
AD-A273 667

12th
Internat~ional
00ff osion

~~ Congres
PRECEEDINBS DTI5

Q DE~C09V193

93-29555

CORROSION:
GENERAL ISSUES

Internationalia9 220.



Best
Available

Copy



CORROSION CONTROL FOR

Low-CosT RELIABILITY

12mInteratiwonal
cwpus

PRE ROEEDINGL

CORROSION: GENERAL ISSUES



The manuscripts in this volume have been printed from camera-ready copy and have been ac-
cepted without editing by NACE International.

Neither NACE International, its officers, directors, members thereof, nor instructors accept any
responsibility for the use of the methods and materials discussed herein.

Any goods, products, andlor services mentioned are mentioned as items of information only.
Such mention does not constitute an endorsement by NACE International.

The information is advisory only, and use of the materials and methods is solely at the risk of the
user.

Pninted in the USA. All rights reserved. This book, or parts thereof, may not be reproduced in any form
without permission of the copyright owners.

"Accesion For

NTIS C.FP&PA&1
Copyright, NACE International, 1993 DTIC TA;A

Un3ar'.•: -i~ :2

ISBN: 1-877914-65-7 Justif!c$!c:j:.

Published by-"I

NACE International ",.il I rot
P.O. Box 218340 Dist ,-;,

Houston, TX 77218-8340

DTIC QUALITY INSPECTED 3

International



Degradation by Ripple-Load Effect: Impact on Life Prediction
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G.R. Yoder
Office of Naval Research
Arlington, VA 22217

Abstract

If very small amplitude cyclic (or "ripple") loads perturb an otherwise constant load
condition in an aggressive environment, life prediction based solely on the static stress-corrosion
cracking threshold (KISCc) may prove nonconservative, as the ripple-load effect may produce
fracture in a structural alloy at stress-intensity levels less than 50% of KIsCc. By approaching
ripple-load cracking as an extreme case of high stress-ratio (corrosion) fatigue, a threshold
parameter (KIRLC) is identified to ensure fail-safe life even in the presence of the ripple effect.
From study of select materials in each of the primary structural alloy families - Fe, Ti, and Al,
those materials which exhibit relatively high levels of KLsCC appear to be more prone to
degradation by the ripple effect. The occurrence of a ripple effect in a relatively benign
environment is also explored for a titanium alloy in ambient air, which exhibits a sustained load
rcking behavior that has been attributed to internal hydrogen content Similarly, a significant
ipple-load effect can be predicted, with a threshold level of KIRWC less than 50% of the
sustained load cracking threshold, KISLC.

Introduction

In many engineering applications, the primary function of a structural material is to carry
loads reliably over a period of time. However, these loads are often b-ome in an aggressive
environment where degradation in load-canying capacity can occur over time by a variety of
cracking phenomena, including stress-corrosion cracking (SCC). For a structural material which
contains a crack or crack-like defect, the resistance to SCC is often evaluated in terms of the
fracture mechanics parameter, KISCC, the threshold-stress-intensity factor below which crack
extension will not occur. The measurement of KISCc and its application to the design of
structures for a marine environment commonly presumes sustained or constant load conditions.
Applications in the real world, however--- which span the gamut, e.g. from offshore platform
structures to steam turbine blades --- rarely involve an absolutely constant load condition, but are
far more apt to involve the superposition of relatively small amplitude cyclic load perturbations.
Though such perturbations might at first glance seem virtually insignificant on the basis of their
amplitude, mounting evidence indicates to the contrary, that the "ripple effect" - a term first used
by Speidell, may be quite significant. For example, the work of Crooker et al. 2 demonstrated
that the ripple-load effect could produce fracture in a steel at stress-intensity levels as much as
60% less than the KISCC threshold in aqueous sodium chloride solution, for a ripple-load
amplitude equal to 10% of the maximum load. In fact, recent work with titanium and aluminum
alloys similarly suggests that the presence of such ripple loads can significantly shorten structural
life. Parkins3 ,4 has observed that small fluctuating loads may produce the initiation of SCC
cracks at significantly lower stresses than those required to produce SCC under purely static

Key terms: ripple-load, stress-corrosion cracking, sustained-load cracking, threshold
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loads. Thus, life prediction based solely on the static KISCC, without consideration of
perturbing ripple loads, may be nonconservative.

Not all materials, however, appear susceptible to the ripple-load effect. For instance,
though Crooker et al.2 observed a 60% degradation in the case of an HY-130 steel, yet for
identical loading conditions, they found absolutely no degradation in the case of a 4340 steel.
Similar examination of sensitivities to the ripple-load effect has been made for materials in other
families of structural alloys as well. To explain this seemingly enigmatic behavior, a predictive
framework has been developed wherein ripple-load cracking is approached as an extreme case of
very high stress-ratio fatigue crack growth. Critical conditions for ripple-load cracking are
defined, and a new threshold parameter (KIBLX) is identified which can ensure a fail-safe life
under ripple conditions.

The extension of this predictive framework as it pertains to the influence of ripple loads
on sustained load cracking (SLC) behavior in titanium alloys will also be examined. This case
parallels that of SCC, except that the surrounding environment is air which is less aggressive.
Some of the "dry" structures which could be potentially vulnerable to this type of ripple-load
degradation include aircraft structures, gas turbine engine disks and blades, etc. where a large
sustained load is usually accompanied by ripple loads. Inasmuch as subcritical time-dependent
SLC failure can occur above a threshold level, KISLC, owing to the presence of internal
hydrogen, the prediction of ripple-load degradation of the cracking threshold to levels
significantly below KISLC will be explored as a function of hydrogen content in Ti-6A1-4V.

Experimental Procedures

Both SCC-resistant and susceptible alloys from the three major engineering alloy families
were examined in this study, including 5Ni-Cr-Mo-V steel and AISI 4340 steel, beta-annealed
(BA) and recrystallization-annealed (RA) Ti-6A1-4V alloy, and peakaged 7075-T651 and
overaged 7075-17351 aluminum alloys. To study the ripple-load effect in conjunction with
SLC of titanium alloys in ambient air, the very same beta-annealed Ti-6AI-4V alloy was selected
for examination at two levels of internal hydrogen content, viz. 60 and 1100 wppm. Specific
chemical analysis, product form, and mechanical properties for these alloys are available from
previous publications. 5 -7

To simulate a ripple-load condition and to measure threshold levels of stress-intensity
range direcdy, precracked specimens were cyclically loaded at room temperature in a 3.5% NaCl
solution with a stress ratio (minimum: maximum) of R = 0.90 (10% ripple loading), a haversine
or a triangular waveform, and a cyclic frequency of either 0.1 or 5 Hz. SCC thresholds were
determined in the 3.5% NaCl solution using either constant load cantilever bend bar tests or
slow-strain rate tests with a loading rate of 10-4 MPa'lm/s. Thresholds for SLC were similarly
determined in an ambient air environmen~t. Crack lengths were determined using a compliance
related CMOD technique. Details of the experimental procedures have been published
elsewhere. 2,5-7

Analysis of the Ripple-Load Effect

Ripple-load cracking can be approached as a case of corrosion-fatigue at very high stress
ratio, with consideration of the relationship between the small amplitude stress-intensity range
associated with ripple loading, AK, the threshold for corrosion fatigue, AKth, the maximum
stress intensity, Kmax, and KIscc. In the context of a "ripple" or small amplitude cyclic load,
the stress ratio is often presumed to be RŽ>0.90, although such a stipulation does not affect the
generality of the treatment offered in this paper.
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A structure stressed above KILSc and under a sustained load is expected to fail by a
stress-corrosion cracking mechanism. In this study, our attention was focused on the regime
below KISCC where propagation of existing cracks and failure are not expected under a constant
load condition. Thus, with the presence of small ripples superimposed on a large sustained load,

cf. Fig. la, the maximum stress intensity in the ripple-load cycle, Kn•, was equal to or less
than KISCC. That is, the first condition for ripple-load cracking can be set as:

RL
KUma< KISCC (1)

Next, from corrosion fatigue considerations, crack propagation is not going to take place during
ripple loading unless AKL in the ripple cycle equals to or exceeds AKth or

AKth - AK " (2)

AKflb RL
or ---- < K Ra (2a)

Thus, a new parameter, KuRLC, the ripple-load cracking threshold below which ripple-load
cracking does not occur, can be defined as:

KRLC - 1-R (3)

Combining (1), (2a) and (3), the conditions for a material to exhibit a ripple-load cracking are:

KIRLC < K RL < KISCC (4)

Relation (4) is schematically illustrated in Fig. lb. The ripple effect region, whose upper bound
is the stress-corrosion cracking threshold, KISCC, and whose lower bound is the ripple-load
cracking threshold, KIRLC, defines a "window of susceptibility" in which the ripple-load effect
would be anticipated. The wider the window the more susceptible the material is to ripple-load
cracking. In the extreme case where KIRLC approaches KISCC, the susceptibility window
vanishes and no ripple-load effect is expected.

If one considers the difference between the threshold for ripple-load cracking, KIRLC,
and KISCC, then the maximum extent of ripple-load degradation can be defined as:

% degradation = (1 - KIRLC / KISCC) x 100 (5)
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Finally, the ripple-load cracking time-to-failure curve can be obtained from a simple
piecewise numerical integration of the corrosion-fatigue crack growth rate curve3, for the
particular structural geometry of concern. For the 5Ni-Cr-Mo-V steel, the time-to-failure curve
was predicted from cantilever bend bar geometry, and for the other materials, from a compact
tension geometry.

Results and Discussion

(A) Ripple Effect in Aggressive Environment

Figure 2 shows the effect of ripple loading on SCC-resistant 5Ni-Cr-Mo-V steel and
SCC-prone, high strength AISI 4340 steel, respectively. The predicted ripple loading time-to-
failure curve obtained through integration of corrosion-fatigue data for 5Ni-Cr-Mo-V steel 8 is
included in Fig. 2. As can be seen from Fig. 2, 5Ni-Cr-Mo-V steel, though resistant to SCC, is
very susceptible to ripple-load cracking under a 10% ripple. The predicted ripple-load cracking
threshold, KIRLC, is only 31 MPaqm. This is much lower than the static KISCC of 110
MPa•Im. This opens a large window for ripple-load cracking susceptibility, with a maximum
potential degradation of 72%. The predicted time-to-failure curve under ripple loading agrees
well with the direct experimental determination. Moreover, the prediction suggests a lower
ripple-load threshold than that determined directly from 4000-hr tests. For AISI 4340 steel, the
KIRLC predicted from the ripple-load test is 33 MPaqm, which is identical to the measured level
of KISCC. Using relation (4), the susceptibility window is nonexistent and, therefore, no ripple-
load effect is expected on this SCC-prone steel. Ripple-load cracking data shown in Fig. 2b
certainly support this prediction.

The predicted ripple-load cracking curves for two titanium alloys which exhibit different
levels of SCC resistance are shown in Fig. 3. The SCC-resistant, beta-annealed Ti-6AI-4V has
an SCC threshold of 60 MPaqm and the predicted KniLC is only about 28 MPa'lm. Thus, a
large susceptibility window, shown in Fig. 3a, representing a 53% ripple-load degradation,
exists for this SCC-resistant titanium alloy. Experimental data illustrate a good agreement with
the predicted time-to-failure curve. Figure 3b shows the ripple-load degradation of the recrys-
tallization-annealed Ti-6A1-4V, which is less SCC resistant than the beta-annealed Ti-6AI-4V.
The ripple-load cracking threshold was determined to be around 39 MPaqm, which is about 9%
lower than the static KISCC.

The predicted ripple-load cracking curves for SCC-resistant and SCC-prone aluminum
alloys are presented in Fig. 4. Figure 4a shows the ripple-load time-to-failure curve for overaged
7075-T7351, which exhibits excellent SCC resistance, even in the short-transverse (ST)
orientation. Again, as in previous SCC-resistant ferrous and titanium alloys, the susceptibility
window is large for overaged 7075-T7351. The predicted KnIRc is 58% lower than KISCC.
The ST-oriented, peakaged 7075-T651 is well known for its low SCC resistance and has
accounted for the bulk of SCC failures in high strength aluminum alloys. Yet, like the SCC-
susceptible AISI 4340 steel, this peakaged 7075 does not exhibit any ripple-load degradation
(Fig. 4b). The KiRLW and KISCC are identical in ST-oriented 7075-T65 1.

Analysis of Figs. 2-4 reveals that the materials which exhibit greater SCC resistance
under static load conditions are far more susceptible to ripple-load degradation. For the specific
materials and conditions examined in this work, the more SCC-resistant materials, from 5Ni-Cr-
Mo-V steel to beta annealed Ti-6AI-4V to 7075-T7351 Al, are more prone to ripple-load
degradation than the less SCC resistant materials, from high strength AISI 4340 steel to
recrystallization annealed Ti-6AI-4V and 7075-T651 Al. The significance of this finding is
obvious, at least phenomenologically, as a material selected for its superior SCC resistance may
fail if ripple-load conditions exist.
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A few words are also in order regarding the ripple-load time-to-failure curves. It is
significant to note that the predicted curves not only agree well with the experimental data but
also permit the saving of the much greater time and expense associated with the direct experi-
mental determination of such time-to-failure curves. For instance, as shown in Fig. 2a, a test
duration up to 30,000 hours (- 3.5 yr) would be required to establish experimentally the ripple-
load time-to-failure curve for 5Ni-Cr-Mo-V steel.

Ripple-load cracking characteristics can be affected by mechanical and environmental
parameters, however, many of which are not adequately understood. The size of the ripple can
significantly influence the ripple-load cr.-king phenomenon 5. Extremely small ripple loads (less
than 2.5% of the sustained load) were found to have no damaging effect on 5Ni-Cr-Mo-V steel.
Temperature and ripple-load frequency, which are known to affect corrosion-fatigue crack
growth kinetics, should influence ripple-load cracking.

(B) Ripple Effect in a Benign Environment

To investigate the influence of ripple loads on the SLC behavior of titanium alloys in
ambient air, the analysis presented above in Eqs. (1) - (4) and illustrated in Fig. 1 is modified by
simply replacing the parameter KIscc with the KISLC stress-intensity threshold measured for an
air environment, and interpreting A~t as the fatigue crack propagation threshold measured in
ambient air for an alloy of a particular internal hydrogen content. For the Widmanstatten BA Ti-
6AI-4V alloy studied, fatigue crack propagation data are shown in Fig. 5a for hydrogen contents
of 60 and 1100 wppm. The lower threshold AKth observed in the case of the 1100 wppm H
alloy may be attributable to a mechanism involving hydrogen assisted plasticity9 . For the 60
wppm H material, the KISLC threshold in air is measured to be about 58 MPa'/m, as indicated in
Fig. 5b. Thus, for this 60 wppm H material, with a ripple-load threshold, KnILC, of 28 MPaJm
predicted via Eq. 3, . degradation as much as 52% below KISLC could be anticipated, as
displayed in Fig. .c For the 1100 wppm H material, the lower AKth translates to a lower
KIRLC threshold ot 21 MPalm. The KISLC threshold and the extent of ripple-load degradation
for this high hydrogen-containing material is currently under study. It is thought that such
ripple-load cracking could potentially impact the performance of "dry" structures such as airframe
components as well as gas turbine engine disks and blades.

Conclusions

"* In an aggressive environment, if a structural material subjected to a constant load condition is
perturbed by very small amplitude cyclic (or "ripple") loads, any life prediction based on
KISCC may be nonconservative, as the ripple-load effect may produce fracture at stress-
intensity levels substantially less than the static KISCC threshold.

"* To assure a fail-safe life from the ripple effect, a threshold parameter (KIRLC) below which
fracture will not occur can be identified by approaching ripple-load cracking as an extreme
case of high stress-ratio corrosion fatigue.

"* For certain materials from each of the primary structural alloy families, ripple-load thresholds
(KIRW) in aqueous sodium chloride solution are predicted to be at levels some 50% of the
KiSCC threshold, or less; materials which exhibit greater cracking resistance under static load
conditions seem to exhibit greater ripple-load degradation.
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* In a relatively benign environment, such as ambient air in the case of a titanium alloy, a
significant ripple-load effect, which appears to be influenced by internal hydrogen content, is
similarly predicted relative to the sustained load cracking threshold (KISLC).
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Fig. 1 Schematics on analysis of ripple-load effect. (a) "Ripple" load superposed on much
larger sustained load. (b) Susceptibility to ripple-load effect.
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Fig. 2 (a) Ripple-load degradation in 5Ni-Cr-Mo-V steel (b) Ripple-load cracking and
stress-corrosion cracking in AISI 4340 steel.
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Fig. 3 Ripple-load degradation in (a) beta-annealed Ti-4A1-4V and (b) recrystallization-annealed
Ti-6AI-4V.
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Fig. 4 (a) Ripple-load degradation in ST-oriented, overaged 7075-T7351. (b) Ripple-load
effect in ST-oriented, peakaged 7075-T65 1.



10.6 1 . . . . -,i .r 2  .... lf.2
•-6•-4v (BA) a = 869 .T-6A-4V (HA) 60'wppm H
Air R= 0.90 Fq =5 Hz IS Or ffi 869 MPa 0

10" /~ Air

Q 1 9 10.7

I01 o 60wppnmH J•?lIIs
aft 1 I3wppmH

10-10

10-11 .. . . . . . .. 10-11 ,, I. . . . I. .. !. . . .i ,
1 1 100 50 60 70 s0 90 100 110 120

AK (MPa•/m) Stress-Intensity Factor (MPa•Ium)
5 (a) 5 (b)To 6I4V(A 60 wppm H

0oo000 e 10 69 MPa

ArR=O0.90 Freq =5 Hz

~60

0 _0

10- . .. l . . . . . . 1 .. .... I . I ... I .. .

10 10s2 10
3  1o0

Time-To-Failure (hours)

5 (c)

Fig. 5 (a) Fatigue crack growth rate of beta-annealed Ti-6AI-4V in air @ R--0.90.
(b) Crack growth rate of beta-annealed Ti-6Al-4V (60 wppm H) in air under slow
strain rate condition. (c) Ripple-load degradation in air in beta-annealed
Ti-6AI-4V (60 wppm H).
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Abstract

Surveys and assessments of pressure vessel and piping failure statistics can provide useful information
on failure modes and frequencies. However, design codes and standards do not always rigorously
address all those failure modes which failure statistics and operating experience show to be important,
and this is shown to be true for corrosion - related degradation mechanisms.

This paper, written from the viewpoint of the independent Safety Assessor, considers the findings of
recent pressure vessel failure surveys with particular reference to the influence of corrosion - related
processes on component integrity. The paper indicates the extent to which the through-life reliability
of compon,.,ts subject to corrosion continues to depend to a significant degree on judgement based
upon experience. Attention is focused on pitting and stress corrosion cracking and the paper discusses
the roles of in-service inspection and corrosion monitoring in ensuring component integrity and high
reliability. Some implications arising as a result of recent developments in these fields are considered.

Key terms: risk, reliability, integrity, corrosion, environmentally assisted cracking.

Introduction

Prediction of the lifetime for safe and reliable operation has become a topic of major importance to
those involved in the design and operation of large and complex high cost plant. The topic is not only
of interest for predicting the remanent life of comparatively young plant, but is also particularly
relevant in the case of ageing plant which has given safe and reliable operation, and for which the
owners/operators can envisage a case for plant life extension beyond the original design life. For
many types of component or plant, for which the consequences of failure may be severe, the complete
life cycle from design, through manufacture, construction, operation and decommissioning is likely
to be subject to strict national regulatory and licensing criteria. Formal safety justifications will
invariably be required to cover the complete life cycle of such items, and these will almost certainly
require modification with increasing time in service. Against this background demand for maximised
service life and increasingly more stringent design, regulatory and licensing criteria, there is a parallel
need to minimise construction, operation and maintenance costs whilst maintaining, and indeed
improving safety and reliability of operation. Very often decisions concerning these apparently
conflicting requirements have to be based upon the same sources of available information, and on the
same design/assessment criteria and analytical techniques/methodologies. The various tools and
techniques usually available for this purpose include data obtained from structural failure surveys,
application of appropriate design codes and standards, structural analysis and integrity assessment
methodologies, repair, replacement and inspection.

The technical issues which affect the reliability of a component or vessel subject to corrosion and the
risks associated with its operation are invariably the same as those which need to be addressed in life
prediction studies or in the preparation of through-life safety justifications. A previous paper', written
from the viewpoint of the independent Safety Assessor, discussed the two alternative routes to a safety
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justification, namely the deterministic and the probabilistic approaches, and highlighted some of the
difficulties encountered in sustaining a truly deterministic approach. That earlier paper considered
the extent to which design codes generally address the more common failure modes as indicated by
vessel failure statistics, and discussed the manner in which corrosion-related processes may be
addressed in life prediction studies or safety cases in the light of current knowledge and
understanding.

This present paper develops and expands upon the thenme of that earlier paper', and highlights the
extent to which the integrity and reliability of components subject to corrosion continues to rely to a
significant degree on judgement based upon experience. Some examples are given. A section then
focuses on pitting and stress corrosion cracking (SCC) and considers the roles of both in-service
inspection and corrosion monitoring in minimising risk of failure. Some current developments in
these areas are summarised and possible implications discussed.

Life Prediction And Safety Assessment Routes

The two methodologies available for the production of a safety case are the deterministic and the
probabilistic approaches. The relative merits of these two routes and the difficulties frequently
encountered in sustaining a deterministic safety justification are discussed in more detail elsewhere•.
These difficulties are exacerbated in the case of older plant for which component-specific data are
more difficult, if not impossible, to obtain and for which no recognised design code or standard may
have existed at the time of manufacture. A degree of judgement must therefore invariably be
introduced into the analysis. Despite these limitations the deterministic approach remains the route
favoured by safety authorities. On the other hand, at the present time the probabilistic approach is
generally regarded by the Safety Assessor as a valuable support to, but not a substitute for, a
deterministic analysis. The value of the approach lies in its ability to identify the parameters of
primary importance in the overall safety case, such as the critical regions of the component or vessel
and the operational or material factors having the greatest influence on the analysis.

Failure Statistics, Failure Modes And Design Codes

A number of pressure vessel and piping surveys have been reported in recent years24 . Certain
shortcomings in defining failure categories and in data reporting procedures have created difficulties
in cross-comparing the results of different surveys, either to establish trends or to increase the
database". Nonetheless such statistics do provide useful information on failure frequencies and,
especially, on the various failure modes to which components may be liable in service. The results
of the third United Kingdom survey' of pressure vessel failure statistics have been widely quoted in
most subsequent surveys and form a useful basis for discussion. Smith and Warwick2 reviewed
statistics for 20,000 "Class 1" pressure vessels for the period 1962 - 78 and covered more than 300000
vessel years operation. The survey recorded 229 failures with cracking as the most common cause,
being associated with 216 of these cases. Pre-existing fabrication faults were the most common origin
of cracking, accounting for about 30% of the cases, and in about 14% of the cracking failures corrosion
was judged to be the major factor affecting crack propagation. The results of that survey are
summarised in Tables 1-3.

The most recent UK survey' covering the period 1983-88, involves 360,000 vessels and encompasses
about 1.8 x 10' vessel years operation. The scope of this survey was extended beyond so-called "Class
1" vessels to include all unfired pressure components, thus providing more general figures for pressure
vessel reliability and the more frequent causes and modes of failure for a wider population.
Davenport reports a total of 92 failures, 60 of which involved cracking with fatigue as the most
common cause. Corrosion was identified as the principal cause of failure in 23 of the 92 cases (ie
25%). An observation of interest as regards component reliability is that about 75% of all fatigue
failures occurred after at least 10 years service, whereas about 65% of corrosion failures occurred at
between 5 and 10 years.
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The two UK surveys2' both demonstrate the most common cause of pressure vessel failure to be
associated with the existence and growth of cracks. The Smith and Warwick data (Tables 1-3) indicate
that in most cases cracking was associated with fabrication-induced defects; fatigue cracking was
second in importance and corrosion assisted crack growth accounted for 14%. Cause of failure was
not ascertained for 28% of the reported failures and it is therefore possible that the true figures for the
other causes may be higher than suggested by Table 2. Davenport's survey' ranked corrosion assisted
crack growth as the second most common principal cause of failure after fatigue.

Table 4, due to Harrop7, on the other hand, presents an indication of the extent to which design codes
currently address various failure modes. The relative degree of coverage can be considered as typical
of that associated with nuclear vessels and non-nuclear, unfired pressure vessels. It is evident that
corrosion-related processes are not addressed in any depth despite their significance in terms of failure
mode as demonstrated by vessel failure statistics.

Corrosion Considerations and Component Reliability

The cost of corrosion to developed countries has been estimated" to be about 4% of gross national
product with up to about 25% of this cost being preventable by the application of existing knowledge.
A recent analysis9 of over 400 incidents causing environmental harm has indicated that about one
hundred of these fall into a category defined as "mechanical failure", which includes failure modes
such as fatigue, valve failure and corrosion; five of these are attributable to corrosion1". These various
surveyss'9 indicate the potential for corrosion related processes, both in terms of cost to industry and
in terms of resulting hazard to the environment. Failure statistics confirm the importance of corrosion-
related processes as a contributor to pressure vessel failures. Even so, however, failure frequencies
associated with corrosion are low, forming a subset of the overall data from a given survey. For
example, Davenport's3 data indicate overall failure frequencies of about 7.8 x 10" and 4.3 x 10" per
vessel year respectively for catastrophic and non-catastrophic failures; the corresponding frequencies
for failures associated with corrosion will be lower than these values by a factor of about 3-4.
Corrosion-related processes are materials-environmental interactions which can be significantly affected
by other factors, such as stress or temperature. It could thus be argued that the low failure frequencies
associated with corrosion represent the degree to which adverse combinations of materials,
environment and other influencing factors are actually avoided in the design and operation of such
vessels.

The corrosion-related mechanisms of potential importance as regards integrity and reliability are
general corrosion, pitting and environmentally assisted cracking (EAC). The two forms of EAC are
corrosion fatigue and stress corrosion cracking (SCC). Vessel failure statistics indicate that pressure
vessel failure due to general corrosion, and not involving crack growth, is a comparatively rare event.
Pitting in itself may not hazard overall integrity, but is an insidious form of localised attack which
could lead to premature failure due to leakage. However, conditions conducive to pitting could also
be conducive to the initiation of EAC which does pose a potential threat to vessel integrity. The
failure statistics discussed in the previous section indicate that between 14% and 25% of recorded
failures are attributable to a corrosion influence on crack growth. Significant achievements have been
made in the understanding of corrosion fatigue in both austenitic stainless steels and low alloy reactor
pressure vessel steels. These achievements have largely been realised through the collaborative efforts
of the former International Cyclic Crack Growth Rate Group (ICCGR), now recently renamed the
International Co-operative Group on Environmentally Assisted Cracking (ICGEAC), and by the
contributions of individual members of the Group. Fatigue crack growth expressions are now
available for these materials in both air and in a light water reactor environment. However, despite
much effort and progress in the understanding of SCC, again principally through the work of the
ICGEAC, a quantitative predictive model for this form of EAC is not yet available.

