Osmosis System. Other near-term replacements included air compressor aftercooler
discharge lines (1 1h inch diameter), inlet and/or outlet chiller and humidifier piping (1 inch through 3 inch
diameter), and lube oil cooler inlet pipe (3 inch diameter). Four Inch and six inch sections of SW line,
starting just downstream of the aftercoolers up to the Blowdown Tank, were judged inadequate. (This line
is critical to plant operation and the 6 inch section is near motor control centers.) The 2 inch and 1 inch
diameter Service Water lines in the Chlorination Building showed significant deterioration.

Intermediate-Term (4-12 Year) Remaining Life

Replacement recommendations in this category included the 8 inch line from the discharge of the auxiliary
circulating pumps up to the main turbine lube oil coolers, the 12 inch line from the auxiliary circulating
pumps up to the 4 inch tee to the main condenser vacuum pump coolers, and the 2½ inch supply lines to
the auxiliary condenser vacuum pump coolers. The 2 inch and ¾ inch lines to the centrifuges in the Gas
Cleaning Building also warranted replacement. Further recommendations involved the 10 inch supply
header to the hydrogen coolers starting at the 4 inch tee to the main condenser vacuum pump coolers (six
inch vertical supply lines to the hydrogen coolers had been replaced previously) and the 8 inch Power Block
SW supply line entering at ground level up to the point where recent replacements were performed.

Additional areas identified for replacement were the 2 inch and smaller SW lines supplying seal water to the
sludge pumps. Much of the piping in this area is cast iron; only the carbon steel parts were recommended
for exchange. Based on similar configuration, the 2 Inch and smaller lines supplying seal water to the
continuous water supply pumps and sluice water recycle pumps in the Recycle Water Pump Structure also
were selected.
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Other plant areas affected were the 6 Inch and 2 inch diameter sections In the Circulating Water Service
Building and the 2 inch and 1 inch piping inside the Intake Pump Structure (the pipe contains screwed
fittings). The 2 inch discharge line, from the Electric Room HVAC chiller up to the tee Into the 6 inch line
to the Blowdown Tank, as well as the 1 Inch lines to the humidifiers had significant remaining life; but it
would not be cost effective to monitor these pipes so they were Included for replacement.

Long-Term Monitoring

To minimize costly replacements and ensure future piping integrity, some piping locations were targeted for
reinspection in 5-10 years to determine acceptability for the remainder of plant life. Inspections should be
performed using the same components and grids already completed. More inspections may be desired,
and UT scanning would be appropriate. Points selected for long-term observation include 1½ inch, 2 inch,
and 2½ inch discharge air compressor intercoolers pipe; certain segments inside the Recycle Water Pump
Structure and the Water Treatment Building, including 12 inch pipe headers from the SW pump discharges;
main turbine lube oil coolers discharge piping; and the SW to AW Systems cross-tie.

Finally, based on results from these inspections, it appears that the 8 inch and 16 inch piping downstream
of the SW pumps and the 10 inch and 12 inch piping downstream of the cooling tower makeup pumps are
acceptable for at least another 20 years. This is most likely due to the higher flows and constant line usage
that limit conditions for corrosion.

Evaluation of Future Operations

The majority of corrosion products were found to be iron-corrosion oxides such as Fe 20 3 and Fe 30 4. This
is consistent with conventional electrochemical corrosion of carbon steel in an oxygen environment. The
corrosion initiates at surface metal flaws such as weld areas. The discharge piping of coolers is especially
susceptible since the elevated temperatures increase the rate of corrosion. (In general, every 1 50 F increase
in water temperature will double the rate of reaction.) This phenomenon is further aggravated as buffering
agents, such as carbonates, drop out and the exit water becomes more aggressive.

The build-up of corrosion products (tuberculation) insulates the degradation occurring at the pipe wall.
Further, these corrosion layers may not be porous enough to permit the inhibitors to pacify the base metal.
Certainly it is impractical to totally eliminate corrosion but all cost-effective attempts to remove the corrosion
layer build-ups should be considered. The increased water pH level, as currently practiced, benefits the
piping by enhancing the hydroxyl layer at the water/substrate interface. The hydroxyl ions impede the
absorption of oxygen into the corrosion layers, and thus reduce the degradation rates. The pyrophosphate
addition serves to control both mineral scaling and steel corrosion by a similar barrier mechanism. The
current water treatment practices will be most effective when the corrosion layer build-ups are removed and
the base metal exposed for treatment. Additionally, removal of the layers will increase the flowrates through
the piping systems, aiding any concurrent flushing procedures. With proper corrective actions, large
amounts of piping can be monitored while cleaning efforts and chemical treatment progress. This will be
cost effective when compared to the efforts needed to replace this pipe.