The previous section has shown that, in general, the coverage of corrosion processes by pressure vessel
design codes and standards, in relation to structural integrity, is fairly superficial (see Table 4).
Regarding the ASME Boiler and Pressure Vessel Code, for example, Bernstein11 points out that
protection against corrosion-related failure modes is considered the responsibility of the designer, and
the code provides nL specific guidance since environmental conditions can be so variable. BS 550012
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for unfired, fusion welded pressure vessels places responsibility on the purchaser and manufacturer
to "give consideration to the likely effect which corrosion will have upon the useful life of the vessel".
Guidance on stress corrosion cracking is to the effect that where this may occur "consideration should
be given to the materials used and the residual stress in the vessel". Pitting is scarcely, if ever,
mentioned.

It follows from above that, with the possible exception of corrosion fatigue, the absence from design
codes and standards of specific guidelines or directives for addressing corrosion-related mechanisms
not only places responsibility upon the designer and/or user of the component, but creates a situation
where decisions have to be based upon knowledge, judgement or experience, or a combination of all
three. Lessons learned from past experience (failure surveys?) can be of vital importance as a basis
of decision making for new plant. In the field of corrosion, organisations such as NACE and symposia
such as this provide effective means for disseminating the fruits of knowledge gained through
practical experience. Siebert, in publications of this Associationt3" 4, has given numerous examples of
design/manufacturing decisions which have been made where previous service experience was
available. A selection of the cases quoted by Siebert is given in Table 5. More recently Bonorals has
reported the premature failure of longitudinally welded carbon-manganese steel pipe for potable water
supply. Although other factors were found to exert an influence, the principal cause of failure was
ascribed to the use of welding consumables which produced a longitudinal weld deposit anodic to
the base material. The pipework was approximately six years old and Bonora reported that the
principal of low first cost prevailed; the true price was now being paid.

Other typical examples concern ships propellers and small heat exchangers"6. In the first of these
severe wastage was observed on a manganese bronze propeller. The problem was identified as
dezincification and was attributed to an undesirable microstructure in combination with a very low
tin content. Propellers of identical design on a number of similar ships were found to be similarly
affected and for the same reasons. The second example concerned a number of small heat exchangers,
again operating in a marine environment. The general design consisted of aluminium brass tubes
expanded into a naval brass tube plate. The heaters were originally fitted with cast iron headers
which were lined internally to prevent wastage due to dissimilar metal attack. Early local failure of
the lining led to rapid perforation of some headers. The operators decided to replace the cast iron by
a •better" material, and gun metal was selected. This transferred the problem to the tube plates and
tubes, severe wastage of which was sustained by the modified units after about one year. The gun
metal headers remained in good condition! The suggested solution was to refit unlined cast iron
headers and to implement a policy of planned inspection and replacement.

The feature common to all of the above examples is that most, if not all, could have been avoided by
the application of knowledge which not only existed, but was readily available. However, the most
classic example of all has to be the case quoted by Sieberte3 of a minesweeper built during World War
II. The ship was constructed from stainless steel to exploit the non-magnetic properties of that
material, and the vessel was of welded construction. Siebert"3 reports that the ship failed by chloride
SCC during its shakedown cruise. Regrettably, Siebert gave no reference for his source document.
Where is it now? What other lessons are to be found within its covers and at what cost will these
lessons be relearned? What other examples of failures which should never have happened will be
reported at this Congress?

Looking Ahead

The third UK survey2 recorded 229 failures from a population of 20,000 Class 1 vessels covering about
310,000 vessel years operation during the period 1962 - 78. The fourth survey? has yielded 92 recorded
failures from a wider range of pressure vessels, covering 360,000 vessels and 1.8 million vessel years
during the period 1983 - 88. Although these two surveys are not comparing like with like, the data
do nevertheless suggest that lessons are being learned from past experience. The reduction in the
number of failures between these two surveys is likely to be associated with improvements in both
manufacturing methods and non-destructive examination techniques coupled with better standards
covering both materials and design.
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Estimates8 of the cost of corrosion to developed countries serve to highlight the potential for corrosion-
related failures. Against this, the probability of failure of fairly high integrity pressure vessels due
to corrosion-related mechanisms is quite low. Since the treatment of corrosion - related degradation
mechanisms by most desig,'n codes is at best superficial, consideration of such mechanisms during the
design phase, and indeed throughout the service life of the component, has to be based to a large
degree upon knowledge, judgement or experience, or a combination of all of these. Whilst various
surveys estimate$ that up to 25% of the cost of corrosion could be prevented by the application of
existing knowledge, recorded case histories tend to support the view that lessons are hard learned as
regards corrosion. With regard to the theme of this Congress experience tends to demonstrate that
the lowest first-cost option is invariably the worst choice in relation to long-term operational reliability,
especially as regards timedependent degradation mechanisms; on the other hand, the high technology,
high cost option is not always the best. Elliott' 7 claims that only about half of the agreed information
on failures reaches designers, whilst contractors may only receive about 10%. There therefore
continues to be tremendous scope for improvement in the gathering, recording and communication
of relevant information. However, in terms of failure modes these account for a significant proportion
of the recorded failures.

Of the various corrosion mechanisms affecting structural integrity and component reliability general
corrosion appears of least concern. Pressure vessel failure due to general corrosion, and which is not
associated with crack growth, is a comparatively rare event, and there are a number of mitigating
factors which might offset any reduction in pressure boundary thickness resulting from general
corrosion'. Although pitting in itself may not hazard component integrity, leakage of the vessel will
obviously affect both reliability and availability. More especially, however, conditions favourable for
the initiation of pitting may also be conducive to the initiation of EAC, either through corrosion
fatigue or as SCC, with the pits forming preferential sites for EAC initiation'418 . Initiation of EAC does
pose a potential threat to component integrity. No validated, quantitative predictive methodology for
pitting is yet available. With regard to the corrosion fatigue of austenitic stainless steels and low alloy
ferritic steels exposed to a light water reactor environment, the principal factors affecting corrosion
fatigue crack growth rates are now quite well understood; the general quality of published data and
level of mechanistic understanding is now such that reasonable calculations of corrosion fatigue crack
growth can be performed for life prediction or safety justification purposes, and for defining inspection
intervals. A good foundation thus exists upon which to base test programmes for studying corrosion
fatigue crack growth in other materials exposed to other environments. The notable success achieved
by the ICGEAC for RPV materials demonstrates the value of collaboration at both national and
international level in addressing and resolving problems of common interest.

Despite considerable recent achievements in understanding the factors affecting SCC behaviour of
austenitic stainless steels and low alloy steels in an aqueous environment, a quantitative predictive
model for SCC is, as is the case for pitting, not yet available. Of these various corrosion mechanisms
pitting and SCC are, therefore, arguably the most difficult to address with respect to component
inte--.ty and reliability.

Recognising the shortcomings of vessel design codes as regards corrosion-related mechanisms, and
pending the development and validation of quantitative predictive methodologies for pitting and SCC,
it seems reasonable to suppose that, for the foreseeable future, demonstration of component integrity
and reliability will depend upon more pragmatic approaches. Such approaches are likely to involve
judgement, corrosion monitoring and surveillance, and appropriate programmes of in-service
inspection. These are discussed below.

Judgement-Based Decisions Which Depend Upon Experience

Observations of plant/component behaviour provide the experience which forms the basis of
judgement. Predictive models and methodologies must in turn reflect plant observations. Plateau
stress corrosion crack growth rates for low alloy steels published in the open literature=' cannot
support a viable inspection interval and these rates would, if sustained, lead to failure in very short
timescales. Such data would imply a high freque-tcy of pressure vessel failures due to stress corrosion
cracking; this is not supported by available failure statistics3. Similar observations apply in the case
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of gas transmission pipelines where field experience does not reflect the implications which could be
drawn from the high SCC growth rates measured in the laboratory testing of pre-cracked
specimens"-•. Such observations from operating experience strongly suggest that high SCC growth
rates are not continuously sustained, and support the concept of an incubation period and/or period
of "time at risk". Although. based primarily on pipeline steels, further development of the model
proposed by Parkins2 would appear to hold promise, particularly for the life prediction/safety
assessment of ageing vessels. For these the application of SCC growth rates derived from pre-cracked
specimens would be unlikely to sustain a satisfactory safety justification. Likewise, studies aimed at
clarifying the factors affecting time at risk would appear of value as well as of relevance to model
development.

Corrosion Monitoring and Surveillance

It is generally accepted that three criteria must be simultaneously satisfied for SCC to occur, ie the co-
existence of a susceptible microstructure, a source of tensile stress and an aggressive environment.
For most welded vessels and components, and especially for older plant, the first two of these criteria
are likely to be satisfied to some degree and cannot be controlled. In general it is only possible to
exercise control over the environment.

Dawson2' has recently reviewed a number of the techniques available for corrosion monitoring and
surveillance purposes. The key role of electrochemical potential (ECP) in relation to both pitting and
SCC is now well established, as is the importance of oxygen in raising ECP in an aqueous
environment'. It is equally known that the propensity of steel to both pitting and SCC can be
markedly influenced by the type and distribution of manganese sulphide non-metallic
inclusions~','2 's. The concept of "active" and "inactive" inclusions is not new, and the presence of
"active" non-metallic inclusions in ferritic steels has been correlated with an increased propensity to
pitting in an aqueous environment. There is no evidence to suggest that dissolution of soluble
"active" inclusions will be prevented by maintaining a low ECP through control of water chemistry.
This therefore raises the possibility of pit initiation under conditions of low ECP. Since local
environmental conditions within a pit may differ substantially from bulk water chemistry, will
maintenance of a low ECP via control of bulk chemistry be able to inhibit further pitting and initiation
of SCC? The more "active" behaviour observed in laboratory tests has been associated with sub-
micron size inclusions2; on the other hand, in terms of their influence on environmentally assisted
cracking large manganese sulphide inclusions generally enhance crack growth rates, whereas materials
containing small spherical inclusions are less susceptible'. There would thus appear to be scope for
further work to attempt to clarify the role of inclusions, particularly during the early stages of pit
development and initiation of SCC. In addition to a quantitative, predictive model for "living with
SCC", there seems need for a similar methodology for "living with pitting".

In-Service Inspection

In-service inspection programmes must consider the items to be inspected and the inspection interval.
As regards item selection, two categories can be identified depending upon the purpose of the
inspection. The first category covers those itemc which have to be inspected on a technical needs
basis, as identified either by, say, fatigue crack gto,'h and fracture analysis, or on the basis of known
operational problems. The second category covers those components which are subject to in-service
inspection to validate the design intent and to verify the absence of unexpected or unanticipated
failure mechanisms. The large number of components of this second category which can exist in
complex plant creates difficulties both in the selection of items for inspection and in defining a suitable
inspection interval; for many years selection of such items has been based on judgement. Whilst this
approach has withstood the test of time, with arguable success, the .verall I-enefits of inspections
carried out on this basis, in terms of plant reliability and risks assoriated with operation are difficult,
if not impossible, to quantify. In more recent times great :nterest has been shown in the use a risk-
based approach for the selection of items in thiz, ", .... category. Further details of this approach are
presented elsewhere,3°". In essence the approach subdivides a plant or component into a number
of sub-items and attempts to rank these in decreasing order of risk resulting from failure of the sub-
item. Item selection for inspection purposes is then focused on those which make the greatest
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contributions to overall risk. The measure of risk associated with each item is the product of its
probability of failure and a parameter defining the consequence of failure. This approach is still at
a comparatively early stage of development and there are a number of identifiable difficulties and
disadvantages. Firstly, there must exist an overall risk criterion against which the output of the
approach can be assessed, and below this there has to be an identifiable consequence of failure of the
item or component. Secondly, application of the approach demands an input of component failure
or item failure probability. This information can only come from failure statistics or from
mathematical models. The latter can only at present deal with systematic defects, such as fatigue crack
growth, and cannot at present address SCC. Moreover, such models are difficult to validate.
Confidence in their use can only be built up by a feed-back loop of plant inspection information, and
this will take time. For many engineering components and structures, on the other hand, the failures
database is at present too restricted in terms of operating time to give anything other than a qualitative
indication of failure frequency. A potential limitation is, therefore, that some failure probabilities thus
obtained may be assigned a quantitative significance which is difficult to justify. Nevertheless, if
applied in a qualitative manner for ranking purposes, the risk-based approach often possesses certain
attractions. By offering a means of ranking based upon contribution to risk, the element of judgement
can be reduced and available resources directed to those items or components where inspection will
demonstrate the greatest benefits in terms of reduced risk. There is current interest in the approach
for a number of applications including nuclear and non-nuclear power plant and for civil engineering,
marine and aircraft structuresý°.

The question of inspection interval remains. In the absence of quantitative predictive models for
pitting and SCC, definition of inspection intervals for components or items of either inspection
category must for the present remain largely judgement based. This will continue to depend upon
the operational experience feed-back information loop, supplemented by progress in understanding
of the mechanisms as provided by the results of continuing research and development programmes.
The former again underlines the importance attached to the gathering and dissemination of
information, and the latter leads on to the issue of quality assurance in research activities. This is a
topic for debate in its own right which hopefully will be addressed elsewhere during the course of
this Congress.

Concluding Remarks

This paper has sought to highlight the value of information obtainable from component failure
statistics. Corrosion-related degradation mechanisms are not particularly well addressed in pressure
vessel design codes and standards, despite the fact that such mechanisms account for a significant
proportion of pressure vessel failures. In the absence of specific guidelines or directives, decisions
affecting integrity and reliability must be based upon knowledge, judgement or experience, or a
combination of these. The high potential for corrosion-related failures, and the savings believed
achievable through the application of existing knowledge, place importance on the collection and
dissemination of information to assist the decision making process. Feed-back of operational
experience, as illustrated by examples in the text, demonstrates there is scope for improvement in this
arca.

Pitting and SCC are perceived to be the more important corrosion-assisted mechanisms as regards
integrity and reliability. Predictive models for these are not yet available. Plateau stress corrosion
crack growth rates available from the open literature cannot support a viable inspection interval and
would, if sustained, lead to failure in short timescales. Such data would imply a high frequency of
SCC type failure of pressure vessels which is not borne out by vessel failure statistics.

Pending the development of predictive models for pitting and SCC, which must be capable of
reconciliation with plant observations, the paper suggests that, for the foreseeable future,
demonstration of integrity and reliability will continue to depend upon a more pragmatic approach.
Once again judgement, along with control of environment and in-service inspection will all play key
roles. The paper highlights the importance of continuing research to improve understanding of the
various combinations of factors which can lead to a vulnerable situation. For safety justification or
life prediction purposes the Safety Assessor seeks assurance that such conditions have been and will
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be avoided. Finally, an outline is given of some current developments in the fields of chemistry
control and In-service inspection, and the paper highlights somepossible implications associated with
the application of these approaches.

A number of the topics addressed in this paper will hopefully form the subjects of other presentations
to this ngress.
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Table 1

Distribution of Pressure Vessel Failures by Cause - From third UK Survey

Cause of Failure No of Cases %

Crack Propagation 216 94
Defects Existing Prior to Commissioning 5 2
Corrosion 1
Mal-operation 3 4
Creep 3
Not ascertained 1

229 100

Table 2

Distribution of Causes by Failure Due to Cracking - From Third UK Survey

Cause No of Cases %

Fatigue 52 24
Corrosion 30 14
Defects Existing Prior to Service 63 29
Not Ascertained 61 28
Miscellaneous (Creep, Mal-operation etc) 10 5

216 100

Table 3

Method by which Failure Detected - From Third UK Survey2

Cause No of Cases %

Visual Inspection 88 38
Non-Destructive Examination 49 21
Leakage 76 33
Hydro Test 3 2
Catastrophic (In-service) 13 6

229 100
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Table 4

Modes of Failure and How Design Codes Deal With Them - From Hlarrop7

MODE OF FAILURE CONSIDERED IN DESIGN CODES

1 Bursting due to plastic rupture of shell Very well-historically the first mode of failure
wall or ductile tearing at a dealt with by design codes
discontinuity

2 Fatigue Quite well. Usually based on S-N data. But
eg ASME VIII Div I rarely requires a fatigue
assessment

3 Brittle fracture To some extent. Usually by requiring
material to pass some sort of impact test

4 Corrosion fatigue or stress corrosion Hardly at all

5 Creep rupture For special applications

6 Ductile fracture Not at all

Table 5
Some Examples From Practice - From Seibert 2"'

A salt crystalliser tank made of wood was replaced after 20 years service by a carbon steel
tank lined with thin AIS1 304 stainless steel sheet. Rapid failure of the replacement occurred
due to SCC at spot and seam welds in the stainless steel.

A 20 year old rubber-lined hydrofluoric acid tank was replaced by a fibre reinforced plastic
vessel having a lining whose integrity was critical to the overall vessel integrity. The vessel
failed catastrophically within one year. The replacement was a rubber-lined steel vessel.

A lead-lined wooden tank installed in the 1860's after a century of service as a sulphuric
acid/zinc chloride mix tank. A replacement in kind was not acceptable.

A submarine design specified Monel launching tubes for aluminium torpedoes, creating a very
active dissimilar metal battery with the aluminium as the anode.

A plumbing system was made from low carbon steel pipe coupled to copper pipe via a
ceramic insulating joint to avoid bimetallic contact. Metal brackets attached the pipework to
the wall which was made of sheet metal, thus shorting-out the insulating joint.
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Management of Corrosion in the Power Industry

Harvey J. Flitt
Queensland Electricity Commission
55 Paringa Road Murarrie
Queensland 4172 Australia

Abstract

This paper gives an overview of the technological management of
corrosion in the power industry. The impact of corrosion on power
generation economics is significantly large that correct
management of it is a necessity.

Of major importance is that continuing cooperation occurs between
scientists, engineers and plant operators to master ways of
achieving high availability with low maintenance in the control
and prevention of corrosion. The North American Association of
Engineers (NACE) have now recognised the importance of combining
corrosion science with engineering in solving materials
degradation problems (Materials Performance July Viewpoint 1991).

In most cases the prediction of corrosion behaviour is difficult
as plant corrosion failures are multi-dimensional problems which
are complicated by mechanistic changes, e.g. from passivity to
active corrosion or pitting. An incorrect assessment could lead
to premature failures or conservative action with associated
additional cost.
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Introduction

The realisation that corrosion is a process (dynamic) and not a
property (static) is fundamental to the management of corrosion.
Corrosion control methods are numerous and have different costs
and long term consequences. Hence the effective and efficient
control of corrosion requires a strategic planning approach'
which encapsulates for the methodology the following,

(1) thorough analysis and assessment,
(2) the ability to change or modify to ensure the long

term survival of materials, and
(3) a certainty of performance with cost effectiveness.

Strategic planning2 is therefore ideally suited to address the
long term effects of plant corrosion damage. The emphasis is
being proactive rather than reactive to corrosion problems.

Econonics

Economics and materials reliability are a contrariety. A
indication of this linkage is that the electricity production
costs of a power plant and component failure modes versus
operating time, generally follow a broad U-shaped or bathtub
curve. Conversely the cash flow and availability arising from a
plant is the inverse of the bath tub curve. Corrosion control
technology and expenditure must be balanced to achieve a cost
effective solution and a low risk of component failure3 .

Costs associated with corrosion control are not always evident
and directly accountable. In general the replacement costs
incurred by a corroded part may mot be trivial when the indirect
costs are considered'.

Dillons has outlined the methods for economic evaluation of
corrosion control measures both before and after implementation.
It is considered that economic evaluation for corrosion control
can be applied effectively to decisions involving items or
projects of different costs and different lifetimes.

Edeleanu and Hines' have suggested that at the design stage of a
plant corrosion costs arise from uncertainty and there must be
available means to avoid this uncertainty. Their conclusion was
the collective use of various corrosion management subfunctions
which will be discussed individually below.

Corrosion Control

Definition

The suggested definition of corrosion control is the regulation
of the corrosion reaction so that the physical and mechanical
properties of the metal are preserved during the anticipated life
of the plant.

The enormous scope of corrosion control methods requires both
decision making and problem solving. Thus the term control, used
universally in a corrosion context is considered to be synonymous
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with management.

Corrosion control can be effectual at the design, operation, and
maintenance stages during the lifetime of a plant. Figure 1 is
a schematic of these periods and their relationship to the
principal parameters responsible for corrosion, i.e. environment,
material and therso-mechanical stress".

Methods

The practical methods of corrosion control$ are given in Table 1.
A single or a combination of methods can be used. On pipelines
for example both cathodic protection and coatings are used as the
corrosion control method.

Assessment

To assess plant corrosion control a structured approach is
initially required. The concept by Sommm et al.4 for (1) local
(2) component and (3) systems approaches is considered the most
applicable.

Approach (3) with the knowledge derived from approaches (1) and
(2) can be considered the basis of mastering power plant
corrosion and achieving high plant
availability.

A "local approach" investigates corrosion mechanisms at a
fundamental level to understand the electrochemical and chemical
environments which will initiate localised corrosion.

These investigations are undertaken in a laboratory with
attempted simulation of the plant conditions. An example of the
local approach for corrosion control of condenser tubing has been
given by Flitt and Spero.

The "component approach" is the investigation of specific plant
components which encounter corrosion due to operational and
environment conditions'*.

The "systems approach" considers the plant as a series of
discrete entities each made up of various individual components.
A combination of the local and component outcomes are required
initially to establish the systems approach.

In the power industry "water chemistry" is an example of a
systems approach. Maintaining the environment of the water/steam
cycle controls the corrosion of a series of components in unison,
which individually may suffer specific localised attack.

Figure 2 is a simplistic schematic of the water/steam cycle
indicating the major components which define the system and their
relative location. Corrosion management is mechanistically
obtained by the maintenance of stable self inhibiting magnetite
by the management of cycle water chemistry.

Figure 3 depicts a block diagram of the nine components
comprising the water/steam system totally bounded by a systems
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box. Each component has specific localised corrosion mechanistic
attributes. The localised approach for condensers has been
expanded in the right hand side of Figure 3 to indicate the
probable mechanisms that can be responsible for corrosion damage.

The assessment of a corrosion control methodology will follow
four distinct phases during the lifetime of the plant and use the
approaches discussed above. The four phases which are given in
Figure 4 and are listed below.

(1) Plant and Process Design
(2) Equipment Fabrication
(3) Construction
(4) Operation

Corrosion Management Subfunctions

In the actual practise of corrosion control there are management
subfunctions that all have an important role. These subfunctions
are listed adjacent the phases of corrosion control in Figure 4.
Each subfunction, discussed further below, can be a contributor
to or have direct involvement on the four plant lifetime phases.

Hence as discussed in the introduction a strategic management
approach to corrosion control, by integrating the subfunctions,
gives the required holistic perspective and avoids any
fragmentation of effort.

Corrosion Maintenance

Associated periodically with the operation phase is maintenance
which can be either, preventive or corrective.

Maintenance is usually based on factors such as wear and
lubrication problems of rotating machinery and not specifically
corrosion. The usual practise is to shut down the plant and
disassemble components which allows at the same time inspection
and monitoring of corrosion damage.

Corrosion maintenance procedures are established from the correct
interpretation of data and information gained from on and
off-line corrosion inspection and monitoring.

Corrosion Reliability

Reliability of engineering materials (or the probability of
failure) is a relative new practice that has evolved from the
application of reliability engineering to materials science. The
two approaches used are phenomenological and mechanistic.

The phenomenological approach is the recording of events, for
example pit depths in heat exchanger tubing and evaluation of the
data in terms of statistical models*.

The mechanistic approach has an analytical emphasis and is linked
to methods of design, lifetime prediction, and failure analysis.
Turpin et al."2 have demonstrated the value of statistical
approaches for assessment of high impact industrial corrosion
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problems.

Component corrosion reliability (adapted from systems
reliability) is a dynamic characteristic which results from
statistical interference in space and time, between a component
being able to perform, and the required operational durability.
The corrosion process is modelled with stochastic methods".

The interference hence occurs between probability distributions
for an operational characteristic of the corrosion process (pit
depth, stress intensity or, crack length) and the operational
limits (component thickness or strength)".

Failure Analysis

Failure analysis is the technique for gathering and evaluating
facts to establish the cause of premature corrosion failure of
a plant component or part. This may not directly solve problems.

Hence the common view is that failure analysis is only a
corrective technique. This opinion is not mindful that valuable
information and knowledge can be generated which assists
corrosion management in regard to failure prevention or
reliability.

Corrosion failure analysis uses metallography to assess the
corroded metal microstructure and define the form of corrosion
damage. Fractography which is a function of metallography is
required to investigate cracking failures (stress corrosion
cracking, corrosion fatigue) and high temperature corrosion.

A review of failure analysis by Siebert' 5 has indicated that
effective implementation can only occur if hands-on and
application experience of the industry are present. The output
of university based or commercial testing

Corrosion Monitoring

Corrosion monitoring can be defined as the systematic measurement
of the corrosion or degradation of an equipment item with the
objective of assisting the understanding of the corrosion process
and/or obtaining information for use in controlling corrosion and
its consequences"6 .

The intent from this definition is to create a feed-back loop
consisting of change, observation, and diagnosis. Figure 5
represents this relationship with the association of corrosion
control methodology, processes and monitoring. The corrosion
process must have a cause and effect.

A corrosion monitoring method is any plant based technique that
provides an assessment of equipment condition or an evaluation
of the corrosivity of the environment. Table 2 gives a listing
of the commonly used corrosion monitoring techniques.

Corrosion monitoring is undertaken for the following reasons.

(1) Corrodent characteristics changes
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(2) Materials corrosivity changes
(3) Unanticipated operational conditions develop
(4) Unknown corrosion processes may occur
(5) Verification of control methods

Britton and Tofield" have conducted two industry surveys in the
UK to ascertain the effectiveness of corrosion monitoring. Their
findings iniicated that more awareness was present of the
benefits of corrosion monitoring and that programs should be
incorporated at the plant design stage. Cost was considered to
be the major factor when consider.ig on-line corrosion
monitoring. The reliability of equipment, and the cost of
installation and cabling, are factors limiting the usage of
on-line monitoring.

Additional information on corrosion monitoring can be found in
the books edited by Moran and Labine" and Wanklyn"'.

Information Technology

The deficiency of effective communication of materials
degradation causes and resultant effects, within an organisation,
can have serious consequences. Corrosion control can only be
effective and timely if information is acquired, processed, and
communicated efficiently. Hence information technology is an
important role to play in the management of corrosion.

Computer usage for corrosion control and monitoring has been
reviewed by Haroun et al.-I. The authors have considered the
computer can be used successfully for corrosion, rate evaluation,
monitoring, and process modelling. The most efficient method for
the storage and retrieval of information is a computer corrosion
database system.

Corrosion information suitable for databases can be developed
from theoretical studies, laboratory standard tests, and plant
experience. It is important to understand that standard tests are
only acceptance tests to determine if a metal has the required
corrosion resistance within the compositional specification2 1 .

Source material can be provided from the open literature, and
individuals. Standards are an important information source for
corrosion control as they are needed to assure that materials
meet mechanical, physical and chemical properties required. They
are prepared as specifications, test methods, recommended
practices, and codes.

Corrosion Knowledge

Corrosion knowledge is required by an individual to solve plant
problems. Problem solving is made possible by using experience
and an understanding of corrosion. Experience is a collection of
data, observations, and rules needed to problem solve.
Understanding for this situation is the theoretical basis of
corrosion knowledge.
Expert systems are now being considered as serious practical

tools for providing corrosion problem solving knowledge. An
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example is ESCARTA22  developed by EPRI as an expert
trouble-shooter for boiler tube failures.

Hines and Basden23 have given an introduction to introducing
expert systems and mathematical modelling to provide corrosion
control problem solving. The authors have concluded that these
approaches are complementary rather then completetive.

Conclusions

For the management of corrosion to be effective it must be
strategically planned to return maximum efficiency and costs
savings. Corrosion technology management is hence a combination
of analysis, judgement, experience, and synthesis. These actions
are incorporated in the integrated use of the seven corrosion
management subfunctions.

Importantly the strategic approach to corrosion will ensure the
long term survival of plant. The participants involved with
corrosion control must have a holistic perspective as all
practices are linked together to achieve long term plant
availability.
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Abstract

Predictions have been made on external corrosion for water pipes
in soils containing peat. The corrosion rate of underground pipe
was explained by the corrosiveness of soils. In many results of
the field investigations that were carried out on the underground
pipes, the corrosion pit was found in few samples. In these
cases, it is important to draw out information from the samples
of non-corroded. These samples can be used for analyzing the
probability of corrosion occurrence (Pr) by dealing the dependent
variable as a binary data. Pr is expressed as a logistic regres-
sion model with the environmental factors (X) and the installa-
tion period (t): Pr=tnexp(E BiXj)/(1+tnexp(L BjX )) (j=1,,, q),
with B estimated by the maximdm'likelihood method. In this study,
Pr was related to soil type and t; the existence of peat and the
longer installation time increase Pr.

The pitting depth (Y) is expressed as the 5ollowing multiplica-
tive regression model: Y=, exp(e) (e-N(0,ao )), n =tnexp(M B X )
(j=1,,, q), with n and B estimated by the least squares me~htd.
The higher corrosive conditions were effected by the neutral pH,
the higher content of sulfur and the higher content of soluble
organic matter in soil. These conditions are enough for increas-
ing the activity of the sulfate-reducing bacteria (SRB). On the
other hand, several kinds of soil exist in this field. Therefore
the fundamentals of differential aeration cells are adequate to
react. The results of this analysis support the assumption that
the parts in contact with peat become the macro-anode and SRB
affect the reaction.

Key terms: soil corrosion, peat, regression analysis, cast iron
pipe, corrosion probability
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Introduction

Pipelines are playing an important part in maintaining urban
functions. The effected range of the accident on pipelines is
greater as a city life becomes more upgrade. Now, the great loss
results from troubles of pipeline such as a leakage. Corrosion is
a cause of these leakages. Therefore the development of tech-
niques for predicting corrosion damage is desired as much as that
of protections.

A corrosion rate is under the control of the properties and
condition of soils, except for those cases due to the stray cur-
rent corrosion and long line currents. In this case, the rate is
predicted by making a relation between corrosion and corrosive-
ness of soil clear.

The statistical methods were used to predict a corrosion rate. As
the result, two kinds of models that represent the probability
of corrosion occurrence and the growth rate of the pitting depth
are proposed to predict the corrosion rate with accuracy. The
probability can be evaluated from information of non-corroded
samples that are not used in predicting the growth rate.

In this paper, a case study about corrosion in peat is reported
and the usefulness of the methods of prediction is discussed.
Also the corrosion mechanism is considered.

Prediction Method

Investigation of Pipe Condition

The investigation of actual pipe conditions was carried out as
follows. The depth of corrosion was measured within about lm
length of the pipe at the exposed sites. Soil samples were
brought to the laboratory to be analyzed. The items to be inves-
tigated and their definitions are shown in Table 1.

Prediction Model

Corrosion samples were not always found on pipes. In this inves-
tigation, corrosion was observed on 40% of samples. Usually the
analysis is carried out only on corroded data. Non-corroded
samples are not used to determine a relation between the corro-
sion and the environment. On the other hand, to predict the
corrosion with accuracy, it is better that all samples, including
non-corroded one, are used. Therefore the pitting depth (Y) was
treated as a binary data (Y>0,y=0) and the probability of corro-
sion occurrence was predicted.'

The probability (Pr) is given by the logistic regression model in
the following equation(l) with Pr(Yi>0)=Pri, Pr(Yi=0)=l-Pri:
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q
log(Pri/(l-Pri))=z BjXij+Bq+llog ti (1)

J=0

(i=l,2,...,n: the number of samples)

in which
X: the explanatory variables (Xo0=1),
q: the number of environmental items,
t: the exposure period.

Equation(1), substituted Bq+l=n, is rewritten as

q q
Pr=tnexp(YZ BJXJ)/(l+tnexp(M BjXj)) (2)i=0 :1-0

The corrosion rate is seemed to be controlled by the condition of
soil around pipes. The pitting depth (Y) is expressed as a power
of time 4t): y=ktnexp(e) (e: the error term), with k and n as
constants.' The parameter, k, is related to environmental factors
by the following expression of eq.(3):

q
Y=, exp(e), , =tnexp(Z BjXj) (3)

J=0

in which 2
e~N(0,o

The parameters, Bj, were determined by the method of least
squares.

Results and Discussion

Statistic of the Data

The inspection was carried out on buried cast-iron pipes in soils
containing peat. The number of inspected points was 119. Corro-
sion was found on 48 points. The statistic of the data is shown
in Table 2.

Probability of Corrosion Occurrence

The data was divided into two groups, Y=0 and Y>0. The category
data of soil type was put into a dummy variable as shown in Table
3.

The regression model of eq.(1) was used. The parameters, Bj, were
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estimated by the maximum likelihood method. The solution was
obtained by the Newton-Raphson method.

The predictor variables were selected on the bases of the statis-
tical test, put into eq.(4):

Pr=t 2 *9 2 exp(-3.64-1.13Xl+3.81X2 )/( 1+t 2 9 2 exp(-3.64-1.13X1
+3.81X2 )) (4)

in which
X1O H2 02pH,
X2: PeaE. (X 2 =1 or 0)

The level of significance about thIse parameters was over 1%.
The likelihood ratio test and the x 'test were done as shown in
Table 4 to check the goodness of fit of this model. It was found
that the logistic regression model, eq.(l), was able to explain
the probability of corrosion occurrence.

The scatter diagrams of probability (Pr) vs. the corrosion rate
(Y/t) for each soil were shown in Fig. 1, indicating the follow-
ing trends:
1) There is high probability of corrosion in peat soil with a
wide range of corrosion rate.
2) Both the probability and the corrosion rate of sand are low
compared with those of peat.
3) The properties of volcanic-gravel are similar to those of
sand.

Prediction of Corrosion Rate 3 ,4

Correlation. The correlation coefficient, r, is a measure
of the linear relationship between variables; a linear relation
is applied if Irl is close to one. The correlation, r, was calcu-
lated from 48 samples of corroded as shown in Table 5. It was
found that no variables were related to the corrosion rate by
confirming r and scatter diagrams. In environmental factors, EVAP
was closely correlated with S0 4 , C1 and ACID. It was suggested
that soluble salts in soils, which are mostly peat, contain
sulfate and/or chloride.

Environmental Factor Classification. The principal compo-
nent analysis was applied to make features of variables clear
and to classify the variables, for the factors of predictor would
be selected reasonably.

The factor loadings that are correlation coefficients between
variables and principal components were plotted for the Ist-2nd
principal component coordinates as shown in Fig. 2. It was con-
sidered that the variables encircled by a line have similar
characteristics. As a result, two groups were found in this case.
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The factors in the 1st-group that are closely related to the 1st
principal component (Z1) were S04, ACID, EVAP, REST, pH and so
on. Z1 was interpreted as indicating the concentration of salt.
In the 2nd-group, the factors that are related to the 2nd princi-
pal component (Z2) were ALKA, Cl, WATR and SULF. Though the
interpretation of Z2 is not clear, it seems that the soil type is
reflected in Z2, since the soil type is closely related to WATR
and SULF.

The eigenvectors and eigenvalues of the correlation matrix
were shown in Table 6. After all, 61% of the variation of this
sample were explained by Z1 and Z2; that is, the concentration of
salt and the soil type.

Corrosion Rate. The distribution of the pitting depth, Y,
was checked. The normal probability plotting of residuals was
shown in Fig. 3. The regression model of eq.(3) could be used to
predict Y. The predictor variables in the model of eq.(3) were
chosen in consideration of the result of the principal component
analysis. The result of the regression analysis was shown in
eq.(5) and Table 7:

n =tnexp(B0 +BIX1 +B2 X2 +B3 X3 +B4 X4 ) (5)

in which
Xl: pH,
X2 : SULF,
X3 : KMnO 4 ,
X4: ALKA.

The multiple correlation coefficient R=0.546 was over 1% level of
significance, though not so high that of the regression coeffi-
cient was. The scatter diagram of the predicted value (logn ) vs.
the standardized residual (e.) was shown in Fig. 4. The plots are
scattered rardomly, so there is no bias in the estimation.

It was confirmed whether the multicollinearity was found among
these variables by use of the eigenvalues of the correlation
matrix. Some eigenvalues are nearly zero if there is the problem
of multicollinearity. As shown in Table 8, this problem was not
found among these variables.

The regression coefficients in eq.(5) imply that the corrosion
rate is increased in the following conditions:
1) The pH is neutral.
2) The concentration of sulfur is higher.
3) The consumption of KMn0 4 is more.
4) The alkalinity is lower.
Considering the microbiological activity, it is found that the
corrosive places estimated by eq.(5) give good conditions to
sulfate-reducing bacteria (SRB) as shown in Fig. 5 schematically.
The anaerobic corrosion of pipe occurs in some soils-mixture
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environments. The peat-adhering area, where the above factors
promote conditions conducive to proliferation of SRB, becomes
macro-anodic part.

Concluding Remarks

Statistical methods have been applied to corrosion of cast-iron
pipes in soil containing peat to devise two prediction equations
related to environmental factors and service period. The results
are:

1. If it is assumed that k in Y(pitting depth)=ktn represents the
environmental corrosivity, the corrosion probability (Pr) and Y
are well predicted by the following models respectively:
the logistic regression model;

Pr=tnexp(Z BjXj)/(1+tnexp(Z BjXj))

the multiplicative regression model;

Y=, exp(e), n =tnexp(Z BjXj)

2. The probabilities of corrosion occurrence are a higher level
on pipes in peat. The aggressive condition of peat soils are
made, when pH is neutral and there are the higher content of
sulfur and the higher consumption of KMnO 4 .

3. The results of this statistical analysis support the assump-
tion that peat adhering to the pipe is a necessary condition to
react as anode and the anaerobic corrosion is accelerated with
the increase of the microbiological activity in this area.
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Table 1 Definitions of variables

No. Variable Unit symbol Definitioi

1 Pitting depth xmm Y Maximum depth of
corrosion pit.

2 Installation year t Period from installation
period until investigation.

3 Soil resistivity a m REST Minimum soil resistivity.

4 pH PH pH of water extracted
from dry soil.
(ratio 1:2.5)

5 Redox potential V Eh Redox potential of s-.il.

6 Water content WATR Water content ratio
of soil sample.

7 Sulfur content SULF Sulfur content of dry
soil.

8 Soil pH after H2O2pH pH of soil as oxidized
oxidation with H202 -

9 Sulfate ion mg/l SO4  Concentration of S04 2
contained in soil water.

10 Chlorine ion mg/l Cl Concentration of C1-
contained in soil water.

11 The consumption mg/i KMnO4  The amount of consump-
of potassium tion in KMnO4 -titration
permanganate of soil water.

12 Evaporation mg/l EVAP Concentration of soluble
residue salt in soil water.

13 Acidity mg/l ACID Acidity of soil water.

14 Alkalinity mg/l ALKA Alkalinity of soil water.
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Table 2 Statistic of the data (n=119)

No. Variable Minimum Maximum Mean Standard
deviation

1 Y (mm) 0.0 3.6 0.66 0.92
2 t (year) 1 28 14.1 5.3
3 REST (Q m) 6.2 292.0 67.53 58.62
4 pH 4.1 7.9 6.17 0.77
5 Eh (V) 0.26 0.68 0.485 0.080
6 WATR (%) 4 598 77.5 97.0
7 SULF (%) 0.01 1.23 0.118 0.186
8 H O2pH 1 7 4.9 1.1
9 S (mg/) 41 2869 378.2 372.2

10 Cl (mg/i) 4 679 75.0 82.5
11 KMnO 4 (mg/1) 64 6694 996.5 919.7
12 EVAP (mg/i) 337 6397 1887.4 1146.9
13 ACID (mg/i) 10 530 78.9 86.0
14 ALKA (mg/1) 0 1469 115.2 179.7

Table 3 Dummy variable of soils

Soil X2

Peat 1
Others 0

Table 4 Test of logistic regression model eq.(5)

Method Test statistic Degrees of freedom Significance

Pearson 97.3 115 0.882
Likelihood 72.3 115 0.999
ratio
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Table 5 Correlation coefficient r (n=48)

1 2 3 4 5 6
Y/t REST pH Eh WATR SULF

1 Y/t 1.000 -0.098 0.104 -0.001 0.078 0.092
2 REST -0.098 1.000 0.290 0.390 -0.427 -0.439
3 pH 0.104 0.290 1.000 0.523 -0.179 -0.417
4 Eh -0.001 0.390 0.523 1.000 -0.057 -0.368
5 WATR 0.078 -0.427 -0.179 -0.057 1.000 0.504
6 SULF 0.092 -0.439 -0.417 -0.368 0.504 1.000
7 H202pH -0.111 0.384 0.510 0.417 -0.086 -0.301
8 S04 -0.064 -0.351 -0.333 -0.401 -0.289 0.424
9 Cl -0.049 0.049 0.237 0.057 -0.444 -0.107

10 KMn04 0.091 -0.249 -0.063 -0.173 -0.285 -0.103
11 EVAP -0.099 -0.265 -0.203 -0.330 -0.488 0.148
12 ACID 0.026 -0.278 -0.556 -0.461 -0.264 0.273
13 ALKA -0.133 0.253 0.520 0.164 -0.395 -0.255

7 8 9 10 11 12
H202pH S04 Cl KMnO4 EVAP ACID

1 Y/t -0.111 -0.064 -0.049 0.091 -0.099 0.026
2 REST 0.384 -0.351 0.049 -0.249 -0.265 -0.278
3 pH 0.510 -0.333 0.237 -0.063 -0.203 -0.556
4 Eh 0.417 -0.401 0.057 -0.173 -0.330 -0.461
5 WATR -0.086 -0.289 -0.444 -0.285 -0.488 -0.264
6 SULF -0.301 0.424 -0.107 -0.103 0.148 0.273
7 H202pH 1.000 -0.334 0.136 -0.283 -0.229 -0.450
8 S04 -0.334 1.000 0.350 0.315 0.875** 0.657 *
9 Cl 0.136 0.350 1.000 0.392 0.630 * 0.223

10 KMnO4 -0.283 0.315 0.392 1.000 0.580 0.544
11 EVAP -0.229 0.875** 0.630 * 0.580 1.000 0.689 *
12 ACID -0.450 0.657 * 0.223 0.544 0.689 * 1.000
13 ALKA 0.127 0.073 0.626 * 0.401 0.340 0.003

13
ALKA

1 Y/t -0.133
2 REST 0.253
3 pH 0.520
4 Eh 0.164
5 WATR -0.395
6 SULF -0.255
7 H202pH 0.127
8 S04 0.073
9 Cl 0.626 *

10 KMnO4 0.401
11 EVAP 0.340
12 ACID 0.003
13 ALKA 1.000
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Table 6 The egenvctor and eigenvalue

z1 Z2 Z3 Z4 Z5

1 REST -0.254 0.240 -0.456 0.269 -0.452
2 pH -0.280 0.316 0.368 -0.069 -0.004
3 Rh -0.309 0.185 0.111 0.006 0.394
4 WATR -0.090 -0.422 0.473 -0.152 -0.049
5 SURF 0.217 -0.311 0.409 0.349 -0.309
1 H102PH -0.288 0.188 0.157 0.431 0.420
SO4 0.414 0.073 0.071 0.392 0.106

8 Cl 0.160 0.415 0.287 0.152 -0.058
9 KMnO 4  0.282 0.236 0.045 -0.590 0.197

10 EVAP 0.411 0.257 0.059 0.187 0.161
11 ACID 0.421 0.028 -0.232 -0.018 0.107
12 ALKA 0.021 0.445 0.285 -0.180 -0.524

Eigenvalue 4.146 3.186 1.157 0.948 0.609

Contribution 0.345 0.266 0.096 0.079 0.051
rate
Cumulus 0.345 0.611 0.707 0.786 0.837

Table 7 Regression analysis eq.(6)

Predictor Bj Student's t

Constant -2.340 -3.181
BI:pH 0.273 3.167
B2 :SULF (%) 0.432 1.807
B3:KMnO4  (g/l) 0.128 1.150
B4 :ALKA (g/l)-2.462 -1.930
n:log t (yr) 0.378 1.556

Multiple correlation coefficient R=0.546 (n=48)

Table 8 The eigenvector and eigenvalue

Zi Z2 Z3 Z4 Z5

1 pH 0.592 0.228 -0.122 0.437 0.625
2 SULF -0.405 0.127 0.783 0.405 0.207
3 KMnO 4  0.156 -0.773 0.272 -0.346 0.429
4 ALKA 0.559 -0.281 0.312 0.359 -0.618
5 log t 0.385 0.505 0.448 -0.629 -0.021

Eigenvalue 2.039 1.294 0.906 0.471 0.290

Contribution 0.408 0.259 0.181 0.094 0.058
rate
Cumulus 0.408 0.667 0.848 0.942 1.000
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Abstract

An approach and a methodology for developing a mechanistically based probability model for life prediction are
described. A single flaw probability model for localized corrosion and corrosion fatigue crack growth in steels in
aqueous environments is used to demonstrate its construction and to evaluate the approach. Statistically tight
estimates of the life, for conditions that are beyond the range used in typical supporting data, can be produced with
this approach. The probability considerations are included in the initial stages and are integrated throughout the
modeling process. The contribution and significance of each fundamental variable in the mechanistically based
model for the failure process is described. It is to be noted that the model is somewhat empirical. Assumptions are
made which simplify certain aspects of the damage mechanism. Also the assumed parameters for the model are
only reasonable estimations of the physical values; they are not the result of carefully executed experiments.

Introductim

Localized corrosion (e.g., pitting in steel), and corrosion fatigue crack initiation and growth are recognized as
degradation mechanisms that affect the durability and integrity of structures. A quantitative methodology for life
prediction is needed to help define suitable inspection intervals, to mandate repairs, and to assess the durability and
integrity of new and aging components and structures. Current life prediction methodologies are largely
statistically based, and reflect, at most, a limited number of loading and environmental variables. Their accuracy is
acceptable only for characterizing response within the range of supporting experimental data. To be effective,
however, the methodology must provide statistically accurate estimates of response for conditions not included
within the available experimental observations and must reflect the influences of key external and internal
variables. The external variables include applied stress, environmental chemistry, and temperature, and the
internal variables include chemistry within a pit or at the crack tip, material properties, initial defect size, etc. As
such, in contradistinction to many current methods, this methodology requires mechanistic understanding and
quantification of the damage processes.

In this paper a mechanistically based probability approach to life prediction for pitting corrosion and corrosion
fatigue crack growth in steel is described. The differences between the statistical and mechanistic approaches to
life prediction are addressed, and the need for adopting a mechanistically based approach is demonstrated. The
approach and the process for developing this type of model is described, and it is illustrated through a model for
pitting and corrosion fatigue crack growth in steels. Because, in reality, mechanistic models for pitting and
corrosion fatigue crack growth are not available, simplified models that capture the essential chemical and physical
features of these processes are assumed. Damage accumulation is modeled in terms of the growth of a single
hemispherical pit, which transitions at a critical size and then grows as a corrosion fatigue crack. Pitting is
considered as a constant volumetric-dissolution rate process that depends on temperature. Corrosion fatigue crack

Key terms: life prediction; probability modeling; corrosion; corrosion fatigue; fracture mechanics: steel
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growth is assumed t follow a simple power-law relationship in terms of the cyclic stress intensity range AK, with
transition from pitting to crack growth defined by the fatigue threshold AKh. Taking the pitting corrosion rate
and corrosion fatigue crack growth rate coeMfft initial pit size, and AKth as the key random variables, the
mechanistically band approach is used to estimate the influence of applied stress and temperature on corrosion and
corrosion fatigue life. The sensitivity to each of the key random variables is also examined.

It is recognized that the probability considerations are part of the initial stages of the model construction, and they
are integrated throughout the process. In fact, the probability considerations and analysis must be an integral part
of the process. It cannot be an ex post facto addition to a mechanistic study. Along with being able to make
predictions well beyond the range of available data, the model is able to account for the contributions of each key
random variable and to provide an assessment of the significance of each. It is also recognized that pitting of stMel
is much more complex, and involves continuous nucleation, growth and coalescence at multiple sites. The
illustration described herein, therefore, should not be construed as being representative of actual behavio.
Nevertheless, it does provide an estimate based on a single flaw model, and it serves to demonstrate the
effectiveness of this approach. The direction and importance for adopting this approach in the development of life
prediction methodology and directions for future research are considered.

Mechanistically based probability approach and proe.. for model developmemt

The essential advantage of this approach is the use of a mechanistically based damage accumulation model to
capture the functional dependence on all of the key (random) variables. This is a vastly different approach than the
typical statistically based approach which relies on the use of parametric models of experimental data.

It is granted that constructing a mechanistic model for which probabilistic analyses can be made is difficult,
nevertheless, is essential for making meaningful predictions. The probabilistic component of the model must be
included from the outset. It cannot be an ad hoc add-on after the mechanism is understood because accurate
parameter identification and characterization is an integral part of both the experimental design and the modeling.
The essential elements of the modeling process and their interrelationships are outlined in Table I and are shown
schematically in Figure 1. The initial step is to identify the mechanisms and all of the critical variables which
contribute to the failure process. These variables can be separated into two categories: external variables, which
describe such things as loading and environmental conditions; and internal variables, which include the structure
and properties of the material and its response to the external conditions. The design of experiments is highly
dependent on the choice of the variables used in the model because those variables, and their interrelationships,
must be identified in order to analytically evaluate the proposed probability model. In other words, the effect of a
variable must be known before it can be incorporated meaningfully into the model. Thus, one essential aspect of
the design of experiments is the verification and refinement of the mechanistic model. The development of the
mechanistic model is crucial. All of the physical, chemical, and material processes which critically determine the
degradation process must be identified, if tight estimates are to be achieved. Another aspect of the design of
experiments is the estimation of a joint probability density function (jpd) for the internal and external variables.
Such issues as the degree of scatter and the statistical interdependence of the variables must be addressed. Finally,
the mechanistic model and the jpdf are merged to produce a probability model which can estimate long-term
reliability. One of the strengths of this approach is that it is iterative in that as more data or insight become
available the modeling process can be repeated to include the additional information. This feature is especially key
to modeling long-term processes for which data become available through several years of service.

Pitting corrosion and corrosion fatigue in aqueous environments

To demonstrate the integration of mechanistic understanding with probabilistic modeling, a simplified model for
pitting corrosion and corrosion fatigue is developed. Damage is assumed to be initiated by pitting corrosion, from
which a corrosion fatigue crack can nucleate and grow. The model is illustrated schematically in Figure 2.
Randomness associated with material properties and their sensitivity to the environment are explicitly represented
in the model. Because detailed mechanistic models for pitting corrosion and corrosion fatigue are yet to be
developed, an empirically based model is used as the basis for this example.
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The key variable of interest in probtbility modeling is the time-o-failure ti of the component or the structure. The
goal is to find the cumulative distribution function (ciM) for t It is the cdf which accounts for scatter in a variable
and which allows for identification, estimation, and p of the reliability. For pitting corrosion and
corrosion fatigue, tfcan be considered as follows:

tf = t1r +tcg1 (1)

where ti. is the time for a nucleated pit to grow and transition into a crack and t ".is the time for a crack to grow to
a prescribed critical length, given by a failure criterion. To find explicit expressions for t., and tcs, the following
model is employed.

Pitting corrosion model

In keeping with [1, 21. it is assumed that a growing pit remains hemispherical in shape and grows at a constant
volumetric rate dVldt given by

-' 2 da MI
-=2xa Le- . (2)

dt nWp

where a is the pit radius, M is the molecular weight of the material, n is the valence, F = 96514coul/mol is
Faraday's constant, p is density, AH is the activation energy, R = 8.314Joule/mol-K is the universal gas constant. T
is the absolute temperature, and Ip. is the pitting current coefficient. Thus, i. is found after a simple integration to
be as follows:

2x,•p a3 a_ 3)eX F "
Wt -PO- (aa. R (3)

where a,, is the pit radius at which a crack is initiated and ao is the initial pit radius.

The transition pit radius air can be expressed in terms of the threshold driving force AK,, via the crack growth
mechanism [1, 21. For the sake of simplicity and computational expediency, assume that

AK =22 (4)

where Ae is the far field stress range, and the factor of 2.Ztx is for a semi-circular flaw in an infinite plate. Thus,

The expression for t., is found by substituting (5) into (3).