Even if all possible stips are taken, due to the unpredictable nature of under-deposit corrosion, it is
impossible to forecast all pipe failures. Thus the focus has been on the probable rates of wall thinning as
applied to the entire systems. Some pipe areas may experience single, small leaks; since this corrosion is
localized, complete pipe replacement is not called for as adequate wall exists throughout the rest of the line.
In such cases, the recommendation was to monitor the lines to ensure reliable operation. This is especially
true for large diameter piping with a high replacement cost; any localized damage can be weld-repaired with
filler material compatible with the base material.
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In parallel with the replacements, recommendations for system aitematives for maintenance/operational

improvements include:

"* The scheduled frequent examinations of heat exchangers should continue.

"* To reduce the corrosion rates, initiate monthly flushing schedules for all Intermittent-use coolers,
piping, and water supply outlets throughout the plant. Begin with lines furthest from SW and
AW pumps and at highest elevation and work back towards pumps in the flushing schedules.

" It is beneficial to flush all lines with water at 125% of design flow to clear as much of the
corrosion layer build-up as possible. High pressure water cleaning, using a nozzle traveling the
length of the pipe, is an option to remove the well-adhered layers. For large diameter piping,
if water flushing does not remove corrosion layers, consider mechanical, inline cleaning.
However, it may be more cost-effective to perform reinspections and/or new inspections prior
to determining the need for flushing or mechanical in-line cleaning.

"* In the case of galvanic corrosion (Admiralty tube bundles and steel heads), attach sacrificial
anodes to the carbon steel of the cooler heads. It may take several attempts to determine the
best placement of the anodes.

"* Coat all heat exchanger heads tied into the SW and AW Systems. Use a coating system that
will hold up under heat exchanger head conditions.

Concluding Remarks

A piping assessment has been completed. Root causes for the corrosion degradation have been identified
and resolved and recommendations made to improve system integrity. Piping replacement needs are
identified. Although these are specific to this case study, the results can be used as guidelines for other
plants. Also, the approach and methodology described here are general in nature and are applicable to
other piping systems suffering unacceptable rates of wall thinning.

The testing identified large amounts of deterioration in the system, but it is anticipated that the corrective
actions and operations have significantly reduced the degradation mechanisms. Thus, along with these
optimal pipe replacement recommendations, the station is expected to have reliable operations and maintain
its cooling systems in a cost-effective manner.
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Table 1. Example of UT measurements showing localized wall thinning.

AXIAL RADIAL GRID POINT
GRID

POINT A B C D E F G H I J

1 0.201 0.203 0.194 0.208 0.288 0.205 0.186 0.209 0.205 0.194

2 0.200 0.170 0.184 0.202 0.213 0.200 0.190 0.195 0.209 0.198

3 0.194 0.181 0.185 0.211 0.215 0.212 0.195 0.165 0.184 0.176

4 0.186 0.198 0.184 0.217 0.210 0.194 0.198 1 0.194 0.183 0.197

5 0.185 0.196 0.190 0.205 0.197 0.193 0.200 0.198 0.204 0.180

6 0.188 0.195 0.188 0.212 0.213 0.171 0.200 0.202 0.199 0.199

7 0.190 0.190 0.186 0.215 0.210 0.194 0.190 0.201 0.179 0.190

a 0.197 0.201 0.186 0.217 0.215 0.192 0.181 0.193 0.150 0.188

9 0.201 0.202 0.171 0.216 0.204 0.195 0.188 0.178 0.199 0.205t
10 0.197 0.207 0.193 0.205 0.217 0.193 0.187 0.211 0.211 0.197

11 0.201 0.202 0.179 0.203 0.225 0.202 0.190 0.198 0.205 0.207

12 0.207 0.197 0.187 0.217 0.220 0.203 0.174 0.197 0.204 0.209

13 0.197 0.162 0.187 0.212 0.222 0.193 0.195 0.199 0.190 0.202

14 0.207 0.162 0.188 0.224 0.221 0.204 0.200 0.216 0.198 0.190

NOMINAL WALL: 0.203 inch.
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Figure 1. Typical pipe having build-up of corrosion products on wall.

Direction
of Flow

Reeference

" : Direction

INSPECTION GRID DETAILS:Rernc

Line
1. Branch and run grids to be separate.

2. Reference line for run 90C from branch centerline.

3. Reference line for the branch radial to be on the same side as

the run.

4. Branch grid to extend complete to main run connection.

5. Radial grids on fitting may be further apart than pipe due to larger
outside diameter.

Figure 2. Sample ultrasonic gridding guidelines for formed tees.
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