Corrosion fatigue model
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A model for corrosion fatigue crack growth has been proposed on the basis of a superposition model [3 - 51. In the
model the rue of corrosion faigue crack growth. (da/dN) is idenified micrmructurally with two parallel
mechanisms for crack growth; namely, pure (mechanical) fatiue and pure corrosion fatigue:

In (6), (daldN), is the rate of fatigue crack growth in an inert (reference) environment, and it is identified with
pure (mechanical) fatigue; (daldN), represents the cycle-dependent contribution which requires synergistic
interactions of fatigue and environmental attack, and it is identified with pure corrosion fatigue; and the fraction of
the crack that is under going pure corrosion fatigue is identified with a non-dimensional measure of the extent of
surface reaction (or surface coverage 0) during each fatigue loading cycle. It should be noted that the rates
themselves may be composed of contributions from several concurrent micromechanisms. Herein, the model is
focused on transport or surface reaction controlled processes. For steels, crack growth follows the surface reaction
controlled model (5,61.

For the sake of illustration, a generic application is considered, where the loading - unloading duty cycle is 4 and
20 cycles per day. These frequencies v are so small or the time duration is so long that 0 is essentially unity.
Thus, the simplified model, which is used henceforth, assumes that 0 is identically one, and (6) simply reduces to
the corrosion fatigue growth rate (daldN)c.

For demonstrating the proposed probabilistic approach, the basic power law form for the corrosion fatigue growth
rate (da/dN), is assumed to be the mechanistically based model. Thus,

( A l = C ( A K MI .(7)

In this model nc represents the mechanistic dependence, specifically the functional dependence of the crack growth
rate on the driving force AK, and it is taken to be deterministic. The coefficient Cc reflects material properties, and
the contributions of microstructural and environmental parameters are included in its variability. As above, AK is
given by (4).

Substituting (4) into (7) yields a simple differential equation in that the variables a and N can be separated, and an
explicit solution can be found. Assuming that N = vt, and since (7) governs the time of crack growth tc.- then

lrl~a/af) n =2

vCc(2.2Aa)
2 . c

t 2(4), 2-n 2l (8)

v(nC -2)Cc(2.2Ao), " n>2.

The resulting model is not intended to be the most accurate or general, but it is used here to demonstrate several
important modeling concepts.
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Setiom of determimisic aNd rando variable

With reference to Table I or Figure 1, observe that Ac, AK, v, and T, for example, are external variables, whereas
Cc, AKL,% ao, and a1 are examples of internal variables. It is to be noted that none of the rvs are stochastic
processes, i.e., the rvs are chosen to be mechanistically and statistically independent of time. The parameter C,
reflects variability in material properties, more specifically, it is characteristic of the resistance of the material to
fatigue crack growth and of environmental sensitivity. The initial pit size ao represents material and
manufacturing quality. The fatigue threshold &KEh is also a function of the material variability. The final rv IPO
reflects the scatter associated with the electrochemical reaction for pit growth.

Deterministic variables

Table 2 contains the values for the deterministic variables which are used in the numerical computations. It is to
be noted that some of these variables could be considered to be random; however, they are assumed to be
deterministic for this example. Most of the values in the table are self explanatory; however, a few comments are
in order. The values for the frequency v are selected to represent a long duty cycle (v = 4cyc/day) and a short duty
cycle (v = 20cyc/day) flights. The temperature values are selected to cover a reasonable range of operating
temperatures. Finally, the applied stresses Ac are typical of the design stress range for steels used in many
applications.

The characterization of a is more difficult because it is associated with the failure condition, the experimental
termination criterion, or the replacement or repair condition of a component. Certainly, there are ways in which to
define a so that it is not deterministic, and indeed, these may be more suited to reality. For simplicity a is
assumedY to be deterministic here. Such an assumption, for example, corresponds to the specification of'an
inspection limit for nf

Random variables

For this model, randomness is assumed to be introduced through the following four variables: the pitting current
coefficient Ipo, the initial pit size a0, the corrosion fatigue crack growth coefficient Cc, and the fatigue crack
growth threshold AK,,. In order to select an appropriate cdf for each random variable (rv), extensive experimental
and statistical testing is needed within the context of the theoretical probability foundations on which the cdfs are
constructed.

Because ;he cdfs are not known, the Weibull cdf is chosen, for the illustration, for all of the rvs. The Weibull cdf is
sufficiently robust to provide an adequate estimate the statistical character of the rvs [7, 8]. The three parameter
Weibull cdf is given by:

F(x) = I - ep r X Y a1 9

where a is the shape parameter, 7 is the location parameter or minimum value, and P is the scale parameter. The
parameters in the Weibull cdf are related to physical quantities in the following way: aE is characteristic of the
scatter in the rv, (PI + 7) is approximately the mean value, and I is the minimum value of the rv. It should be noted,
however, that the choice of the Weibull cdf is not an essential feature of the model development, and in fact, any
properly defined cdf can be used for the probability development.

While the approximations for the rvs are intended to be typical, at least qualitatively, they are not necessarily
quantitatively accurate. Table 3 contains the assumed values for the Weibull parameters for each rv. The main
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purpose of this illustration is to demonstrate the probabilistic approach, and the technique is sufficiently general to
allow for any changes which are more realistic physically. As far as the mathematical modeling is concerned, the
numerical values given for any of the parameters are inconsequential, but they are very important from the
standpoint of the physical model. It is precisely at this point where accurate experimental and statistical modeling
are required.

Comiptatio of the cdfs

The computation of the cdf Flt) for the life t is, in principle, straightforward since the time-to-failure is a sum of
two rvs; see (1). However, tir and 1C. are functions of the underlying rvs, and the cdf for t is found by an
application of the standard change-of-viriables theorem for multidimensional rvs. The simplest form of the result
can be found in most standard probability texts; e.g. see [9). However, a more advanced treatment containing
engineering applications is given in [ 10).

The first step in the analysis is to find an explicit expression for the life if Substituting equations (3, 5. and 8) into
(I), when n. = 2, yields

af (2. 2 AG)2
x ln/ A a ) fr t p x [- - ] ---- -6 j ]

tf vCc(2.2Aa)2  3MIP 2.2Ao) 0

The computation of the cdf for i is rather tedious, in fact, the only possible solution requires the numerical
evaluation of a multidimensional integral which is nontrivial. Nevertheless, the numerical analysis is sufficiently
well behaved that standard procedures are applicable, and the numerical accuracy is within the model precision.
For another application, with more details, which is very similar to this problem see [ 11].

Results and discubsio

Deterministic parameters such as frequency, far-field stress range, or temperature are often used to accelerate
testing. These are, therefore, the key external variables in time extrapolation. With the model at hand the
influence of each of these variables can be considered collectively or in turn. Similarly, the statistical contribution
of each of the rvs can be assessed. These analytical sensitivity studies are useful in constructing an experimental
design of experiment and in refining a mechanistic model for the failure process.

The influence of the applied stress range Aa on the predicted distribution F(t) for the time-to-failure I is shown in
Figure 3, for a frequency of 20cyc/day. The cdfs are more spread as Ao decreases which indicates that the
variability is increasing. The variability principally reflects the variations in all of the random variables. Another
observation, which is consonant with experimental results, is that F(t) is stochastically ordered in that, for fixed t,
F(t) strictly decreases as Ac decreases. In other words, for fixed F(t), the random life t decreases as the applied
stress range increases. The consequence of changing the applied stress is manifest. It is demonstrated by
observing that the mean life, from smaller to larger values, differs by a factor of about 10 over the given range.
Figure 4 is identical to Figure 3 except that the frequency has been lowered to 4cyc/day. There is less scatter for
each cdf in this case. The range of the mean failure times is more narrow, differing by a factor of about 4. Also,
notice that the mean times-to-failure are larger.

Figure 5 is the cdf for the time-to-transition, i.e. pitting corrosion, of equation (3). Notice that the amount of
scatter is the same for each cdf. In fact, a significant portion of the total life is expended in pit growth. This
phenomenon is clearly shown on Figure 6, where the cdfs for the time-to-transition and the times-to-failure for the
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two different frequencies are shown. Notice that the mean time-to-transition is about 25% and 8% of the mean
times-to-failure when the frequcncies are 20 and 4cyc/day. respectively.

The influences of temperature and frequency are contained in Figures 7 and 8. The temperature varies from 273 to
313K for two frequencies, 4 and 20cyc/day. The predicted lives reflect the influence of temperature which only
affects the time-to-transition in equation (3). The mean time-to-transition is the largest fraction of the mean time-
to-failure for the smaller temperatures, and the fraction decreases as the temperature increases It is also manifest
that the cdfs are stochastically ordered similarily, i.e., the life decreases as the temperature decreases. At 4 and
20cyc/day, the difference in mean lives is about a factor of 1.2 and 2, respectively.

Since AKh is such a critical rv in both the time-to-transition it, and the time-to-failure t its effect is displayed in
Figures 9 and 10. The mean for Ag• varies from 3.0 to 4.OMPa4m. As the mean increases, the scatter increases.
The difference in mean life varies by about a factor of 1.5, and again, a majority of the total life is due to the pit
growth.

Some obeervations

In order to insure that the single flaw model is physically consistent, the rate of flaw growth for the pitting
corrosion must be considerably less than the corrosion fatigue growth for times beyond the time-to-transition.
Figures II and 12 show the mean flaw radius versus time for the two mechanisms of growth. The key observation
is that the pit must be sufficiently large for the transition to crack growth to be instantaneous. This requirement is
directly responsible for the moderately long times-to-transition. Thus, the single flaw model for steels is not as
accurate as desired. Furthermore, it has been observed that there is substantial interaction between corrosion pits
during nucleation and growth [121. Therefore, the proper model for pitting corrosion and crack growth must
include a nearest neighbor interaction and effect. This will be the thrust of a future effort.

The next most critical aspect of the approach is the identification of all of the variables, deterministic and random.
Certainly, this will include an extensive design of experiments, but it may also include derivations for distribution
functions from the first principles of probability theory, or even some simple assumptions. The latter is primarily
the case needed to accurately model pit interactions. Also associated with this aspect of the modeling is the need
for improved mechanistic descriptions for the pitting and fatigue processes. Greater accuracy in modeling directly
results in greater accuracy in reliability estimations.

Summary

A probabilistic approach for the prediction of service lives of engineered components and structures, designed for
operation in deleterious (or corrosive) environments, has been described. Such an approach is needed for making
stochastically tight estimates (or predictions) of service life at times or loading conditions that are well beyond the
range containing typical supporting data. The methodology and utility of the approach has been illustrated in
terms of pitting corrosion and corrosion fatigue crack growth for steels in aqueous environments. The model is for
a single flaw, and the flaw growth is governed by a model for electrochemical reaction controlled pit and corrosion
fatigue crack growth, employing, for simplicity, a power-law (Paris-Erdogan) relationship for corrosion fatigue.

The probabilistic contributions from the material properties on the times-to-failure were assessed as functions of
applied stress, loading frequency and temperature. The results are qualitatively consistent, but they are not
quantitatively accurate because assumed parameters were used. Even so, this example illustrates that the modeling
approach is well-suited for making predictions beyond the range of laboratory observations, and it facilitates
parametric analysis which is not possible with most statistical approaches. The example also clearly indicates that
the mechanistic understanding of corrosion fatigue crack growth is incomplete and the distribution functions for
the key variables have not been characterized adequately. It is precisely at this point where additional research to
further develop the necessary information and understanding is needed in formulating a complete, rational
methodology for service life prediction.
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It has been shown that probability considerations and analysis must be an integral part of the modeling process. It
cannot be an ex post facto addition to a mechanistic study. Thus, the effectiveness of the approach depends
explicitly upon the quality of the mechanistic understanding of the underlying failure process and upon the
appropriate conjunction with probabilistic modeling to describe the influences of fundamental random variables
(rvs). One of the most critical aspects of the process is the selection of the internal and external variables, which
describe the degradation process, each of which may be random or deterministic.
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Table 1. The process

"* Identification of damage mechanisms

"* Identification and characterization of key (random) variables

"• Variables - external and internal

"• Probability density functions

"• Independent and dependent

"* Mechanistic model of damage process

* Functionale dependent on the key (random) variables

* Validation and range of applicability

"* Joint probability density function (jpdj)

"* Mechanistically based probability model for fife prediction

* Integration of the jpdf with the mechanistic model

* Validation (beyond the supporting data)

* Revise and refine
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Table 2. Deterministic parameters used in the model for steel

parameter steel

density p (gm/m3) 7.8x10 6

molecular weight M 56

valence n 3

activation energy AH (kJoule/mol) 35

crack frowth exponent nc 2

final crack size a (mm) 3

temperature T(K) 273, 293, 313

applied stress Aa (Ma) 400,600,800

frequency v (cyc/day) 4, 20

Table 3. Weibull parameters used in the model for steel

random variable a 0 7

initial pit radius ao (in) 12 5.0x10"7 1.5xl0"6 1.98x10 6

fatigue coefficient C, (m/cyc)(MPaqm)" 2  8 2.0x4O1 0  0 1.77x10"1 °

pitting current constant IPo, (cou!/sec) 1 1.217510-5  1.2175x40"5  2.435010-5

threshold driving force AKh (MPa4m) 10 2.102 1.0 3.0

10 2.628 1.0 3.5
10 3.153 1.0 4.0
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Abstract

Five copper-nickel alloys with nickel content ranging from 0 w/o to 100 w/o were
electrochemically investigated in sulfide polluted seawater (0 to 100 ppm S=). The
purpose of this research is to investigate the effect of both the nickel content and the
sulfide ion concentration under a simulated impingement condition. In addition, three
different complexing agents were investigated. It is found that fuchsin or EDTA can have
a beneficial effect in reducing the corrosion rate.

Introduction

Nickel alloys and particularly copper nickel alloys are commonly used in seawater
applications. A great deal of research has concentrated on studying the performance of
these alloys in this environment (e.g. 1-5). The corrosion performance of these alloys has
been shown be very suitable in marine service. Although these alloys have been shown to
be highly suitable in unpolluted seawater, enhanced corrosion in this environment has
been shown to be associated with sulfide contamination (6-8). These alloys were also
shown to be susceptible to impingement attack even in unpolluted seawater (1 and 3). As
indicated by Evans (3) even with the best materials (e.g. pure nickel) there is still risk to
corrosion to condenser tubes if the water used contains hydrogen sulfide or cystine

S.CH2.CH(NH2)-COOHI
S .CH2.CH(NH2).COOH

a substance derived from seaweed. It was concluded (3) that this trouble has not been
entirely overcome. In this investigation it is attempted to investigate the corrosion
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behavior of nickel alloy (0 to 100 w/o) under impingement attack in sulfide polluted
seawater (0 to 100 ppm S=). In addition the effects of addition of various organic and
inorganic complexing agents was undertaken in order to investigate a possible mode of
inhibit;on.

EXPERIMENTAL METHODOLOGY

Test Specimens

Nickel containing alloys including copper-nickel specimens were supplied in the form of
sheets. The copper-nickel alloys were 90/10 and 70/30 Cu/Ni (C70600 and C71500). In
addition pure copper and pure nickel were investigated. An additional alloy was investigated
which contains Cu/Ni in the ratio of 30170. The chemical analysis of the alloys investigated
are shown in Table 1. The were prepared by punching out of 5/8 inch disks for corrosion
measurement and evaluation. This was followed by a grinding process of the surface of each
specimen according to ASTM standards.

Testing Conditions

Experiments of corrosion measurement were conducted utilizing standard seawater. This
was prepared with distilled water and standard seawater salt. Standard seawater salt
(Marinemix + Bio-Elements from Wiegandt GMBH & Co. F. R. Germany) was used to
reduce the variability effects resulting from conducting measurements using natural
seawater. Experiments were also conducted in sulfide polluted seawater. The sulfide was
introduced using research grade sodium sulfide (Na 2S). The level of sulfide in the
seawater was checked by the iodimetric method of analysis. Various experiments were
performed as shown in Table 2. The specification of organic and inorganic complexing
agents (analytical grades) used in this study are shown in Table 3.

Testing Equipment and Procedure

Electrochemical corrosion measurements were made at 20 oC for all the previously
mentioned conditions, using a computer controlled Potentiostat / Galvanostat (EG&G). A
modified electrochemical corrosion testing cell was used where a combination of a
circulating pump and a jet nozzle (diameter = 0.001 m) was set up to simulate jet
impingement attack as was shown in Figure 1. The stream velocity was measured at the
tip of the nozzle and was found to be 6.1 m/s. The separating distance between the tip of
the nozzle and the working electrode was fixed at 3 mm. Preliminary corrosion
measurements were always performed after four hours. Also, repeated linear-polarization
measurements were performed on all the specimens after four hours of exposure to the
environment and the values of polarization resistance (Rp) were determined. Cyclic
voltammograms sweep were also performed to check the susceptibility to localized
attack. The electrochemical tests were run with a saturated Calomel Reference Electrode
(SCE). The stability of the SCE was checked following each experiment against a fresh
SCE to ensure the reliability of the experiments. The scan rate of the experiments was
0.166 mV/sec. The experiments were conducted repeatedly under the same environmental
conditions in order to obtain reproducible results. In unpolluted seawater, reproducibility
was good. In polluted seawater, reproducibility of the Tafel slopes were poor, which is
consistent with reported results in the literature (4).
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RESULTS AND DISCUSSION

Influence of Sulfide Concentration

Figure 2 shows the reciprocal of the polarization resistance of nickel-copper alloys in
sulfide polluted seawater. It is clear that sulfide is very deleterious to the alloys with low
nickel content. The sulfide is most deleterious for pure copper and least influential for
pure nickel alloys. It can be seen that as the sulfide concentration is increased. there is a
gradual increase in the electrochemically determined corrosion rate. This is particularly
true for alloys with lower nickel content. Thus for 3OCu:7ONi and pure nickel the
deleterious effect of sulfide is not influenced by sulfide concentration. This more clearly
shown in Figure 3. Reasonable protection against sulfide attack is achieved beyond 30%
nickel. This is in agreement with the results which are shown in reference (9) for these
alloys in unpolluted seawater.

Mechanism of Corrosion in the presence of Sulfide

In Figure 4 the anodic Tafel slopes for the effects of variations in sulfide concentrations
and nickel content of the alloys are shown. It can be concluded that Pa for the copper-
nickel alloys ranges between 60 to 100 mV per decade consistent with reported values for
electrochemical reactions (9). This trend breaks for alloys with low nickel content in
highly polluted seawater (e.g. 100 ppm S'). This can be due to the formation of dense
sulfide corrosion product which even under jet impingement condition still persists at the
surface which is associated with alloys with high copper content. In this case there is a
shift in the corrosion potential to a very high active corrosion potential as shown in
Figure 5 (i.e. -900 mV). Figure 5 shows that in unpolluted seawater, increasing the nickel
content results in a shift in the corrosion potential in the noble direction, indicating the
formation of a more passive layer with increasing nickel content. This is also true when
sulfide is present. It should be noted that generally increasing the sulfide concentration
will render these alloys more active for alloys with high nickel content. However, for
alloys with low nickel content and for low sulfide concentration there is a tendency for
the alloys exhibit a shift in the noble direction. This supports the idea that the mechanism
of corrosion reaction is coupled to the amount of nickel present (2). This effect
particularly important on the cathodic reaction. This is clearly shown in Figure 6, where
the cathodic Tafel slopes for alloys with lower nickel content differs from those with high
nickel content (e.g. greater than 30%).

Table 4 gives the slope of the reciprocal of the polarization resistance with the sulfide
concentration. At high sulfide concentration, the corrosion rate is practically independent
on the sulfide concentration. This is also true for low sulfide concentrations for alloys
containing high nickel content. However, the alloys become highly sensitive to sulfide
concentration at lower sulfide concentrations and as the nickel content is decreased. From
Table 5, it can be seen that at low sulfide concentration (<10 ppm) the alloys with lower
nickel content become more active with increasing sulfide concentration. While, at high
sulfide concentration (>10 ppm) these alloys tend toward nobility with increasing sulfide.
At high sulfide concentration (>10 ppm), the alloys are tending toward nobility at a
decreasing rate with increasing nickel content.
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Effects of Complexing Agents

Figures 7 to 10 show the influence of various complexing agents on the corrosion rate.
Figure 7 and 8, show that the effect of addition of 5 ppm fuchsin and 200 ppm EDTA
respectively. It is clear that both of these organic complexing agents are effective in
reducing the corrosion rate. It was also possible to achieve a corrosion rate lower than
even unpolluted seawater as in the case of pure copper. While ferric ions (100 ppm)
alone, as shown in Figure 9, or in combination with 200 ppm EDTA, as shown in Figure
10, increases the corrosion rate over the whole range of nickel content (i.e. 0.0 to 100
w/o). Thus ferric ions can be classified as a stimulator for the corrosion reaction.

Effects of Complexing Agents on localized Corrosion

The extent of localized attack was evaluated using potentiodynamic scanning or cyclic
voltammograms (10) in the piesence of various complexing agents in 2 ppm sulfide
polluted seawater. It is shown in Table 6 that, in the presence of fuchsin or EDTA, alloys
with high nickel content are susceptible to localized attack. While at low nickel content
(i.e. 0.0 to 30 w/o), localized attack is limited. Although ferric ions alone or in
combination with EDTA are stimulator for corrosion reaction where they increase the
corrosion rate by an order of magnitude as shown in Figures 9 and 10, the susceptibility
to localized attack was low.

Mechanism of Corrosion in the presence of Complexing Agents

In Table 7 shows the anodic Tafel slopes for unpolluted and sulfide polluted seawater
containing various complexing agents. It is seen that f~a for unpolluted seawater is around
59 mV/decade independent of the nickel content. In the presence of 2 ppm sulfide
polluted seawater the Tafel slopes shift to around 100 mV/decade. This indicates that in
the presence of sulfide the rate determining step of the anodic reaction changes from two
electrons charge transfer to one electron charge transfer reaction. However in sulfide
polluted seawater the addition of fuchsin will change the rate determining step of the
anodic reaction to one electron transfer reaction. However, the addition of EDTA or ferric
or a combination of the two, the corrosion mechanism of the anodic reaction is not
significantly affected. In support of this mechanism are the corrosion potential values
shown in Table 8 which indicate that in unpolluted seawater and in polluted seawater
containing fuchsin, the corrosion potential gradually shift in the noble direction with
increasing nickel content. This is the situation where the corrosion reaction is under
cathodic control. It can be concluded from Table 9 that in sulfide polluted seawater with
or without additives the cathodic partial reactions are under diffusion control since the
cathodic Tafel slopes approaches infinite value for most of the cases investigated.
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Condcusos

The following conclusions can be drawn on the corrosion of nickel alloys in sulfide
polluted seawater under jet impingement conditions:

Sulfide is shown to be very corrosive toward nickel alloys with low nickel
content.

The effect of sulfide toward nickel alloys is strongly influenced by both the
sulfide concentration and the nickel content.

The effect of nickel in improving the corrosion resistance in sulfide polluted
seawater is related to the effect of nickel on the cathodic part of the corrosion
reaction.

It is shown that complexing agents such as fuchsin and EDTA can greatly
improve the corrosion resistance these alloys under these conditions. However, at
high nickel content these complexing agents might lead to enhanced susceptibility
toward localized attack.

Ferric ions addition alone or in combination with EDTA can enhance the
electrochemically determined corrosion rate under these conditions. However, in
the presence of ferric ions, the susceptibility to localized attack was unlikely.
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TABLE I
The Chemical Analysis of the Alloys Investigated.

Compsition
Alloy %Cu %Ni %Fe %Mn

Cu 99.9 -

CDA 706 88 10 1.4 0.4
CDA 715 69 30 0.6

VDM 30/70 32. 64.7 1.97 0.72
VDM NICKEL 99.6 0.01 99.7 0.03 0.10

TABLE2
The Environmental Test Matrix for the Two Alloys under Investigation.

TESTING Pure 90110 70/30 30170 Pure

CONDITIONS Copper Cu/Ni Cu/Ni Cu/Ni Nickel
UNPOLLUTED SEAWATER

POLLUTED SEAWATER2 PPM s' ý• • /•
10 PPMS= 4ý - 4

100 PPM S= '4 4 ''
2 PPM S= POLLUTED SEAWATER

5 PPM FUCHSIN
200 PPM EDTA '4 '4 '4 '4 '4

100 PPM FERRIC '4 '4 '4 '4 '4
200 PPM EDTA + I00 PPM FERRIC '4 ' '4 '
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IAILEI
The Organic Complexing Agent Used in the Present Investigation.

kbbreviation Chemical Name Chemical Formula Molecular

Weight

EDTA Ethylene Diamine fetra-acetic [CH2.N(CH2.COOH).CH 2.COONa]2. 372.24

Acid-diasodium salt 2H 20

Fuchsin Fuchsine basic; Magenta;

Rosaniline C20H21N30 282.66

Methanol,(4-amino-3-

methylphenyl)-bis(4-amino-

phenyl)

Ferric Ions Iron (HI) Chloride FeC3y6H20 270.1

Hexahydrate

TABLE4

The slope of the reciprocal of the polarization resistance with sulfide concentration.

Nickel Content d(l/Rp) •- 1 cm-2 ppm-'

d[S= _
w/o low sulfide concentration high sulfide concentration

0.30 - 0.0
10.0 0.14 ~ 0.0
30.0 0.10 ~ 0.0
70.0 0.02 - 0.0
100.0 0.02 - 0.0
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Abstract

This paper presents an investigation of the erosion-corrosion and cavitation-corrosion
behaviour of nodular cast iron in seawater. The investigation stemmed from a failure analysis
of cast iron globe valves which were used in flowing seawater cooling systems of a petroleum
refinery. Under stagnant conditions, the corrosion rate was very low and thin scales were
formed, while there was a sharp increase in the corrosion rate and thick scales were formed
under flow conditions. Removal of the scales revealed that corrosion was more intensive
around graphite nodules. The cavitational corrosion rate was found to be 38 times higher than
that under erosion-corrosion conditions and the cavitation damage initiated at the ferrite phase
in addition to the graphite nodules. The mechanical factor was found to override the
electrochemical factor during cavitation. The application of cathodic protection was found,
however, to decrease the mass loss rate by about 50%. In the absence of applied protection
methods, nodular cast iron was found not to be suitable as a valve material for refinery service
in the Arabian Gulf seawater.

Key terms: erosion-corrosion, cavitation-corrosion, nodular cast iron, seawater

Introduction

Cast irons remain to be the most important and versatile materials for the manufacturing of
valves although in some industries they are slowly being supplemented by more expensive
alloys. There is no economic alternative to the extremely attractive cost/life ratio of the cast
irons despite some limitations in brittleness, ductility, and pressure performance. Cast iron
globe valves are used worldwide for flow regulations of seawater. One of the major needs of
designers is knowledge of the operating limitations imposed by flow-dependent corrosion
phenomena. As higher rates of flow are introduced, specific types of corrosion often appear,
namely, corrosion due to mass transfer, erosion-corrosion, and cavitation-corrosion1 -3. These
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types of corrion are described according to their appearances and causes which are brought
about by the flow mechanics of the system.

This article presents the results of a study conducted to compare the erosion-corrosion and
cavitation-corrosion behaviour of nodular cast iron in Arabian Gulf seawater. The study
stemmed from a failure analysis which was carried out on globe valves of sizes 3-, 4-, and 6-
in. (7.62, 10.16, and 15.24 cm, respectively) used in the return lines of seawater heat
exchangers of a petroleum refinery in Kuwait 4 . Several of these valves failed within just rix
months of service, although the expected service life was three to five years. It was suspected
that the operating seawater flow velocity exceeded the design value and consequently led to the
early failures. Therefore, it was deemed desirable to compare the corrosion behaviour under
stagnant, erosion and cavitation conditions.

Experimnmtal

Erosion-corrosion tests were conducted using an apparatus similar to that used by Molgaard 5 .
The apparatus consisted of a wheel that rotated in a tank containing an arrangement of baffles
to inhibit the movement of seawater in the direction of rotation of the wheel. The wheel and
baffles were made of perspex and the shaft was made of stainless steel. The test specimens of
nodular cast iron were mounted on the wheels using nylon screws to avoid galvanic corrosion.
Arabian Gulf seawater was used in testing. It was slowly refreshed every 48 h in an external
tank connected to the testing tank.

The test specimens were machined from the base of a failed valve. They were rectangular in
shape, measuring 3 cm in length, 2.3 cm in width, and 0.65 cm in thickness. An average area
of 12.5 cm2 of each specimen was exposed to the seawater. The tests were carried out at
rotational speeds of 300, 650 and 1000 rpm (2.5, 5.4, and 8.3 m/s, respectively) at room
temperature. The mass loss was determined by calculating the difference in weight before and
after cleaning in Clark's solution for two specimens taken out of the apparatus at each interval
of time. The mass of the scales as well as the corrosion rate in stagnant seawater were also
determined.

Cavitation tests were carried out at a frequency of 20 kHz and an amplitude of 25 gim, using
an ultrasonically induced cavitation facility. The test specimens were also cut from a failed
valve. They had a diameter of 1.59 cm and a thickness of about 0.27 cm. They were either
attached or unattached to the apparatus horn. When they were not attached to the horn, they
were mounted on a special holder which was placed at a distance of 0.125 cm from the horn.
Before testing, all specimens were mechanically polished with silicon carbide papers up to
1200 grit. They were subsequently cleaned, degreased, and then weighed before and after
testing. For morphological studies, some specimens were etched in 3% nital etchant solution
before testing.

Some cavitation tests were conducted under cathodic protection to eliminate the effect of
electrochemical dissolution. In these tests, the specimens were polarized potentiostatically at -
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50 mV with respect to the free corrosion potential value. Linear polarization resistance
technique was also used to determine the electrochemical corrosion rate. Saturated calomel
reference and graphite counter electrodes were used in these experiments.

After testing, detailed morphological examinations were made on the specimens using optical
microscopy and scanning electron microscopy (SEM).

Results

Erosion-corrosion Tests

Figure 1 shows the rate of mass loss of nodular cast iron as a function of time and seawater
flow velocity. The rate of mass loss sharply increases with time until a peak is reached after
about 3 d of testing, which is then followed by a gradual decrease until almost a steady state is
attained after about 21 d of exposure. The rate of mass loss at the peak increases with the
increase in the seawater flow velocity. The rate of mass loss at the steady state is almost the
same at flow velocities of 5.4 and 8.3 m/s, and is slightly higher than that at 2.5 m/s. Under
stagnant condition, the mass loss was low and the rate amounted to 0.14 mg/cm2 /d.

In stagnant seawater, a loosely adherent corrosion product layer was formed on the surface of
the material. The layer was smooth and mostly dark grey in colour. In flowing seawater, a
fairly uniform and thin reddish-brown scale was initially formed. The scale was similar to that
observed during testing in stagnant seawater but was considerably more adherent to the
surface. After a few days of testing, small portions of the scale became swollen and then
started to flake off. Parallel markings representing seawater flow pattern developed in the
scales after 7 d of exposure. After 14 d of exposure, the scales became relatively thick, and in
some areas the swollen blisters flaked off showing either bare metal or a surface covered with
a thin scale layer (Figure 2). When the testing time was increased up to 25 d, the overall
appearance of the scales remained the same. However, a second scale layer was observed
filling the flaked blisters. Table 1 shows the mass of the adhered scales at the different flow
velocities. In general, the increase of exposure time leads to an increase in the mass of the
scale until about 17 d of exposure, after which a further increase of exposure time significantly
increases the mass of the scale.

Microscopic examination of the metal surface after removal of the scale, which was formed
during 7 d of exposure to the flowing seawater, revealed that the corrosion attack had a
localized nature and was more intensified around the graphite nodules below the swollen
blisters (Figure 3). The appearance of the metal after removal of the scale was almost the same
at the different velocities. The localized attack was found to spread laterally after 15 d. At this
stage, the surface became rough. The spreading of this attack was noticed to be associated with
loosening and removal of neighboring graphite nodules. After 25 d of exposure, the same
morphological features were found. However, the corrosion around the graphite nodules
spread over the surface and increased in depth.

3M0



Cayitati..-Correeo Tests

The mass loss as a function of time of the nodular cast iron specimens, whether attached or
unattached to the horn of the cavitation apparatus was followed for about 400 min. of testing
in seawater. Figure 4 shows that the mass loss rate initially increases rapidly until it reaches a
maximum value after about 1 min, decreases sharply up to about 4-6 min., and then decreases
more slowly until reaching a steady state after 12-20 min. of cavitation. The mass loss values
were higher for the attached specimens than for the unattached specimens.

Other mass loss experiments were conducted on unattached specimens, wherein protection, by
impressed cathodic current, was applied during cavitation testing. The results indicated that at
the steady state the rate of mass loss under cathodic protection (cavitation erosion rate)
amounted to 0.026 mg/cm2 /min. as compared to 0.052 mg/cm2 /min. under free corrosion
conditions (cavitation corrosion rate).

The polarization resistance of cast iron exposed to cavitation or quiescent conditions in
seawater was determined as a function of time. The electrochemical corrosion rates were
computed and the results are given in Figure 5. It is clear that the corrosion rate under
quiescent conditions was almost constant throughout the test and was considerably lower than
that of the cavitated specimens whether attached or unattached.

During the first minute of cavitation testing, the surface was bright, and damage could not be
identified visually. After cavitation for 2-10 min., the specimens showed erosion markings in
the form of radial rays pointing towards the specimen periphery (Fig. 6a). After exposure for
longer periods, cavitation took the form of deep craters and cavities over the entire surface of
the specimen (Fig 6b). For attached specimens, the damage was observed after shorter
exposure times than for unattached specimens.

SEM examinations were carried out on the attached specimens to determine the
micromorphology of the cavitation damage. After I min. of cavitation, localized areas suffered
from surface damage: some graphite nodules were fragmented and others were completely
removed, leaving circular craters of cavities; the surrounding matrix remained smooth and
unattacked (Figure 7a). After 5 min., microcavities (erosion pits) appeared in the matrix of the
attacked areas together with other cavities caused by the loss of graphitic nodules. The erosion
pits were randomly scattered in the matrix and were unrelated to the graphite. Their diameter
was about 2 gm compared with the 30-80 pm diameter of the cavities. After 10 min., the areas
of localized attack became more pronouned, with increasing numbers of cavities, micropits,
and surface deformations (undulations). After 30 min., further mechanical damage to the
surface appeared; the attacked areas became larger, more distorted and engulfed the
microcavities. Longer cavitation testing (5.5 h) led to non-uniform surface erosion and showed
ductile removal of material from the matrix (Figure 7b) and cracks (Figure 7c) that passed
through areas of the matrix where a cluster of graphite nodules had been removed.
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The above characteristics of the cavitation damage were similar for the attached and unattached
specimens as well as for cavitated specimens under cathodic protection. However, the time
needed to reach a certain stage of damage was longer in the case of unattached specimens or
under cathodic protection.

Specimens cavitated for 5.5-6 h were cross-sectioned and optically examined. For the attached
and unattached specimens, the cross-sections showed some differences in roughness profiles.
The attached specimens had fewer but deeper craters than the unattached ones. Examination of
the attached specimens showed cracks 3-21pm long that propagated into the matrix (Figure
8a). These cracks originated at the bottom of non-uniform deep craters, 0.05-0.2 mm in depth
and 0.2-0.5 mm in width. Other subsurface cracks which did not originate from the eroded
surface were also found in the matrix (Figure 8b). All crack forms that were observed in the
attached specimens were also found in the unattached specimens.

Discussion

Effect of Flow on Corrosion Morphology

In general, erosion-corrosion or cavitation-corrosion damage increases in corrosive liquids
such as seawater due to the combined action of the electrochemical corrosion and the fluid
mechanical component 6 . Arabian Gulf seawater seems to be more aggressive than other water
bodies7 . It contains higher salt, different pollutants such as sulfide, ammonia, and organic
materials, as well as suspended matters such as sand and silt. Other factors include the hot
climate and wide variations in seasonal temperatures.

The failure investigation4 revealed that the 4- and 6-in. valves (10.16 and 15.24 cm,
respectively) suffered from both general and localized corrosion enhanced by the flowing
seawater. The presence of voluminous corrosion products in these two valves indicated that the
flow conditions inside these two valves were not severe and falls within the domain of
corrosion due to enhanced mass flow. This conclusion is supported by the present erosion-
corrosion work where thick scales were formed during testing in seawater. Corrosion blisters
and cracked blisters were also observed on the scales. It is worth noting that under stagnant
seawater condition the scales were very thin and no blisters were observed. The cracking of
the blisters in flowing seawater exposed the underlying metal to further corrosion which was
more intensive around the graphite nodules. Lotz, et al., 8 observed that bulky surface layers
were formed in chloride solutions at velocities up to 10 m/s, while at higher flow velocities the
surface layer was thin and more adherent.

The 3-in. (7.62 cm) valve, on the other hand, was shown4 to have been exposed to a high
turbulent flow, enhanced may be by its small size and globe design. This was evident in the
presence of cavities and cracks within the material. The present laboratory cavitation work
reproduced the same morphological features which were observed in the 3-in. valve. The
damage in laboratory testing appeared as fragmentation of graphitic nodules and complete
removal of some nodules, leaving surface cavities. As cavitation time increased, erosion pits
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appeared randomly on the ferrite matrix. Thus, cavitation damage in cast iron not only
initiated at graphite nodules as mentioned by Okada and co-workers 9 , 10, but also in the ferrite
matrix. The cavities in the ferrite matrix appeared to be due to ductile tearing caused by the
sudden collapse of the liquid bubles. It is worth noting that surface cracks also initiated at the
eroded surface and propagated into the matrix. These cracks were similar to those previously
observed in the failed 3-in. valve.

Effect of Flow on Rate of Mass Les

The results of the laboratory work indicate that the mass loss rate curves during erosion-
corrosion and cavitation-corrosion show three zones: the accumulation zone, in which the mass
loss rate increases to a maximum; the attenuation zone in which the mass loss rate decreases;
and the final steady state zone. Many investigators 1 believe that the mass loss rate in the
steady state regime is the most important, since it depends on the characteristics of the material
itself and, thus, is usually taken for comparison and correlation purposes, the other zones
depend on specimen surface condition, geometry, test conditions and temperature.

Under erosion-corrosion conditions, the steady state corrosion rate was about 18 times that
obtained under stagnant conditions. The decrease in the mass loss following the peak can be
attributed to the increase in the thickness of the scales in addition to the scales becoming more
compact after long exposure to the seawater4 ,8 . Thus, at a certain stage, the corrosion product
layer serves as a barrier and retards further corrosion. Under these conditions, phase-boundary
reactions, pore diffusion in the scale layer8 , as well as the mechanical destruction of the scale
are all participating in controlling the corrosion process. In other words, the rate of damage is
predominantly electrochemically controlled.

At the steady state, the mass loss rate during cavitation-corrosion of attached specimens was
found to be 38 times that during erosion-corrosion. The results of the cavitation study also
indicate that the mass loss rates for the attached specimens are 25% higher than those for
unattached specimens. These results can be explained on the basis that material removal as a
result of cavitation (mechanical and electrochemical action) is much higher than that due to
enhanced mass flow such as durin2 erosion-corrosion and that the attached specimen is
exposed to an extra mechanical factor=2 .

The results obtained under cathodic protection may throw some light on the separation of the
electrochemical corrosion and the mechanical deterioration of the material due to cavitation.
The lowest possible cathodic potential was applied so that hydrogen evolution was limited. In
this situation, the possibility of a reduction in the bubble collapse pressure due to the
cushioning effect of hydrogen is diminished 13 . Table 2 shows the mass loss rates obtained
under different conditions of testing. It is clear that the mass loss rate of a cavitated specimen
under cathodic protection (Wc) is about 50% lower than that in the free corrosion condition
(Wt). The difference between these two values (Wt-Wc) = W) should be equivalent to the
electrochemical corrosion rate (We) of the alloy. However, as shown in Table 2, We
amounted to less than 0.001% of W. In other words, W cannot be related only to
electrochemical corrosion. Consequently, the only available explanation is that the
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electrocheMcal factor must have enhanced the mechanical damage and thus led to much higher
mass loss than the sum of Wc and We.

A comparison of the electrochemical corrosion rate obtained under quiescent condition (Wq)
with that under cavitation condition (We) reveals that the rate increases by about six times due
to cavitation. This is expected as the kinetics of the electrode process are enhanced by
cavitation, which can be ascribed to the role played by several factors, e.g. turbulent flow
under cavitation, diffusional processes, and breakup of the adsorbed layersI4. It is interesting
to observe that the cavitation corrosion rate was about 75000 times higher than the
electrochemical corrosion rate under cavitation conditions. In other words, the greatest portion
of damage is due to mechanical breakdown of the material surface and subsequent particle
separation and ejection from the metal. This indicates that the mechanical factor overrode the
electrochemical factor in the acceleration %,f material loss.

The above results reveal that nodular cast iron is not performing satisfactorily in Arabian Gulf
seawater whether the flow velocity is low or high. This is particularly true in the absence of
cathodic protection. Work on alternative valve materials 7 revealed that high chromium cast
steel was immune to corrosion and/or erosion damage. Moreover, accelerated tests showed
that the service life of Ni-resist cast iron is eight times that of nodular cast iron7 .

Conclusions

1. In seawater under flowing or cavitation conditions, the corrosion rate of nodular -cast
iron was greatly enhanced reaching peak values which were followed by a gradual
decrease till steady states were reached. At the steady states, the cavitation-corrosion rate
was about 38 times that under erosion-corrosion conditions which was about 18 times that
under stagnant conditions.

2. At moderate to low flow velocity, corrosion of nodular cast iron initiated around graphite
nodules, leading to loosening and removal of the graphite. However, under cavitation
condition, the initiation of damage was not only at the graphite nodules, but also in the
ferrite matrix.

3. The mechanical factor was found to override the electrochemical factor during cavitation
damage. The application of cathodic protection was found, however, to decrease the mass
loss rate by about 50%.

4. In the absence of cathodic protection, nodular cast iron was found not to perform

satisfactorily in Arabian Gulf seawater whether the flow velocity was low or high.
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Table 1. Man Mass of Adhered Scale in mg/cm2 at Different Flow Velocities

Duration 2.5 5.4 8.3
(days) (m/s)

3 - 19.71 18.89
7 10.89 28.90 33.70
10 20.91 35.09 37.80
14 23.95 39.10 31.25
17 25.07 42.39 30.77
21 31.82 50.08 37.55
25 49.13 54.78 37.00

Table 2. Rates of electrochemical corrosion, cavitation-corrosion,
and cavitation-erosion under various test conditions for
nodular cast iron in seawater

Test condition Mass loss rate,
pg/c, 2/min.

1. Cavitation under free corrosion
condition, mass loss
(cavitation-corrosion WO 52.0

2. Cavitation under cathodic protection,
mass loss (cavitation-erosion Wc) 26.0

3. Cavitation under free corrosion
condition, polarization resistance
(electrochemical corrosion We) 0.00035

4. Quiescent under free corrosion
condition, polarization resistance
(electrochemical corrosion Wq) 0.000056
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Figure 1. Rate of mass loss of nodular cast iron as a function of time in stagnant and flowing
seawater.

A B
Figure 2. SEM micrographs showing: (a) a swollen blister, and (b) a cracked blister in nodular

cast iron tested in seawater flowing at 5.4 m/s for 14 d.

Figure 3. SEM micrograph showing corrosion around graphite nodules, magnification 200X.
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Figure 4. Mass loss rates of cavitated cast iron in seawater as a function of time for attached
and unattached specimens.
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Figure 5. Electrochemical corrosion rate vs time for cast iron in seawater calculated from
polarization resistance measurements.
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A B
Figure 6. Photographs showing surface appearance of cast iron after cavitation testing.

(a) after 30 min; and
(b) after 5.5 h.

A

B C
Figure 7. SEM micrographs of attached cast iron after cavitation testing in seawater.

(a) after 1 min, fragmented nodules and cavities;
(b) after 5.5 h, ductile removal of material from the ferrite matrix; and
(c) after 5.5 h, cracks in the cast iron

3611



A

B

Figure 8. Optical micrographs of cross-section of attached specimens after cavitation testing in
seawater.
(a) cracks originating from bottom of craters; and
(b) subsurface cracks.
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Abstract

Aluminium alloys are extensively used in seawater because of the
formation of protective oxide layer on the surface. This oxide
layer formation can be affected by the presence of pollutants
like sulfides in sea water. The effect of sulfide ions on the
corrosion behaviour of aluminium alloy (H20) in synthetic
seawater has been studied by polarisation method. A marked shift
of open circuit potential in the cathodic direction with increase
of the sulfide concentration 2 50 ppm has been found. At these
concentrations, a well defined passive range is observed due to
the formation of sulphur film. Due to this, the pitting tendency
of H20 aluminium is decreased in the presence of high sulfide
concentration which is confirmed from the pitting and
repassivation potentials.
Key terms Pitting, Aluminium alloy, Sulfide, Synthetic
seawater

Introduction

In recent years aluminium alloyy find applications in offshore
structures for oil production . Among the aluminium alloys,
AI-Mg-Si alloys are found to be the most suitable alloy for sea
water applications due to its more corrosion resistant
properties. Corrosion of aluminium alloys in seawater is mainly
of pitting type with the rate of pitting of 3 to 6 microns per
year initi~lly and 0.8 to 1.5 microns per year over the period of
ten years . The corrosion behaviour of alumigium alloys in
seawater has been reviewed by Fink, et.al., . The pitting
corrosion of alumigium alloys is minimised by the addition of
suitable inhibitors' like chromates, nitrates etc., Besides the
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addition of the inhibitors, addition of sulfide ions5 has been
shown to improve the pitting resistance of aluminium a] loys in
seawater. In this paper, the corrosion behaviour of H20 aluminium
alloys in synthetic seawater in the presence of sulfide ion is
reported.

Experimental

Aluminium alloy (H20) with stem exposing an area of 2 sq.cm was
used. The stem was masked with araldite. The electrodes were
polished with cloth emery wheel and degreased with
trichloroethylene. Potentiodynamic polarisation studies were
carried out in a three electrode cell at a sweep rate of 1 mV/Sec
using potentiostat (PAR 173, USA), Universal programmer (PAR 175,
USA) and X-Y recorder. The potential of the electrode was
measured with respect to saturated calomel electrode and a
platinum electrode was used as an auxillary electrode. Synthetic
seawater and sulfide solutions were prepared using ANALAR
chemicals in distilled water. All the experiments were carried
out at 28 ± 10 C.

Results and Discussion

The effect of sulfide ions, in the concentration range of 0 to
100 ppm, on the corrosion and pitting tendency of H20 aluminium
alloy in synthetic sea water has been studied by potentiodynamic
polarisation method. Figs 1.a and 1.b show the polarisation
behaviour of H20 aluminium alloy in synthetic seawater containing
sulfide ions. Table 1 summarises the corrosion parameters like
open circuit potential, corrosion current, pitting and
repassivation potential. The corrosion rate has been found to be
increased markedly even in the presence of 10 ppm of sulfide ion.
On further increase in sulfide ion concentration the corrosion
rate increases and reaches a steady value at 50 ppm of sulfide
ion concentration.

The open circuit potential remains unaffected upto 10 ppm of
sulfide ions. At higher concentrations of sulfide ions, the open
circuit potential has shifted to more cathodic values indicating
a decrease of cathodic reaction. Moreover, for sulfide
concentration greater than 50 ppm, a well defined passivation
behaviour has been observed. It has been found that the pitting
potential is Ž -650mV and the repassivation potential is around
-750 mV for sulfide concentrations greater than 50 ppm. The
magnitude of the pitting and repassivation potential is more than
+ 300 mV from the opencircuit potential.On visual inspection of
aluminium electrode after polarisation experiments in synthetic
seawater containing 50 ppm and more sulphide concentration
formation of sulphur film has Peen observed. This is due to the
oxidation of sulfide ion. Huang et al have reported that during
anodic oxidation of sulfide on gold, multilayers of elemental
sulphur film is formed.
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Cunu. lusion

The presence of sulfide ions in synthetic seawater increases the
corrusion rate of 1H20 aluminium alloy. However the pitting
tendency is very much reduced in the presence of highec
concentrations of sulfide ions due to the formation of sulphur
film.
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TABLE I
CORROSION PARAMETERS FOR H 0 ALUMINIUM ALLOY IN SYTHETIC

SEAWATER CONTAINING SULFIDE

S.No. Sulfide OCP E ct Erepj0iva on i rr2
ppm mV vs SCE mVs SCE s uA/cm

1. 0 -730 -720 --- 0.1
2. 10 -730 -715 -0.65
3. 25 -880 -710 -720 1.00
4. 50 -1150 -650 -750 0.75
5. 75 -1180 -630 -750 0.60
6. 100 -1250 -600 -750 0.60
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Abstract

Application of protective coatings and cathodic protection is a well-known corrosion
control method for steel structures subjected to aqueous immersion. In this present study,
the corrosion performance of different types of paint systems on carbon steel substrates
has been investigated.

The tests were carried out in the laboratory with specimens immersed in synthetic sea
water, and polarised to a potential of - 1000 mV and - 1200 mV (SCE). The duration of
the test was six months, after which the disbonding of the paint films was determined as
the loss of adhesion occuring round an artificially formed holiday. The degree of blistering
was recorded also.

The test results showed that coal tar epoxy paints, epoxy powder paints, and the almost
solvent-free epoxy paint had the best corrosion resistance on steel surfaces. The use of
zinc-rich paints for cathodically protected marine steel structures is questionable. Zinc
reacts easily under alkalic conditions with hydroxide ions formed at the point of the defect
and may cause abnormal disbonding of the coating.

The film thickness and the surface roughness have a great influence on the paint
performance. The role of the steel grade on the performance of paint films is of minor
significance but in certain cases, weathering steels may offer a better choice for painted
steel structures under cathodic protection in marine conditions.

Key terms: steel, paint, cathodic protection, disbonding, blistering
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Introduction

Protective organic coatings and cathodic protection are widely used to control corrosion of
steel structures subjected to aqueous inmersion or buried onshore conditions. Protective
coatings prevent corrosion by isolating steel from the corrosive environment while cathodic
,".tection is the use of an impressed current to prevent or to reduce the rate of corrosion
of a metal in an electrolyte by making the metal the cathode.

In the presence of a defect in the coating, the metal itself is cathodically protected, but
electrolyte is permitted to reach the metal surface. Under these conditions, the cathodic
half reaction

O 2 + 2H 20+ 4e•- -4OH- (1)

prevails and causes an increase of pH value. This reaction occurs under the coating at
the defect and causes an accelerated disbondment of the coating. The mechanism of the
delamination process itself is poorly understood but it is thought to result from attack on
eitter the coating or the interfacial bond by the alkaline conditions generated at the leading
edge of the disbonding region'.

When coatings are combined with cathodic protection they must possess several physical
and chemical properties to be fully effective. These properties are described in several
references 2" and can be summarized as follows:

1. Dielectric Strength. The dielectric characteristics of the coating
must be sufficient so that both cathodic protection potentials and
current flows would not affect its ability to act as a corrosion
prevention membrane.

2. Chemical Resistance. The coating has to be chemically resistant
to high concentrations of hydroxyl ions.

3. Adhesion. The application of the coating on to poorly prepared
surfaces will cause early coating breakdown, when subject to
cathodic protection potentials.

4. Moisture Absorption and Transfer. The coatings should have both
low moisture vapour transfer rate as well as low moisture
absorption. It is a general rule of thumb that the lower the
moisture vapour transfer rate of the coating, the more effective
the coating.

5. Electroendosmosis. Where electroendosmosis may be encounte-
red, adhesion is also very important. Electroendosmosis is defined
as the forcing of water through a semi-permeable membrane by
an electrical potential in the direction of the pole that has the
same charge as the coating membrane. Most surface coatings are
negatively charged. This being the case, coatings with a high
moisture vapour transfer rate or questionable adhesion are more
subject to damage and blistering by cathodic potentials.
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6. Coating Thickness. Coating thickness is very important. Several
of the above properties are directly affected by thickness.

7. Ionic Resistance. The coating must be resistant to the passage of
ions, which may be considered part of chemical resistance.

In this present study, some of the most common paints used together with cathodic
protection for submerged steel structures have been tested in laboratory experiments. The
effect of surface roughness and steel grade on the disbonding of paint films have been
tested.

Experimental

The test specimens were prepared from structural and weathering steel grades. The
surfaces of the specimens were blasted either with a mixture of metal shot and grit or
with metal shot and grit separately (Sa 2½, ISO 8501-1:1988). The chemical composition
of the steels are presented in Table 1. The specimens were painted with different types of
paint systems normally used for corrosion protection of submerged steel structures. The
tested paint systems ar-e listed in Table 2. The test method applied was

BS 3900: Part FIO: 1985
Determination of Resistance to Cathodic Disbonding of Coatings
for Use in Marine Environments

with the exception of the electrolyte, which consisted of 3.380 kg NaCl, 0.628 kg Na2 SO,
4.ad 0.192 kg CaCI2 in 160 1 water. A schematic diagram of the test apparatus is presented
in Figure I and the test vessel with the specimens and electrodes is shown in Figure 2.
The anode was titanium net coated with iridium oxide. The potentials, -1.0 V and -1.2 V
(SCE), were potentiostatically controlled. The currents were measured over 100 Q• resistor.

Test Results

The disbondment and the number of blisters on the paint systems are summarized in
Tables 3 and 4. The measured current values are graphically presented in Figures 3 and
4. Examples of the specimens tested at -1.0 V and -1.2 V potentials (SCE) are presented
in Figures 5 and 6. Scanning electron microscope pictures of the shot blasted and the grit
blasted steel substrates are presented in Figure 6. The delamination of paint films on shot
blasted and grit blasted specimens is shown in pictures presented in Figure 7.

3619



Conclusions

The following conclusions can be drawn on basis of the obtained results:

1. Coal tar epoxy paints, the almost solvent free epoxy paint and
epoxy powder paints have the best performance under cathodic
protection conditions. The disbondment rate and the amount of
blisters are smaller when compared to the other paints.

2. Although the amount of tests performed is not very comprehen-
sive, it is very obvious that a sufficiently thick coating must be
applied, preferably over 300 pm. Under practical conditions, the
coating thickness aplied should also probably be even greater in
the vicinity of the anodes.

3. The use of zinc-rich paints for cathodically protected marine steel
structures is questionable. Zinc is a so called amphoteric
substance, which reacts easily with both acids and alkalis. Under
alkalic conditions, the following chemical reaction will occur in
defects at the coating/substrate interface:

Zn + OH + H2 0 -+ HZnO2 + H2T (2)

This reaction will probably together with the cathodic half
reaction (1) break the interfacial bonds and form an interfacial
layer from the reaction products, which can cause a high
disbonding of the coating and very large amount of blisters, see
paint system 8 in Table 3. For the paint system 9 the
disbondment is not very high, but the amount of blisters is as
high as in the paint system 8. The disbonding of paint probably
starts from the formation of blisters. The blisters appear to be
formed first in the vicinity of the defect, see Figures 5 and 7.
The small black spots correspond to blisters in the coating.

4. Surface roughness has a great effect on the disbonding rate. This
is especially emphasized with one coat paint systems, see Table
4. A shot blasted surface is probably too smooth for thick one
coat systems, but for paint systems consisting of several coats,
it may be acceptable, see paint system 2 in Table 4. For practical
purposes the mixture of shot and grit is probably to be
recommended.

5. No clear difference between the steel grades tested could be
seen in this study. More important than the steel itself is the
surface pretreatment Then may be advantages however in using
weathering steels with certain types of these paints.

6. Current density, pA/specimen, is higher in one coat paint systems
than in paint systems with several coats, see Figure 3. The loss
of adhesion is also greater with one coat systems, see Table 4.
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Discussion

The performance of coatings on cathodically protected steel structures is effected by many
factors. A number of which are already mentioned above. The surface pretreatment before
painting, the paint system itself and the applied potential are of great importance. The
disbondment of the paint is caused by the cathodic corrosion reaction on the on hand and
by the loss of adhesion, which is influenced by surface profile, film porosity etc. on the
other. Different types of disbondments are illustrated in Figure 8.
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Table 1. Average chemical compositions of the steel substrates (%).

Steel•rade C Si Mn P S V Cu r, Ni

ASTM A 572 Grade 50 .151 .424 1.36 .023 .021 .009 .018 .022 .031

COR-TEN A' .070 .434 .418 .104 .017 .007 .424 .580 .275

COR-TEN B' .116 .397 1.16 .011 .023 .060 .242 .500 .186

')COR-TEN is a registered trademark of USX Corporation

Table 2. Paint systems tested.

1. Two pack epoxy paint; epoxy GPL

2. Two pack almost solvent free epoxy paint; epoxy 160

3. Resin modified two pack epoxy paint; epoxy RC

4. Epoxy powder paint; epoxy powder OPR

5. Two pack coal tar epoxy paint; coal tar epoxy ETI

6. Two pack coal tar epoxy paint; coal tar epoxy RT2

7. Two pack urethane tar; urethane tar UT

8. Polyamide cured zinc epoxy paint; zinc epoxy RS + epoxy RC

9. Two pack zinc rich polyamide cured epoxy paint;
zinc epoxy RG + a resin modified two pack epoxy paint; epoxy EPI

10. 2 x polyamide cured epoxy paint; epoxy 51 MIOX + 2 x epoxy EPI
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Figure 3. Average current-time curves of specimens cathodically protected at -1000 mV.
A = COR-TEN A, F = ASTM A572 Grade 50,
G = Grit blasted (G40), S = shot blasted (S230)
1 and 2 are paint systems; 1 = 1 x Epoxy 160

2 = 2 x Epoxy 51 MIOX + 2 x Epoxy EPI
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Figure 4. Average current-time curves of specimens cathodically protected at -1200 mV.
Different paint systems on shot/grit blasted ASTM A572 Grade 50. The CaCO3
in the holidays removed at the points 1 and 2.
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a

b

Figure 5. Disbonding of the paint film after exposure
a. Epoxy powde paint Ob
b. Zinc epoxy + Epoxy RC (Blisters are marked on the 1.0 V specimen).
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b

Figure 5.1. Disbonding of the paint film after exposure
a. Epoxy 160
b. Coal tar epoxy ETI
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a

b

Figure 6. SEM pictures of shot blasted and grit blasted steel surfaces
a. shot blasted (S230), R, = 46 - 56 pm
b. grit blasted (G40), R. = 50 - 61 pm



Figure 7. Disbonding of paint on grit blasted (G) and shot blasted (S) COR-TEN A
surfaces
1 = 1 x Epoxy 160
2 = 2 x Epoxy 51 MIOX + 2 x Epoxy Epi
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B1G3 BIS3

Figure 7.1. Disbanding of paln on grit blasd (G) and
shot blasted (S) COR-TEN B surfaces.
I = I x Epoxy 160
2 - 2 x Epoxy 51 MIOX + 2 x Epoxy Epi
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Figure 7.2. DMsbonding of ppint film on grit blasted (G) and shot blasted (S)
ASTM A472 Grade 50 steel.
1 = 1 x Epoxy 160
2 =2 x Epoxy 51 MIOX + 2 x Epoxy Epi
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Figure 8. Disbondment of two epoxy paint films. Dark area around the holiday is due
to the cathodic corrosion reaction.
The other disbonded area is assumed to be due the throught-film diffusion
reactions

B 22 Ix, almost solvent free epoxy 160, 607 pm, -1,5 V/SCE

D 20 2x, almost solvent free epoxy 165, 747 pm, -1,5 V/SCE
Black spots are traces of blisters on the steel substrate.
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Abstract

The influence of hydrostatic pressure on the composition of the rust layer of 42CD4 (AISI
4142) steel was studied in order to investigate the effect of a deep marine environment on the
corrosion behaviour of this steel. The immersion simulation was realised in a high pressure
vessel by hydrostatic pressure generation, with a circulating natural seawater flow in an open
circuit.

The rust layer which developed on the surface of the plates was analysed by both 57Fe
Mossbauer spectroscopy and X-ray diffraction. For times up to 15 days, it appeared that y-
FeOOH, ca-FeOOH and Fe304 are always present. 13-FeOOH was only observed in the inner
part of the rust layer for pressures less than 3 MPa. Under atmospheric pressure (0.1 MPa),
and for shorter immersion times (3 and 6 days), a paramagnetic phase was observed in the
inner part of the rust layer instead of J3-FeOOH. This paramagnetic phase could be an iron
oxyhydroxyde precursor.

The results are interpreted by considering the influence of dissolved oxygen on the mechanisms
of iron oxyhydroxyde formation. Upon increasing the activity of dissolved oxygen, the
hydrostatic pressure prevents the formation of 0-FeOOH; under pressures higher than 3 MPa,
and for immersion times up to 15 days, 0-FeOOH is not observed in the corrosion layer.
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Introduction

New developments and progresses in marine technology of immersed systems require a better
understanding of material behaviour in a deep marine environment. Among the problems
occuring in this media, corrosion problems are of major importance. In order to improve the
behaviour of steels in great depths, and thus to increase their lifetime, the effect of the different
physicochemical parameters that vary with marine depth (pH, temperature, salinity, dissolved
oxygen concentration, pressure, microbiological activity...) have to be characterised
independently. In this paper, we investigate the influence of hydrostatic pressure on the
composition of the corrosion layer of the 42CD4 steel. Indeed, it is well known that the
evolution of the corrosion of steels is essentially related to the nature of the corrosion products
which appear during the process. This study completes electrochemical and mechanical
measurements made on the same steel1, which must indicate if different means of corrosion
protection are necessary depending on immersion depth.

The corrosion behaviour of steels immersed in seawater or chlorinated aqueous media
have been extensively studied during the last twenty years. The final corrosion products of iron
are mainly ferric oxyhydroxides and magnetite. Among ferric oxyhydroxides, only the 0 form is
specific to media containing chloride ions2,3 . O-FeOOH is formed on steels immersed in
chlorinated solutions4 or in seawater after long exposure time5,6 . The oxyhydroxides y-FeOOH
and a-FeOOH are commonly observed on steels immersed in seawater6 , chlorinated
solutions7, and on steels exposed to marine atmosphere 8-12 . The presence of magnetite Fe30 4 ,
which is observed in the inner part of the rust layer, is reported in some cases6'8,10 .

57Fe M6ssbauer spectroscopy is a very useful tool for steel corrosion studies; it allows
both qualitative and quantitative analyses of the iron containing phases, and has been
extensively used 13. However, the identification of the corrosion products by M6ssbauer
spectroscopy can be made difficult by small particle size14-16 and poor crystallinity 17 effects.
These effects lower the N~el temperatures of iron oxyhydroxides and make the interpretation
ambiguous at room temperature. In order to make it unambiguous it is necessary to perform a
M6ssbauer analysis at low temperature18.

The hydrostatic pressure affects all the physicochemical properties of seawater, but its
influence is low except for the activity of dissolved gases, which is noticeably increased 19. An
increase in the dissolved hydrogen activity results in an increase of the 42CD4 steel hydrogen
embrittlement 1 . Another effect of hydrostatic pressure is the modification of the corrosion rate,
as it has been shown for nickel20 and 42CD4 steel1 in seawater. Such a modification could be
related to the the preferential formation of some compounds in the rust layer. It has been
demonstrated that dissolved oxygen, which influences the corrosion kinetics of steel in
seawater 21, influences the composition of the rust layer as well4.

Experimental

42CD4 (AISI 4142) steel plates (50mm x 33mm x 5mm) were corroded in natural
seawater under pressures up to 30 MPa in order to simulate a deep marine environment. Some
plates were corroded under atmospheric pressure (0.1 MPa) in a tank with a circulating natural
seawater flow in an open circuit. The immersion simulation was done in a high pressure vessel
by the hydrostatic pressure generation, with a circulating natural seawater flow in an open
circuit. The seawater was conditioned before its introduction in the vessel so that all its
physicochemical parameters were kept constant. Pressures were fixed at 3, 10 and 30 MPa,
which correspond approximately to depths of 300, 1000 and 3000 m respectively. Immersion
times varied between 3 and 15 days.
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After the treatment, the steel plates were dried under a nitrogen atmosphere and kept in
liquid nitrogen or under a primarly nitrogen vacuum to prevent any evolution of corrosion
products in ambient atmosphere. However, some plates were kept in ambient air after
immersion and corrosion products analysed for comparison. Two zones were observed on the
steel plates surface: a rust layer and a chalky deposit. The corrosion products in the rust layer,
which consisted of an orange-brown powder, were removed by carefully scraping the steel
plate surface and used as samples. In some cases, the superficial corrosion layer was analysed
independently from the lower corrosion layer to detect any possible difference of composition
with the thickness in the corrosion layer.

X-ray diffraction analyses were performed using a fast curved detector in an evacuated
tank. The X-ray generator was equipped with a cobalt anticathodc, '--!;ng the Co(Ka)
radiation. The powders were analysed by reflexion.

Transmission 57Fe M6ssbauer spectroscopy analyses were performed using a
conventional spectrometer with a source of 57Co in a rhodium matrix. The samples contained
about 10mg/cm 2 of natural iron.

Results

X-ray Diffraction Analysis

Samples from :nlateg corroded under atmospheric pressure (0.1 MPa)
X-ray diffraction patterns of the corrosion layer formed on the surface of steel plates corroded
under atmospheric pressure for 3 and 6 days and kept under primarly nitrogen vacuum are
shown in Figures I a and lb. The corrosion products are identified to be mainly y-FeOOH
(corresponding to the most intense X-ray diffraction lines), ot-FeOOH and Fe304. In both
samples, NaCI lines are identified; this may result from seawater evaporation during the drying
of the plates. In the sample corresponding to the plate immersed for 6 days, CaCO3 lines are
also identified (Figure l b), which shows that a part of the chalky deposit was taken with the
rust layer.

Superficial rust layer (SRL) and lower rust layer (LRL) formed on steel plates kept in a
primarly nitrogen vacuum after 15 days immersion were analysed. Corresponding X-ray
diffraction patterns (Figures 1 c and l d) show that both the SRL and LRL contain y-FeOOH,
with ot-FeOOH and Fe 30 4 in lower proportions In addition, P3-FeOOH is present in the LRL.

Analyses made with samples taken from plates kept in liquid nitrogen or in ambient
atmosphere show the same results.

Samples from plates corroded under 3. 10 and 30 MPa
X -ray diffraction patterns of rust layer formed on the surface of steel plates corroded under 3,
10 and 30 MPa for 10 to 15 days are shown in Figure 2. All the samples contain y-FeOOH, a-
FeOOH and Fe 30 4. NaCI lines are also observed. P3-FeOOH is only observed in the LRL of the
steel plate corroded for 15 days under 3 MPa (Figure 2b).

Mossbauer Spectroscopy Analysis

In all cases, room temperature Mossbauer spectra show only a broad non lorentzian
quadrupolar doublet, which does not allow the phases to be identified unambiguously. This
behaviour has been attributed to particle size effects18 . In fact, from X-ray diffraction results,
using the Scherrer formula, the mean particle size was determined to be 23-30 nm for all the
oxyhydroxides. Thus, the analyses were performed at 60 and 77 K. At these temperatures, in
these samples, y-FeOOH is still paramagnetic, while ct-FeOOH and 13-FeOOH are magnetic18 .
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The Mdssbauer spectra were fitted in each case, according to the X-ray diffraction results. The
results of these fittings are summarised in Table 1.

Samples from plates corroded under atmospheric pressure (0.1 MPa)
The corresponding M6ssbauer spectra, recorded at 77 K, are shown in Figure 3. The SRL of
the steel plate corroded during 3 days was analysed independently from the LRL. The SRL
spectrum (Figure 3a) was fitted with a broad quadrupolar doublet and a broad magnetic sextet.
The hyperfine parameters of the doublet are in agreement with those of y-FeOOH, and a good
fit is achieved using a distribution of quadrupolar splittings, according to particle size effects.
The hyperfine parameters of the sextet are in agreement with those of a-FeOOH. The LRL
spectrum (Figure 3b) was fitted with the 'y-FeOOH doublet, the a-FeOOH sextet, and a broad
paramagnetic line, associated to a paramagnetic phase, named P, whose isomer shift (0.49
min/s at 77K) corresponds to that of iron in the Fe3+ state.

The M6ssbauer spectrum corresponding to the 6 days immersion (Figure 3c) was fitted
with the same components as the LRL of the steel plate immersed for 3 days, indicating that
the paramagnetic P phase is still present. The M6ssbauer spectra of samples from to steel
plates corroded for 15 days, and kept under the different conditions described previously, were
fitted with y-FeOOI, a-FeOOH and 03-FeOOH contributions (Figure 3d). The P phase
contribution was not present. The hyperfine parameters of the 13-FeOOH magnetic contribution
agree reasonably well with values published22 ,23 . The results are identical for samples kept in
different conditions, indicating that the corrosion products identified here are stable in relation
to the conditioning of the plates after immersion.

A Fe30 4 contribution was not observed on these spectra, indicating that its M6ssbauer
abundance in the samples is lower than the detection limit (typically less than 2%).

Samples from plates corroded under 3. 10 and 30 MPa
A corresponding M6ssbauer spectra, recorded at 60 or 77 K, are shown in Figure 4. The
spectrum for the plate corroded under 3 MNa was fitted with of y-FeOOH, a-FeOOH and 13-
FeOOH contributions (Figure 4a). The relative proportion of the 03-FeOOH contribution is
lower than that of the sample corresponding to the 0.1 MPa / 15 days immersion. The
M6ssbauer spectra of samples from plates corroded under 10 and 30 MPa were fitted with the
y-FeOOH and a-FeOOH contributions, in the same proportions (Figures 4b and 4c). The
Fe30 4 contribution was not observed on the spectra, indicating that its M6ssbauer abundance
in the samples is again less than 2%.

Discussion

From these results, it appears that the composition of the rust layer depends on both
hydrostatic pressure and immersion time. The conditioning of the plates after immersion did
not appear to affect the stability of the corrosion products.

While y-FeOOH, a-FeOOH, and Fe304 phases are observed in all cases, the presence
of 10-FeOOH depends on both hydrostatic pressure and immersion time. This phase is only
observed for pressures lower than 3 MPa, which indicates that the effect of hydrostatic
pressure is to prevent its formation in the rust layer. Under 0.1 MPa, f3-FeOOH is formed after
15 days in the lower part of the rust layer. For immersion times less than 6 days under 0.1
MPa, a paramagnetic phase (P phase) is observed in the lower part of the rust layer instead of
13-FeOOH. These P phase is associated to an amorphous or ill-crystallised phase, which could
be a precursor of the iron oxyhydroxides24. In that case, the X-ray pattern would show broad
and low intensity lines; this would be hard to observe when superimposed with narrow lines
from crystallised phases.
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These results are interpreted as being the effect of dissolved oxygen on the mechanism
of oxyhydroxide formation in chlorinated aqueous media. According to the results obtained by
Nomura et al.4, the decrease of dissolved oxygen concentration under the initial corrosion layer
of iron results in the formation of a complex oxyhydroxide containing Cl" ions, which converts
into 03-FeOOH. When dissolved oxygen can reach easily the surface, y-FeOOH is preferentially
formed. Consequently, 0-FeOOH appears when the corrosion layer is sufficiently thick (or in
other words when the immersion time is sufficiently long) to allow a decrease of dissolved
oxygen concentration at the rust/steel interface. On the other hand, when the hydrostatic
pressure increases, the dissolved oxygen activity in the corrosion layer is enhanced, y-FeOOH
is formed and 0-FeOOH does not form.

Conclusion

42CD4 steel plates were corroded under pressures up to 30 MPa for times up to 15 days in
natural seawater. The analysis of the rust layer formed on steel plates showed that y-FeOOH,
ct-FeOOH, and Fe30 4 are always present, while 13-FeOOH was only observed in some cases. It
has been shown that both hydrostatic pressure and immersion time are parameters which
influences the composition of the rust layer, by influencing the formation of 0-FeOOH.

It appears that for immersion times up to 15 days, 03-FeOOH can only be formed in the
inner part of the rust layer of plates corroded under pressures between 0.1 and 3 MPa,
corresponding to marine depths between 0 and 300 m. Increasing hydrostatic pressure prevents
the formation of 0-FeOOH and the composition of the rust layer is not affected beyond 10
MPa (1000 m).

The influence of hydrostatic pressure on the composition of the rust layer of 42CD4
steel has been correlated to the influence of dissolved oxygen on the mechanism of iron
oxyhydroxides formation in seawater.
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Tabe I- Miubenar a r f he camdluomfs of the rit byer femia " 42CD4
soed phla. mrface im natur aelwatr

Pressure Immersion Temperature Phase IS QS Hf MOmsbmu-
film mas amls T abundance

0. 1 MPa 3 days 77 K y-FeOOH 0.48 0.66 - 91%
(SRL) z-FeOOH 0.51 -0.25 47.2 9W

3 days 77 K y-FeOOH 0.47 0.74 - 64%
(LRL) ct-FeOOH 0.50 -0.25 48.0 23%

P phase 0.49 0.00 - 13%

6 days 77 K y-FeOOH 0.46 0.74 - 56%
(LRL) a-FeOOH 0.48 -0.21 48.0 23%

P phase 0.49 0.00 - 21%

15 days 77 K y.FeOOH 0.48 0.63 - 82%/
a-FeOOH 0.44 -0.25 48.4 10%
P-FeOOH 0.58 -0.09 48.4 3%

0.48 -0.26 45.6 3%
0.62 -0.39 42.6 2%/

3 MPa 15 days 77 K y-FeOOH 0.48 0.62 - 93%
a-FeOOH 0.44 -0.25 48.1 4%
13-FeOOH 0.58 -0.09 48.3 1%

0.48 -0.26 45.6 1%
0.62 -0.39 42.6 1%

10 MNa 14 days 60 K y-FeOOH 0.49 0.60 - 86%
ot-FeOOH 0.49 -0.25 48.7 14%

30 MPa 10 days 60 K y-FeOOH 0.49 0.62 - 85%
a-FeOOH 0.50 -0.23 48.0 15%

Statistical errors for isomer shift (IS), quadrupolar splitting (QS) and hyperfine field (Hf):
AIS 0.02 mm/s ; AQS = 0.04 mm/s; AHf= 0. IT.
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Figure 2- X-ray diffraction patterns of the corrosion layer formed on the surface of steel plates
corroded under 3, 10 and 30 MPa in natural seawater for IS, 14 and 10 days respectively.

(L: lepidocrocite y-FeOOH; G: goethite az-FeOO-
A: akaganeite P3-FeOOH; N: NaCI)
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Figure 3- 57Fe M6ssbauer spectra of the corrosion layer formed on the surface of steel plates
corroded under atmospheric pressure in natural seawater

for 3 (ab), 6 (c) and 15 (d) days.
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Figure 4- 57Fe M6ssbauer spectra of the corrosion layer formed on the surface of steel plates
corroded under 3, 10 and 30 MPa in natural seawater

for 15 (a), 14 (b) and 10 (c) days respectively.
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Abstract

Explosively bonded materials are combinations of two or more alloys
which have been joined in a continuous manner by a metallurgical
bond. Such explosively bonded materials possess specific
properties from both alloys, usually good corrosion resistance of
one alloy with the strength and economics of the other alloy.
Research has been performed to characterihe the bonded interface as
well as the individual alloys. Electrochemical studies and
atmospheric exposure tests have been performed to investigate the
corrosion behavior of explosively bonded materials in a marine or
seawater environment. Scanning Electron Microscopy (SEX) has been
employed to examine both the interface and the surface of the
alloys of these explosively bonded materials. Energy Dispersing
Analysis by X-rays (EDAX) has been employed to study the interface
chemical make-up. The galvanic corrosion behavior of explosively
bonded materials and of conventionally coupled alloys has been
studied.

Key terms: corrosion, explosive bonded material, EDAX,
galvanic corrosion, interface, seawater, SEM
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IT_ DUCTIO

Naval ships are vessels that pose complex materials selection
problems. These ships must simultaneously be a reliable structure,
have minimal topside weight, and withstand harsh marine
environments. Unfortunately, no single structural material can
satisfy all of these requirements. Materials that satisfy
corrosion requirements may not meet strength requirements,
materials that meet weight requirements may not meet cost
restrictions. The obvious solution is the use of a variety of
metals and alloys throughout the vessel, each selected for the
appropriate properties for the specific component. Many dissimilar
metal combinations cannot be welded by traditional methods and are
joined by mechanical methods like bolting or riveting. The
combination of a crevice at the joint and galvanic potential
differences between these joined metals frequently results in
accelerated corrosion in the marine environment. Explosive bonding
of dissimilar metals appears to be the solution to this dilemma by
eliminating the mechanical joints [1]. It produces a crevice-free
metallurgical weld between metals that otherwise can not be welded.

The explosive bonding technique is believed to have been first
suggested during the 1880's although some sources claim a later
discovery date [2]. The first attempts of this type of welding
occurred in the 1940's and the first patent was filed in 1960 [3].
Explosive bonding became more common in the mid sixties and today
it is being utilized in a variety of applications.

Explosive bonding uses the energy of detonating explosives to
produce a solid-state metallurgical bond between dissimilar metals.
One metal is accelerated by explosion at a high rate over a short
distance resulting in a progressive collision of that metal with
the metal to which it will be bonded. The metals are forced
together under several million pounds per square inch of pressure
resulting in electron sharing between the metals and a bond (weld)
that is typically stronger than the weaker of the parent metals.
The metallurgical bond created by this process is virtually immune
to crevice corrosion. The weld or bond is a solid state bond that
is created in a fraction of a second without the addition of filler
metals. There are many types of explosive bonding processes but
the parallel arrangement process has been used exclusively in the
study.

The objective of this investigation is to characterize the behavior
of the interface of various explosively bonded metallic combina-
tions in a marine environment. The interfaces have been examined
by Scanning Electron Microscopy (SEM) and interfacial compositions
determined by Energy Dispersing Analysis by X-rays (EDAX).
The results of laboratory experiments and marine atmospheric
exposure tests for selected explosively bonded materials are
compared to obtain a better understanding of the corrosion
resistance of the interface.
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I. Uxperizental

A. Apparatus

The electrochemical studies were performed using an EG&G PARC
Corrosion Console System 350-A (potentiostat/microprocessor) and a
PARC 273 Potentiostat with corrosion software from EG&G PARC
SoftCorr. Several different electrochemical cells were used to
collect data in these studies. These cells were modified for use
in this study. The reference electrode used was the saturated
calomel electrode (SCE). A Keithley 195A Digital Multimeter was
used to monitor all potentials. A Sartorius Model E1200S Balance
was used to obtain all weights.

B. Materials and Chemicals

All solutions were prepared using triply distilled water obtained
from a Dow Corning Still. All reagents are Analytical Reagent
Grade purity. ASTM Standard D 1141-86 [4] was used to make the
substitute seawater.

The materials examined in this investigation were explosively
bonded metals of the following combinations:

1. Aluminum 5456: Steel ASIG Gr
2. Copper-Nickel 70:39: Steel AS16 Or
3. Aluminum 5456: Titanium: Stainless Steel 304
4. Aluminum 5456: Titanium: Copper-Nickel 70:30

Other materials, including steel alloy (4340), aluminum alloys
(6061), stainless steel alloy (304), and monel K 400 were examined
in the same manner. These materials were mounted in Extec fast
cure epoxy resins after connected to electrical wire with silver
paint. The samples were polished with sandpaper of 280, 320, 400
and 600 grit and wiped with a soft cloth to a mirror shine. The
polished samples were washed thoroughly with distilled water,
acetone and air dried. All samples were allowed to equilibrate in
ASTM substitute seawater for one hour before any electrochemical
experiments were performed. There was no aeration of test solu-
tions, and all tests were conducted under ambient conditions.

C. Methods of Investigation

This investigation included the following laboratory tests:
measurement of Polarization Resistance, Galvanic Corrosion [5] and
open circuit potential measurements to characterize the corrosion
behavior of the bimetallic and individual components in ASTM
seawater. The Constant immersion test in ASTM seawater was
performed in the laboratory on the explosively bonded materials
listed above. Weight loss measurements were performed on all
explosively bonded materials.
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Field tests were performed on the explosively bonded materials and
some components of the bonded materials. Field test consisted of
atmospheric exposure and seawater wet down tests. Weight loss
measurements and visual observations were made after these tests
were completed.

Polarization resistance technique is a method for measuring
corrosion rates of materials of interest. This technique is used
by applying a controlled-potential scan over a small range, in this
case +/- 10 mV with respect to Eoorr. The resulting current is
linearly plotted versus potential. The slope of this potential-
current plot at Ecorr is identical to the Polarization Resistance,
which is used with the Tafel Constants to determine Iaorr. A scan
rate of 0.1 mV/sec was used and the potential range of 20 mV was
scanned in about 200 seconds (3 minutes). Since the applied
potential is never far removed from the corrosion potential, the
surface of the specimen is not destroyed or affected by the
experiment, and the same sample can therefore be used for other
techniques.

Galvanic corrosion measurement is differs from all other
electrochemical techniques. The corrosion measuring system
measures the voltage/current characteristics of two dissimilar
metals immersed in a chloride medium. The corrosion measuring
system primarily functions as a zero-resistance ammeter during the
Galvanic Corrosion measurements. Galvanic Corrosion is the only
technique in which two separate plots are produced by the 350A
corrosion console. The first graph generated is the voltage versus
time plot. The second graph is a plot of current versus time.
From these graphs corrosion behavior for explosively bonded pairs
or electrically connected alloys were determined.

Open circuit potential measurements were performed on both
explosively bonded materials and single components comprising these
materials. The potentials were measured over a period of time
(approximately 3 months) against SCE. The corrosion behavior
determined for steel explosively bonded to aluminum.
repeatedly. An average corrosion rate of 1.815 mils per year was
for the reactivity of each material studied in chloride medium.

The field tests employed in this study consisted of two types:
atmospheric exposure (to marine environment) and seawater wet down
test. The atmospheric test involved the exposure of an explosively
bonded specimen to a marine environment. The samples are placed on
an ASTM approved test rack and exposed to marine elements,
humidity, temperature, UV radiation and stack gases (SO2 sulfur
dioxide). The samples were periodically examined by visual
inspection. The seawater wet down test involved the intermittent
spraying of samples with seawater (for about 10 minutes) and
atmospheric exposure for about 50 minutes.

This is by far the most aggressive test used in this investigation.
The samples were examined periodically for corrosion products and
interfacial material failure.
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The laboratory immersion test consisted of immersing specimen in
ASTM substitute seawater for approximately one year. Samples were
weighed and photographed before and after the year long test.
These results were compared to a constant immersion field test,
where similar apecimens were immersed in a constant immersion
seawater tank for approximately one year in another investigation
[1].

Energy Dispersing Analysis by X-ray (EDAX) and Scanning Electron
Microscopic (SEM) analyses were performed on the explosively
bonded samples. The surface evaluation techniques were used to
examine the bonded interface of the materials described above. The
surface analysis yielded information on the chemical makeup of the
interface layers and a visual look at these layers.

II. Results and Discussion

Corrosion phenomena at interfaces or transition joints has been
very detrimental to the successful use of materials for naval
applications and these are the areas where most material failure
occurs. Two types of corrosion are basically responsible for this
material failure, galvanic corrosion and crevice corrosion. The
two work in a synergetic manner to cause material deterioration and
eventually material failure. This investigation is an attempt to
characterize the interface and the materials which comprise this
interface and make a comparison between two types of interfaces,
bonded and electrically connected interfaces. The bonded interface
of the explosion welded material is both strong and resistant to
corrosive environments. These traits make it a viable alternative
to conventional bolted or welded interfaces. This discussion for
convenience has been divided into three sections: (1) electrochem-
ical studies (laboratory tests), (2) field tests and (3) SEM and
EDAX analyses.

Section 1. Electrochemical Studies

A comparison was made between the galvanic corrosion behavior of
explosively bonded aluminum alloy to steel alloy and aluminum alloy
electrically coupled to steel alloy in ASTM substitute seawater.
Figure 1 is a typical graphic presentation of galvanic currents
versus time for aluminum alloy bonded to steel and aluminum alloy
electrically coupled to steel. In the case of the electrical
couple, the galvanic corrosion current measurements exhibit the
classical decrease in current with respect to time following the
galvanic corrosion process. As galvanic corrosion proceeds the two
metals are shorted (in this case steel alloy and aluminum alloy),
making them approach a mutual potential. As the potentials
converge, the corresponding galvanic current decreases with time.

In sharp contrast, the explosively bonded couple generates a very
negligible galvanic current that does not appreciably change with
time (small magnitude of current measurements). This observation
implies that no detectable corrosion occurs between the aluminum
and steel interface.
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Except for some surface activity in the beginning phases of testing
(visible corrosion products on both surfaces in seawater), there
was little fluctuation observed for the galvanic current measure-
ments. The galvanic corrosion behavior was consistent for other
alloys studied and showed similar current-time relations.

Figure 2 is a typical plot of the galvanic potentials (also
measured during the galvanic experiment) as a function of time for
aluminum coupled to steel. Galvanic potential measurements of
electrically coupled materials showed similar behavior to that of
explosively bonded materials. This comparison is quite different
from the galvanic currents, where there is a drastic distinction
between explosively bonded and electrically connected couples. The
potentials of this connection are approximately -0.780v (vs SCE),
and show constant behavior during the test range of 90 days. The
fluctuation of potentials in the initial stages is consistent with
the fact that surface activity is greater in the early stages of
measuring. Visual observations of these materials concur with the
galvanic current-time results. There were no signs of deterioration
of interface where the explosively bonded materials are bonded and
virtually no surface activity was observed after 45 days of
testing.

Crevice corrosion occurs at an area of joining, such as at a lap
joint, beneath surfaces, and spaces where collection of Lioisture is
possible. Because of the physio-chemical nature of the explosion
bond, the crevice or dead space is eliminated and thus removes one
requirement for galvanic/crevice corrosive interactions.

Galvanic corrosion is the deterioration of metal as a result of the
coupling of two dissimilar materials in a medium and galvanic
current flow due to the difference in their potentials. The
crevices allow electrolyte to collect (in this case seawater) which
facilitates the galvanic corrosion process (allows a path for
electrons). The elimination of the crevice, ensures the removal of
this path for electrons to flow (collection of electrolyte). These
agrees with the observation made by Carpenter [6] for aluminum
explosively bonded to steel and in 3.5% NaCt water solution showed
no accelerated corrosion along the bond zone. Naval hardware
utilizing explosively bonded materials have been found to perform
well in the harsh marine environments [7]. Again, the elimination
of the galvanic and crevice corrosion effects are attributed to the
success of explosively bonded materials.

Open circuit potential measurements (OCP) were made in ASTM
substitute seawater. Each specimen was approximately 1.27cm x
1.27cm and were mounted in EXTEC XL14730 Epoxy resin/XL14733
hardener. The types of specimens studied were:

a. uncoupled aluminum
b. uncoupled steel alloy
c. bonded steel and copper-nickel (70%:30%)
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d. bonded steel and aluminum
e. bonded steel/titanium/aluninum
f. bonded aluminum/titanium/copper-niokel (70%:30%)

The open circuit potentials were measured with a Keithley 195A
Digital Multimeter and a saturated cal4mel electrode (PAR model
K0077 with vycor tip) as the reference electrode. The period of
measurement was every 24 hours over a five month duration. During
each measurement the vycor tip of the SCE was placed within
distance of 1.48 cm from the test specimen. A volume of 250
milliliters of test solution was used for each cell. Evaporation
was compensated for by the periodic addition of distilled water.

Table 1 is a list of various materials studied and their open
circuit potentials. The potentials shown in Table 1 are average
values of OCP over a span of thirty day. A comparative study of
OCPs versus Time of aluminum, copper-nickel (70%:30%) and aluminum
bonded to copper-nickel (70%:30%) has been performed. A typical
plot of OCP versus Time is shown in Figure 3. The potentials for
the explosively bonded pair were slightly more negative than
aluminum, when compared to both of the uncoupled metals. This
should be expected since copper-nickel is cathodic to aluminum and
drives the potential of the bonded pair in the negative direction.
The fluctuations in the initial stage of testing can be attributed
to surface activity or corrosion (sample showed visible corrosion
products) of the two alloys.

Another factor that contributed to this fluctuation is the fact
that the bonded pair behaves like a galvanic couple. The potential
of this couple is close to the open circuit potential of aluminum.
The single components showed only constant behavior during the test
period.

Consistent with theory, the open circuit potentials of galvanically
coupled materials should change with time (shorting effect). The
mechanism for this variation is that the more noble component (e.g.
steel) has a tendency to drive the less noble component (e.g.
aluminum) to more cathodic potentials. Open circuit potentials of
single specimens should change only as the surface activity
changes as a function of time (since no current is flowing between
the working and reference electrodes). Because of the depletion of
oxygen (stagnant solution) corrosion appears to be slow after about
45 days for the explosively bonded materials (constant behavior
shown in Figure 3).

Visually corrosion products were observed on all surfaces tested.
There was no sign of corrosion at the interfaces which remain
unaffected by the corrosive environment. Figure 4 shows the
comparative behavior of three explosively bonded materials. After
about 45 days the potentials for the three explosively bonded
materials converged.
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TABLE 1.

OPEN CIRCUIT POTENTIAL MEASUREMENTS MADE ON VARIOUS

ALLOYS AND METALS IN ASTM SEAWATER

METALaSLALLWX POTENTIALS (VOLTS) ~ STABIfLT
vs SCE

TITANIUM +0.0989V MORE NOBLE

STAINLESS STEEL +0.0695V

MONEL -0.1135V

COPPER-NICKEL -0. 1820V

CARBON STEEL -0.7l00V )

ALUMINUM -0.7290V LESS NOBLE

ALUMINUM: TITANIUM: STEEL -0. 685V

ALUMINUM:TITANIUM: -0. 759V
COPPER-NICKEL

ALUMINUM:STEEL -0.764V

The plot in Figure 4 suggests (1) surface activity influences the
potentials in the early stages of measuring and (2) that the
explosive bonded interfaces are stable in corrosive solution after
about 4 5 days. The open circuit potential of copper-nickel is
about -0.182v (vs SCE), stainless steel is +0.0695v (vs SCE) and
aluminum is about -0.*729v (vs SCE). The explosively bonded
materials involving these combinations of individual ones have
potentials between -0.750v and -0.900v (vs SCE).

Section 2. Field Tests Studies

Samples exposed to marine atmosphere were taken out after 1 year,
cleaned, reweighed and photographed. The interfaces on each bonded
material was examined for loss of integrity and material failure.
Corrosion products were observed on the surface of the bonded
materials but the interface showed no sign of material failure
associated with dissimilar metals joints. From weight loss
measurements, a corrosion rate of approximately 2.0 mils per year
was calculated for explosively bonded material of aluminum bonded
to steel.
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Explosively bonded materials were subjected to two types of
immersion tests. One was dynamic and the other was static, one a
field test and the other a laboratory test. After an interval of
one year in ASTM seawater (laboratory immersion test) the interfac-
es were not affected by the chloride environment.

A similar immersion test done in the field concurred with the
laboratory test. The field test has been ongoing for approximately
three years with no effect on the interface.

Section 3. SEM and EDAX analysis

Four explosively bonded specimens were analyzed using SEM and EDAX.
The samples examined were (1) aluminum bonded to steel, (2) copper-
nickel bonded to steel, (3) aluminum bonded to titanium bonded to
steel, (4) aluminum bonded to titanium bonded to copper-nickel.
For all but one of the samples there was an intermetallic layer at
the interface. The only sample not containing at least one
intermetallic layer was the copper-nickel bonded to steel specimen.

The intermetallic layer is the area where both metals are said to
have formed a chemical and a physical bond. In the first specimen,
aluminum bonded to steel, SEM photographs showed four distinct
layers.

The four ltyers are aluminum (layer A), interlayer I (layer B),
interlayer II (layer C), and steel (layer D). In Figure 5, three
of the four layers are clearly shown. Layers B and C were found to
contain aluminum surrounded by iron particles and iron surrounded
by aluminum particles, good indication physical chemical bonding.
There is excellent agreement between EDAX chemical spectral
analysis and the SEM photographic analysis. Figure 6 is an EDAX
spectra of the interlayer II showing the presence of aluminum and
iron. The chemical composition of layer C is given in the inset of
Figure 6. The table shows a layer rich in aluminum (73%) and iron
(23%). Based on visual observations, field tests, surface analysis
and electrochemical data the interface between aluminum bonded and
steel performed well in aggressive marine environments.

A strong factor for the good performance of explosively bonded
materials is the elimination of crevices and the use of a filler
metals found in conventional welding. This eliminates the
synergistic effect of galvanic (dissimilar metals) and crevice (the
collection of seawater in unreachable spaces) corrosion. The fact
that a chemical bond is formed at the interface ensures non-
separation of the metals by mechanical means only. With a welded
or bolted joint configuration, this assurance cannot be made.
Figures 7 and 8 are SEM photographs of aluminum bonded to titanium
and copper-nickel, and EDAX of the interface between aluminum and
titanium. The SEM photograph shows very distinct bonding patterns
between the three metals.
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These strong interfacial patterns underscore the fact that there is
no limit to the combination of materials that can be joined through
explosive bonding.

Based on the co..rosion tests and EDAX data, there are endless
possibilities for use of these materials in aggressive environment.
Their usage will definitely improve service life cycles of
structures and equipment exposed to marine environment.

The only explosively bonded material without an intermetallic layer
is copper-nickel bonded to steel. The performance of this material
in the marine environment was comparable to the other materials
with distinct interlayers.

The EDAX spectral analysis showed no interlayer but near the
interface a composition of copper (65%), nickel (28%), and traces
of iron, silicone and aluminum on the copper-nickel side. The
composition on the steel side is iron (94%) with traces aluminum
and silicone. The explanation is that the interlayer is present
but indistinguishable. The fact that there is some sharing of
trace metals is a good indicator that a minute indiscreet layer
might exist.

III. Conclusions

Based on the results obtained from the field tests and
electrochemical studies, it can be concluded that explosively
bonded materials perform well in chloride/marine environments.
When galvanic and crevice corrosion are major concerns in material
selection, explosively bonded materials appears to be an attractive
alternative. The data presented in this paper provide evidence
for the use of explosively bonded materials in marine environments
for naval applications where conventional joints have not been
successful.

The electrochemical studies show that (1) explosively bonded
materials do not behave like traditional galvanically coupled
components and (2) the galvanic potentials are fairly stable in
seawater (chloride medium).

The field tests results agree with the electrochemical studies and
show that explosively bondedl xr;aterials do perform well in real time
marine environment.

The surface analysis results show strong evidence of chemical and
physical interactions between explosively bonded components. The
EDAX analysis shows an interlayer (Figure 6) rich in both compo-
nents (aluminum and iron). This fact suggests that the interface
is a combination of both alloys. The surface analysis also
suggests that a variety of alloy combinations are possible and the
similar interfacial mixing is achieved. Recent efforts have proven
that molybdenum can be bonded by the explosive bonding process [9].
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Abstract

In order to determine the Stress Corrosion Cracking suscep-
tibility of a selected marine steel with •Iud without weldinig.
using various welding techniques, the following tests were
performed: Constant strain tests were carried out in Persian Gulf
for seven months. In the laboratory, slow strain rate tests were
done in natural sea water and in 3.5% NaCl solution. Also in
laboratory corrosion rates of the •ast metal and weld metals were
measured using weight loss measurements and electrochemical
pc~larization tests. In addition, Scanning Electron Microscopy
was employed to investigate the nature and characteristics of the
fracture surfaces of tested specimens. The results indicated
that: 1. all the weld metal zones were anodic compared to the
base metal, thus corroded with a higher rate. 2. Arc welding with
coated electrode exhibited better mechanical and corrosion
properties, compared with the other welding techniques which were
used in this research work. Neither the steel nor its weldments
showed any sign of SCC susceptibility.

Key terms: Stress Corrosion Cracking, Marine Steel, Weldmends,
Persian Gulf

Introduction

Stress Corrosion Cracking (SCC) often causes unexpected costly
failures. this is due to the lack of visual evidence of corrosion
as compared with uniform and localized corrosion. SCC is a crack-
ing phenomenon under conjoint action of tensile stress and corro-
sion, which happens for some metals in specific environments. In
other words there are three main factors acting together in SCC.
1. Tensile stress, which can be working or designed stress,
residual and thermal stresses due to welding and other opera-
tions. 2. corrosion environment which will be affected by major
and minor chemical composition, temperature, velocity or tur-
bulence, and even biological activities of the environment. 3.
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The susceptibility of the metal to SCC, which can be affected by
the chemical composition, micro structure, thermal and mechanical
operations.

Sea water is a complex biochemical broth. Itb numinal chemical
composition is 2.9%NaCl plus 0.4%MgSO4, but ii reality it con-
tains trace of just about everything or.ne can imagine('). Its high
chlorinity makes it corrosive to most of metals and alloys.
Chloride also causes localized corrosion and SCC in many metals.
The action of biological organism also create a complex situation
for predicting the performance of alloys in sea water. So whereas
there are cases that the resdits of SCC of steel in national sea
water is identical to the results in 3.5% NaC1 :(dlutionI'.:i.,
there are other cases where different behavior has been
reported 4

.

The purpose of this research was to evaluate the SCC suscep-
tibility of a domestically produced selected marine steel and its
weldments in Persian Gulf water. Also the effects of various
welding techniques were studied. Constant strain tests were per-
formed in Persian Gulf for 7 months. In laboratory, Slow Strain
Rate (SSR) tests were performed in natural sea water and also in
3.5% NaC1 solution. In addition, the corrosion rates of the base
metal and the weld metal were measured using weight loss and
electrochemical polarization tests. Optical and Scanning Electron
Microscopes were also employed to investigate the micro structure
of weld metal, heat affected zone (HAZ) and fracture surfaces of
the specimens, respectively.

Experimental

Specimens preparation. The specimens for various tests were cut
from 6 mm plate of the selected marine steel. The chemical com-
position and mechanical properties of this steel are shown in
Tables 1 and 2 respectively. For weldments the one sided V notch
was used. The specimens were pre heated to about 150 OC prior to
welding. The low hydrogen electrodes were dried at 100 °C before
being used for welding. The following welding techniques were
used: For constant strain tests : 1. Metal Arc with coated
electrode type AWS6013, 2. Tungsten Metal Arc with uncoated
electrode made from the base plate steel, 3. Metal Arc with
coated electrode type super S1LO0, 4. Acetylene gas welding using
filler metal from the base steel. For immersion , polarization
and SSR tests the following testing procedures were used: 1. Arc
Weld using coated electrode type AWS7016-1, 2. Tungsten Metal Arc
with inert gas and coated electrode type OK73-08.

Immersion Tests, Immersion tests were used to measure the corro-
sion rate of the base metal, with and without welding, using ASTM
G1 standard. The specimens dimensions were 20x50x2 mm.
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Polarization Tests. Cathodic and anodic polarization of the steel
and weld metals were determined by potentiodynamic technique
based on ASTM G5-87. Corrosion rate of the specimens were also
calculated using linear polarization technique. The electrochemi-
cal measurements were peformed usiaii standard potentiostat
Wenking model ST72, with Ag/AgCl reference electrode.

Constant Strain SCC Tests. Fio. I ,hows tij. tt '.. I".. ;,, 1ih 'I,-

o'f rhE 1m:, vrim • • • w, -'•- u.,e, f, t, & ,::j'eriments. Constant
t,.,, ..'C" ' .'. were performed according to ASTM G39. The

specimens were exposed to Persian Gulf water, in Bandar Abbas
Coasts at various depths of 5. 7, and 9 metets fof 7 montjth. The
applied stress on all t!,e specimenE wel• yield stress of th..
stee-l (54 IKg nun ýý). In u 'et t... tv,_.d' galvanic, :uid ci evibe cui ,
..icon the nuts and bolts, at both ends of the sj.,ecinaeka• wet,.
covered with a special au, tirust mij j ji- i .. efli4.e .

Slow Strain Rate (SSR) Tests. Fig. 2 shows the details of the
specimens which were used in SSR tests. For these tests a SSR
testing machine, based on the recommendation of the Parkins( 5 ),
was designed and constructed. The strain rate used was 3x10 I-
sec-. This was based on the previous results obtained"'.7•
Stress - strain curves for specimens without weldiig aud welded
in the gauge length area using various techniques were obtained.
These curves were plotted in various conditions including: air,
seawater and 3.5% NaCl solution. The fracture surfaces of the SSR
specimens were studied using a Scanning Electron Microscope, JEOL
model S6400.

Results and DISCUSSION

Fig. 3 shows the corrosion rate of the specimens with and without
welding in Persian Gulf water and a 3.5% NaCl solution as deter-
mined-by Laboratory Immersion Test. It is shown that welding has
decreased the corrosion rate. Inspection of the specimens indi-
cated that the weld metal has corroded preferentially and
cathodically protected the base metal. This is obviously related
to the electrode composition and does not seem to be influenced
by welding technique (compare specimen 1 and 3, i.e. same
electrode, but different welding technique). Electrode material
in specimen 4 contained some Cu and Ni and therefore resulted in
less protection and thus higher corrosion rate (Compare
specimens 2 and 4, i.e. same welding technique but different
electrode materials).

Fig. 4 shows the potentiodynamic polarization curves of the base
metal and weld metals, in Persian Gulf water and in a 3.5% NaCl
solution. All the data on these curves have been summarized in



table 3. The corrosion rates obtained for the base metal and
weld metal using linear polarization technique are also sum-
marizes in Table 3. It is noted that all the specimens show a
lower corrosion rate in Persian Gulf water as compared with 3.5%
NaCl solution. It is also noted that the corrosion potential of
the weld metals are more active than the base metal and thus the
weld metal can cathodically protect the base metal. these ai,. Ii•

agreement with corrosion rates obtained h.'y inin-Lerci:;n tc.5tEC.

Fig. 5 show-_ t!;, A)

........ n :ci below :a '% er ,i L U f Ce fo• . h,.,.IL:

n " .. . m n3, they
W... . N' ciacl'.i i was observed in neither of

specimers.These results indicate that neither the base metal, nor
the weld specimens were susceptible to SCC 1i, IPe i -. ,, (;q! f %..:11(-.1

Fig. 6 shows the stress - strain curves for the steel with and.
without welding, as was obtained by SSR testing riachine. The
specimens were tested in air as well as in Persian Gulf water and
3.5% NaCl solution. The results of these curves are summarized
in Fig.7. It is noted that only for materials without welding,
there is significant reduction in ductility of the specimen
tested in air as compared with sea water and 3.5% NaCl solution.
Although this is not to that extent to be related to SCC suscep-
tibility.

Fig. 8 shows the typical SEM of the fractured surfaces of the
specimens with and without welding, tested-by SSR testing machine
in air, Persian Gulf water and a 3.5% NaCi solution. all the
fractured surfaces showed dimpled fracture and indicated exten-
sive ductility which is the evidence of non susceptibility to
SCC. In Fig. 8C there are areas which were suspected as being
cleavage brittle fracture. Inspecting the corresponding stress -
strain curve in Fig. 7, clearly indicated the lack of any dif-
ferences in mechanical properties of specimens tested in air
compared with Persian Gulf water and 3.5% NaCl solution. There-
fore, it was clearly concluded that such areas as in Fig. 8C were
due to the corrosion products and not due to brittle fracture.

Conclusion

1. All the weld metals were anodic to the base metal and provided
protection for it. The degree of protection depended upon the
composition of the electrode and was independent of welding tech-
nique.

2. Constant strain specimens immersed in Persian Gulf water at
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the depths of 5, 7 and 9 meters, for 7 months, also did not show
any indication of SCC susceptibility, for the steel with and
without welding.

3. SSR test results did not show any indication of SCC suscep-
tibility for the steel with and without welding.

4. SEM fractographs of fractured surfaces of SSR tests also did
not show any indication of SCC susceptibility for the steel with
and without welding.

5. Neither the base metal nor its weldments were susceptible to
SCC in Persian Gulf water
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Table 1. Chemical composition of the selected marine steel

Element C Mn Si. P S Cr Ni Cu Fe
Wt.% 0.251 0.741 0.549 0.013 0.013 0'. 98, 0.594 (.394 Bal

T:1le 2. -ei:hanical propertiee of the selecte,. maj ino steel

aI dne~- RB R8

coduie5 of Elesticiry Kg mm I .rq 0

L t 1teigth Tg 111 70
Yield Strength Kg n,-- 54

Table 3. Data obtained from polarization and immersion tests

Corrosion Polarization test Immersion test
environment Ecorr. Icorr. CR CR

my iA cm- 2  mpy mpy
Selected steel without welding

Persian Gulf water -688 26 11.8 2.1
3.5%NaCl solution -658 38.2 17.3 3.7

Welded steel, Metal Arc with coated electrode, OK 73/08
Persian Gulf water -694 24.6 11.1 1.95
3.5%NaCl solution -689 48.8 22.1 2.62

Welded steel, Metal Arc with coated electrode, AWS 7016-1
Persian Gulf water -709 32.2 14.6 1.7
3.5%NaCl solution -693 183.2 82.2 1.26

Welded steel, Tungsten Arc with uncoated electrode, AWS 7016-1
Persian Gulf water -728 26 11.8 1.71
3.5%NaCl solution -719 40.2 18.2 1.2
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Fig.8. The typical SEM f dt t.-.yiji L, iA k i urfaces of

the tensile- specimt.?n., wit!, ýn without welding, as obtained by
SSF te--StS. Top to bottom in: Air, Persian Gulf water, and
3.5%NaC1 solution. (a) without welding, (b) Metal Arc welding with
coated electrode AWS 7016-1, (c) Metal Ineit Gas welding with unj-
coated electrode AWS 7016-1.
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Abstract

This study focuses primarily on the effects of biofouling, (such as barnacles, algae,
etc.) on composite surfaces which have been submerged in the Gulf of Mexico for six
months. Adapting a technique developed by Perkinson1, the surface of submerged
samples are compared, using Fourier-transform infrared spectroscopy, to control
samples previously subjected to a distilled water environment. Quantitative
examination of the resulting infrared spectra gives insight into the negligible
chemical changes taking place on the composite surface. Optical microscopy is also
used to explore macroscopic degradation.

Key terms: polymer composite, FTIR, biofouling, degradation

3871



Introduction
As our natural resources begin to diminish, oil companies will inevitably need to

drill to deeper ocean depths. Hence, revolutionary changes must be made to replace
heavy traditional materials with lighter, more buoyant, high strength alternatives,
such as Fiber Reinforced Plastics, for oil drilling platforms. However, testing must
be done to assure the stability and reliability of the polymer composites in a harsh
seawater environment. Much work has been done to understand the effects of
moisture absorption on the physical properties of high performance polymer
composites. Most notably, Antoon and Koenig 2,3 have examined the reversible and
irreversible property losses due to plasticization by water of a diglycidylether of
bisphenol-A (DGBA) epoxy resin as examined by Fourier-transform infrared
spectroscopy (FTIR). Apicella and Nicolais4 also examined this plasticization
phenomena using a tetraglycidyl-4,4'-diaminodiphenylmethane (TGDDM) resin
crosslinked with diaminodiphenyl sulfone (DDS) in their book chapter. However,
little work has been done to examine the effects of biofouling on epoxy resin or
composite properties. Our work addresses the use of FTIR spectroscopy to examine
the effects of microorganisms in Texas gulf water on several glass and fiber
reinforced polymer composites.

Experimental
Seven polymer composite systems were obtained from Dow Chemical and

submerged off the Texas coast for six months. System 1 is a TGDDM epoxy
crosslinked with DDS and enhanced with T2C145 graphite fibers. System 2 is also a
TGDDM/DDS epoxy with an aramid network and IM7 graphite fibers. IM7 graphite
fibers were also used in System 3 but the epoxy is the tricyclic hydrocarbon, fluorene,
again crosslinked with DDS. Systems 4 and 5 are glass reinforced with vinylester
resins. They are Derakane 410 and 511 respectively. Systems 6 and 7 are also the
Derakane vinylester resins but are reinforced with graphite fibers 410 and 511
respectively. Samples from each system were set aside prior to submersion in the
Gulf for control purposes. However, to factor out the water contribution to surface
alterations, the controls were submerged in distilled water. All samples were air
dried for at least seventy-two hours before FTIR preparation. All other chemicals
and solvents were obtained from Aldrich® and used as received.

Absorbance spectra in the mid-infrared region using 200 sample and reference
scans at 4 cm-1 resolution were obtained using a Fourier-transform infrared
spectrometer from Bio-Rad (FTS 60A). A difference spectra was generated by
subtracting the normalized submerged spectra from the normalized control spectra5.
Peak shifting, appearance, or disappearance indicates changes on the molecular
level 6.

Results and Discussion
Samples taken out of the gulf water were covered with algae, barnacles, and other

unidentifiable organic matter. To prepare the samples for microscopic work, they
were rinsed with swiftly running tap water to remove the algae coating. (Figure 1).
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Optical microscopy showed no notable surface destruction (50-100x) (Figures 2-4).
For spectroscopic work, the barnacles were removed with a nylon brush.

Initially, ATR spectra were attempted. Since the quality of the resultant spectrur a
is proportionate to the contact area between the sample and the prism, composite
warpage, though minimal, gave unsatisfactory results. Adequate spectra were
obtained by using an adaptation of a procedure developed by Perkinson1 . This
includes filing the composite surfaces, removing any graphite or glass fibers from
the filings, mixing them with spectrum grade KBr, and running pellets in
transmission mode (Figure 5). Peak assignments were made using several
sources 7-9.

To test the sensitivity of the technique to changes on a molecular level, a
TGDDM/DDS sample was subjected to chemical degradation by submersion in a
fuming sulfuric acid (15% SO3 /H2SO4) environment for 24 hours. Figure 8 shows
the resulting spectra before and after imposed degradation. The appearance of large
peaks at 1266 and 1233 cm-1 are attributed to sulfonation of the phenyl rings on the
epoxy backbone. Furthermore, a decrease in the para semi-stretch region, 1516 and
822 cm- 1, confirms a decrease in the amount of para substituted rings as the
sulfonation takes place. The 1023 cm-1 peak is characteristic of a symmetric sulfite
ion stretch. Lastly, the 1596 cm-1 asymmetric phenyl stretch is enhanced due to the
increase of electronegativity differences between the substitutents once the sulfite
ions are added to the ring. Included also are pictures by optical microscopy of the
surface after acid degradation (Figure 6&7).

Transmittance spectra were run on the control and submerged composite surfaces
of the seven different systems (Figures 9-15). Systems 1 and 7 show an epoxy peak at
890-906 cm-1 in the submerged but not control samples (Figures 9 & 15). This could
be attributed to either epoxy ring formation or incomplete cure. Since the
submerged and control composites are the same resin systems, but not necessarily
from the same plaque, curing variations will be present and are the most probable
cause of the 906 cm-1 peak. More over, the ring strain in the epoxy moiety makes it
energetically more favorable to break than form a ring, making production by
biofouling highly unlikely. With complete overlap of the neighboring peaks in
System 1, there is a noticeable reduction in the intensity of the asymmetric phenyl
stretching peak (1603 cm-1). As a molecule loses its dipole moment, it becomes less
sensitive to infrared measurement. Should there be a decrease in hydrogen bonding
to the adjacent sulfone or amine groups, the dipole should also decrease,
minimizing the intensity of the asymmetric stretching. The 1628 cm- 1 band
represents the bending mode of water. Its decrease indicates less residual water in
the submerged sample than the control. This alludes to a point discussed by
Southwell et al. in their studies of biofouling effects of carbon steel specimens' 0 .
They suggested that marine fouling can have protective effects against corrosion,
providing a coating against ions in the ocean water. Thus, the thick biofouling layer
of the submerged specimen could have prevented intercalation of water into the
composite.

Most of the fingerprint region in System 2 displays an increase after gulf water
submersion (Figure 10) This is also the case for System 6 (Figure 14). On the other
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hand, Systems 4, 5 and 7 displays frequency shifting due to influences on the ester
linkages (Figures 12, 13, & 15). The shift of the 1390 cm-1 OCH 2 wagging peak in
System 4 is sensitive to dipolar interactions and dependent on conformation. The
shift to higher wavenumber alludes to lower energy conformation at the ester
linkage within the submerged sample. Systems 5 and 7 both show significant
change in the 1417 cm-1 region. This could be a result of deformation to the ester-
methylene linkages of the vinylester backbone.

The difference spectra of System 3 shows submersion only effects the 1428 cm-1
peak attributed to CH2 deformations (Figure 11). This is not surprising as the
fluorene based epoxy is hydrophobic, inhibiting water plasticization and exhibits
greater bond strength.

Conclusions
The effects of biofouling on the polymer composite samples over a period of six

months as seen by FTIR is relatively minimal. It is difficult to differentiate between
the effects of non-reversible plasticization and that strictly from the biofouling.
However, the fluorene based resin showed the least amount of change due to its
hydrophobic nature. Work by Connollyll and Fried 12 has also shown that many
polymers can withstand exposure to marine environments for periods up to
thirteen years with minimal surface effects or loss of mechanical properties. The
few differences seen between control and submerged samples is more likely from
processing differences and irreversible plasticization than from the biofouling.
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Abstract
Alloying elements are added to metals to improve workability, electrical properties and corrosion
resistance. Alloying elements also alter the formation, chemical composition, thickness and tenacity
of corrosion products and may increase or decrease susceptibility to microbiologically influenced
corrosion (MIC). The influence of alloying elements on MIC are reviewed for stainless steels, copper,
nickel, aluminum and titanium alloys.

Key terms: microbiologically influenced corrosion, alloys, sulfate-reducing bacteria, corrosion product
mineralogy.

Introduction
Microbial biofilms develop on all surfaces in contact with aqueous environments. Chemical and
electrochemical characteristics of a metal substratum influence the formation rate and cell distribution
of microfouling films in seawater during the first hours of exposure. Electrolyte concentration, pH,
organic and inorganic ions also affect microbial settlement. Biofilms produce an environment at the
biofilm/metal interface that is radically different from that of the bulk medium in terms of pH, dissolved
oxygen, and inorganic and organic species., Reactions within biofilms can control corrosion rates and
mechanisms. The term microbiologically influenced corrosion (MIC) is used to designate corrosion
resulting from the presence and activities of microorganisms within biofilms. The reactions are usually
localized and can include: 1) sulfide production, 2) acid production, 3) ammonia production, 4) metal
deposition, as well as 5) metal oxidation and reduction.

Commercially pure metals may contain a variety of impurities and imperfections which influence all
types of corrosion. In general, as purity increases, the tendency for a metal to corrode reduces propor-
tionately.2 However, high purity metals frequently have low mechanical strength, leading to the use of
alloying elements to improve mechanical, physical and fabrication characteristics. Nearly all metals and
alloys exhibit a crystalline structure. 2 If an alloying elerment is added to a base metal, the crystal
structure may remain essentially stable and produce a solid solution or single phase. Two or more phase
structures can result with some alloy combinations. More than one phase in an alloy usually produces
poorer corrosion resistance.

Copper and Nickel Alloys
Copper alloys are frequently used for seawater piping systems and heat exchangers due to their good
corrosion resistance combined with mechanical workability, excellent electrical and thermal conductivity,

3680



ease of soldering and brazing, and resistance to macrofouling. In oxygenated seawater a film of cuprous
oxide, cuprite (Cu2O), forms on copper alloys. Copper-ions and electrons pass through the film. Copper
ions dissolve and precipitate as Cu2(OH)3Cl, independent of alloy chemistry. Alloying nickel and small
amounts of iron into copper results in a single phase structure and increases resistance to turbulence
induced corrosion. CDA 706 (88.5% Cu, 10% Ni, 1.5% Fe) has been shown to be the most corrosion
resistant copper alloy for seawater service.3

Copper alloys are vulnerable to biocorrosion. Differential aeration, selective leaching, underdeposit
corrosion and cathodic depolarization have been reported as mechanisms for MIC of copper alloys.
Pope et al.4 proposed that the following microbial products accelerate localized attack: CO2, H2S, NH3,
organic and inorganic acids, metabolites that act as depolarizers, and sulfur compounds such as
mercaptans, sulfides and disulfides.

In the presence of sulfides, copper alloys form a porous layer of cuprous sulfide with the general
stoichiometry Cu2-xS, O<x<l. Copper ions migrate through the layer, react with more sulfide, and
produce a thick black scale. McNeil and Odom 5 described a model that predicts sulfide-induced
corrosion in the presence of SRB. Corrosion is initiated by sulfide-rich reducing conditions in the
biofilm where the oxide layer is destabilized and acts as a source of metal-containing ions. The authors
concluded that if any reaction of metal oxide with sulfide has a high negative standard free energy of
reaction, SRB-related MIC will occur. If the reaction has a high positive standard free energy
of reaction, this form of corrosion will not occur. Negative standard free energies of reactions were used
to predict SRB-MIC for copper alloys. Analysis of sulfide corrosion products recovered from corroding
copper alloys confirmed the prediction. Specific copper sulfides have been suggested as fingerprints
for SRB sulfide production. Chalcocite (Cu2S) and covellite (CuSt+x) are frequently identified in
copper corrosion products associated with SRB.6 Djurleite (Cu31S,6) formation has been reported
for copper/nickel alloys.

It has been argued that if the copper sulfide layer were djurleite, the sulfide layer would be protective.
Even if such a sulfide film were technically passivating, the film's mechanical stability is so poor that
sulfide films are useless for corrosion protection. McNeil et al.6 reported that sulfide corrosion products
on 99 copper were consistently non-adherent, while those on 90/10 and 70/30 copper/nickel were
adherent in SRB laboratory cultures and in natural waters.

Nickel minerals have not been found in corrosion products on 90/10 or 70/30 copper/nickel alloys.7

Selective dealloying of zinc, nickel and iron from copper alloys has been reported by several
investigators.8,9 Little et al.9 demonstrated dealloying of nickel from a 90/10 copper/nickel in association
with SRB. Wagner et al.8 described dealloying of nickel in 70/30 copper/nickel exposed to flowing
natural seawater.

SRB are not necessary for MIC induced pitting of copper alloys. While the role of the biofilm in copper
pitting is not entirely clear, it appears that the presence of the biofilm contributes to corrosion by
maintaining enhanced local chloride concentrations and differential aeration cells.10 Popel I documented
MIC of 90/10 copper/nickel, admiralty and aluminum brass, and welded aluminum bronze at electric
generating facilities using fresh or brackish cooling waters. Most of the copper/nickel tubes had underdeposit
corrosion due to formation of deposits by slime-forming organisms in association with iron- and
manganese-depositing bacteria. Ammonia-producing bacteria were isolated from scale and organic
material on the admiralty brass tubes suffering ammonia-induced stress corrosion cracking. Mansfeld
and Little reported that 5 copper alloys exposed to natural seawater were colonized by bacteria within
3 weeks, independent of alloy composition.12 Corrosion rates were higher in natural seawater compared
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with artificial seawater for all copper alloys exposed. Intergmnular corrosion and deickelification of
70Y30 ci was observed after I month.

Nickel alloys, including Monel 400 (66.5% Ni, 31.5% Cu, 1.25% Fe), are used extensively in highly
aerated fast-moving seawater environments as evaporators, heat exchanger pumps and valves, diffusers
for steam nozzles in steam ejectors and turbine blades. Ublig and co-workers 1 3 calculated that a critical

nickel concentration of 35% was required for passivity. Nickel alloys containing less than this amount
behave like copper. The formation of the protective film on nickel is aided by the presence of iron,
aluminum and silicon. In high velocity seawater, nickel alloys are superior to predominantly copper
alloys because the protective surface film remains intact under highly turbulent and erosive conditions.

Monel 400 is susceptible to pitting and crevice corrosion attack where chlorides penetrate the passive
film. Sulfides can cause either a modification or breakdown of the oxide layer. Schumacher 14 reported

that Monel 400 was susceptible to underdeposit corrosion and oxygen concentration cells formed by
bacteria. Gouda et al.15 demonstrated pitting of Monel 400 tubes exposed in Arabian Gulf seawater
where pits developed under deposits of SRB and nickel was selectively dealloyed. Little et al.9 reported
selective dealloying in Monel 400 in the presence of SRB from an estuarine environment.

PopeII reported a case study from nuclear power plants in which severe pitting corrosion associated
with dealloying was observed under discrete deposits on Monel heat exchanger tubes. Deposits formed
by iron- and manganese-depositing bacteria in association with SRB contained large amounts of iron
and copper, significant amounts of manganese and silicon, and reduced amounts of nickel. No evidence
for MIC in nickel-chromium (Inconel) and nickel-chromium-molybdenum (Hastelloy) has been
reported. Hastelloy C (54% Ni, 15% Cr, 16% Mo, 4% W, 5% Fe) shows outstanding resistance to
pitting or crevice attack in seawater.

Stainless Steels
The corrosion resistance of stainless steels (SS) is due to the formation of a thin passive chromium-
iron oxide film at additions of chromium in amour's of 12% or more. Metal-depositing organisms,
important in MIC of stainless steels, may catalyze .we oxidation of metals, accumulate abiotically
oxidized metal precipitates, or derive energy by oxidizing metals. Dense deposits of cells and metal
ions create oxygen concentration cells that effectively exclude oxygen from the area 'mmediately under
the deposit. Underdeposit corrosion is important because it initiates a series of events that are, individu-
ally or collectively, extremely corrosive. 16 In an oxygenated environment, the area immediately under
the deposit becomes a relatively small anode compared to the large surrounding cathode. Cathodic
reduction of oxygen may result in an increase in pH of the solution in the vicinity of the metal. The
metal will form metal cations at anodic sites. If the metal hydroxide is the thermodynamically stable
phase in the solution, metal ions will be hydrolyzed by water with formation of H+ ions. If cathodic
and anodic sites are separated from one another, the pH at the anode will decrease and at the cathode
will increase. The pH within anodic pits depends on specific hydrolysis reactions. 17 The lowest pH
values are predicted for alloys containing chromium and molybdenum.

One of the most common forms of MIC attack in austenitic SS is pitting at or adjacent to welds 18 at
the heat affected zone, the fusion line and in the base metal. Borenstein 19 made the following obser-
vations for MIC in 304L (18% Cr, 9% Ni, .03% C, bal. Fe) and 316L (17% Cr, 12% Ni, 2.5% Mo,
.03% C, bal. Fe) weld.ients: both austenite and delta ferrite phases may be susceptible; combinations
of filler and base materials have failed, including matching, higher and lower alloyed filler combina-
tions; and solution annealing and pickling may produce welds that are less susceptible. A lack of
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sensitization in austenitic welds did not ensure protection. Additionally, surface conditions commonly
associated with corrosion resistance, such as heat tint, and those related to residual stresses, including
gouges and scratches, may increase susceptibility. Kearns and Borenstein2° state that welds having
filler metal compositions matching the base metal have lower corrosion resistance than fully annealed
base metal due to lack of homogeneity and the microsegregation of chromium and molybdenum.
Chemically depleted regions can be much more susceptible to localized attack. Stein 2l reported that
MIC susceptibility of base metal related to weld area was not related to sensitization but to the micro-
structure produced during the manufacturing process. Reannealing reduced the severity of the pitting
corrosion. Videla et al.22 observed that sensitization heat treatments with related carbide precipitation
lowered pitting corrosion resistance of 304 and 410SS in the presence of SRB and aggressive anions.

Stainless steels containing 6% or more molybdenum were once thought to be immune to MIC because
molybdenum increases the resistance of austenitic SS to chloride and acid solutions. However, Scott
and Davies23 documented MIC in an austenitic 904L SS (20% Cr, 25% Ni, 4.5% Mo, 1.5% Cu,
0.02 max. C, bal. Fe) used in a tube and shell heat exchanger for cooling sulfuric acid in brackish and
seawater applications. The failure occurred within two weeks of startup and was accompanied by attack
of welds and crevice corrosion. Little et al.24 observed deep etching of SM0254 SS (20% Cr, 18% Ni,
6.5% Mo, 0.75% Cu, 0.2% N, bal. Fe) after exposure to both an iron/sulfur-oxidizing mesophilic
bacterium and a thermophilic mixed SRB culture.

Ennoblement of corrosion potential (Ecrr) for stainless steels during exposure to natural seawater has
been reported by several investigators.IZ-526 The practical importance of ennoblement is increased
probability of localized corrosion as Ecof approaches the pitting potential (Ep,jt). Thermodynamic and
kinetic factors have been discussed, including increase of the partial pressure of oxygen, a decrease in
interfacial pH and organometallic catalysis. An increase of the partial pressure would move the reversible
potential of the oxygen electrode in the noble direction, but cannot be used to explain large shifts in
Ec. A local decrease in pH would produce the same effect. Local acidification would move E
in the negative direction to potentials significantly below the reported Eff values. Johnsen and Bardal27

reported that E. approached -50 mV (vs saturated calomel electrode (SCE)) after 28 days for SS that
contained 1-3 w/o molybdenum. In contrast, SS containing 6 w/o molybdenum reached values of
+50-150 mV vs. SCE in the same time period. Early reports suggested that molybdenum was not found
in the passive layer for alloys containing up to 5.2% molybdenum. 28 Recently, Olefjord and Wegrelius29
studied the influence of molybdenum and nitrogen on the corrosion behavior of high alloyed SS
containing 6% molybdenum. Passive layers contained 8-14% molybdenum. Since ennoblement is more
pronounced for high molybdenum SS, molybdenum may play a role in the acceleration of the cathodic
reaction leading to ennoblement of Emr.

Aluminum and Aluminum Alloys
The corrosion resistance of aluminum and its alloys is due to an aluminum oxide passive filn. Anod-
izing produces tW-ker insulating films and better corrosion resistance. The natural film on aluminum
alloys can be atti,•ed locally by halide ions. The susceptibility of aluminum and its alloys to localized
corrosion makes it particularly vulnerable to MIC. Most reports of MIC are for aluminum (99%), 2024
and 7075 alloys used in aircraft or in underground fuel storage tanks.30 Localized corrosion attributed
to MIC occurs in the water phase of fuel-water mixtures in the bottom of tanks and at the fuel-water
interface. Contaminants in fuel include surfactants, water, and water soluble salts that encourage growth
of bacteria. Two mechanisms for MIC of aluminum alloys have been documented: production of water
soluble organic acids by bacteria and fungi, and formation of differential aeration cells.
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Titanium and Titanium Alloys
There are no case histories of MIC for titanium and its alloys. Schutz3 1 reviewed mechanisms for MIC
and titanium's corrosion behavior under a broad range of conditions. He concluded that at temperatures
below 100*C titanium is not vulnerable to iron/sulfur-oxidizing bacteria, SRB, acid-producing bacteria,
differential aeration cells, chloride concentration cells and hydrogen embrittlement. In laboratory
studies, Little et al.24 did not observe any corrosion of Grade 2 titanium in the presence of SRB or iron/
sulfur oxidizing bacteria at mesophilic (23C) or thermophilic (70°C) temperatures. Using the model
of McNeil and Odom5 one would predict that titanium would be immune to SRB induced corrosion.
There are no standard free energy reaction data for the formation of a titanium sulfide. If one assumes
a hypothetical sulfide product to be titanium sulfide, the standard enthalpy of reaction is +587 kJ. While
standard free energies of reaction are not identical to standard enthalpies of reaction, it is still unlikely
that titanium will be derivatized to the sulfide under standard conditions of temperature and pressure.

Conclusions
MIC is localized corrosion documented in failures of engineering materials. Alloying elements affect
susceptibility to MIC by providing a corrosion-resistant single phase and by affecting reaction kinetics.
However, in practical cases, the primary effect of alloying elements is to stabilize a protective film
either mechanically or chemically. Additions of nickel and iron improve the mechanical properties of
copper alloys but may increase susceptibility to MIC. Molybdenum found in the passive layer on
stainless steel alloys may influence ennoblement of Ewff.
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Abstract

The effect of cathodic protection on the early stages of bacterial biofilm formation on stainless
steel was studied at different temperatures. The influence of the applied potential on pure
Vbrio alginolyticus and mixed SRB (Desulfovibrio vulgaris and Desulfovibrio desulricans)
biofilms was assessed using saline media, in laboratory experiments under controlled
conditions. Interactions between cathodic protection and bacterial settlement and growth,
calcareous deposits, and current densities were successively analyzed. For aerobic bacteria,
cathodic protection difficulted adhesion to the metal surface only at the early stages of biofilm
formation. Higher current densities are generally required in the presence of biofilms.

Key terms: cathodic protection, biofilm, seawater, calcareous deposits.

Introduction

Cathodic protection (CP) is particularly attractive in marine environments or certain kinds of
soils where the medium conductivity is high enough to obtain a uniform current distribution
over the metal surface to be protected. It has been describedt- 3 as an effective method of
protecting stainless steel (SS) structures immersed in seawater against crevice corrosion.

CP is generally accomplished by impressing an external current to the metal, opposing the
naturally occurring corrosion current. Thus, the cost of this protective method will mainly
depend on the amount of the current to be applied to the metallic structure to be protected 3.4 .

CP alters the ionic concentration at the interface increasing hydroxyl ions concentration. The
consequent pH increase diminishes the solubility of calcium and magnesium at the interface
favoring the precipitation of a calcareous scale"- .

The current required to polarize the structure depends on the electrochemical properties of the
metal to be protected and the type of film formed under CP. It has been reported4,7,8 that the
properties of this film in natural seawater are influenced by microbial adhesion processes.
Moreover, microbial adsorption depends on the electrochemical characteristics of the polarized
interface9 .
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As the adhesion of aerobic microorganisms frequently shifts the corrosion potential in the
anodic direction1,410 the amount of applied current required to polarize the structure to a pre-
selected potential could also depend on the amount of microbial settlement. CP seems to be
effective for controlling the growth of aerobic bacteria in carbon structures immersed in
seawater whereas it could favour the growth of sulfate reducing bacteria (SRB)11.

The goal of this paper is to assess the interrelationships between CP on SS samples and pure
aerobic and mixed anaerobic bacterial settlement and reproduction and calcareous deposits
structure. The influence of seawater temperature on these interactions will also be studied
under laboratory well controlled conditions.

Experimental
A. Microorganisms
Pure Vibrio alginolyticus (V. alginolyticus) and mixed SRB Desulfovibrio vulgaris (D.
vulgaris) and Desulfovibrio desulfuricans (D. desulfuricans) were used in the experiments. V.
alginolyticus was isolated from polluted harbor seawater and was maintained in nutrient agar
with the addition of 3 % NaCI. Experiments were made using synthetic seawater supplemented
with 1 g/l of yeast extract. Cell number in the culture media were initially c.a. 106 cells/ml.

D. vulgaris and D. desulfuricans were maintained in a medium containing 35% of synthetic
seawater with I g/l of yeast extract, 0.2 g/l sodium lactate, 0.005 g/l NaHPO4, 0.05 g/l
NH 4CI, 0.001 g/l Na2SO 3. This medium was also used as culture medium in the SRB
experiments. In this case, after SRB inoculation, 10 % of the medium was removed and
replaced by fresh medium every 24 h.

The initial pH of all the solutions was adjusted to 7.5 by adding 0.1 N NaOH solution.

B. Metal samples
Metal specimens were AISIM; 304L SS (50 x 20 x 1 mm). They were mechanically polished
with different grits of silicon carbide paper (240, 400, 600) and later with alumina paste
(1 pm grain size). After polishing, samples were cleaned and degreased with acetone, and
finally rinsed with distilled water prior to their exposure to the bacterial suspension.

C. Exposure times
Metal specimens were exposed to SRB cultures for 7 or 15 days. Shorter immersion times (2,
4, 18, 24 and 48 h) were used in the case of V. alginolyticus experiments.

D. Cathodic protection conditions
SS samples were cathodically polarized to -0.7 V against a saturated calomel electrode (SCE)
using a potentiostat and a platinum counter electrode.

E. SEM observations
After exposure, and in order to preserve biological material, specimens were successively
fixed with 2% glutaraldehyde solution in synthetic seawater, washed with distilled water, dried
through an acetone series to 100%, and finally, critical point dried. To assess metal attack,
samples were polished with alumina (1 m) to remove biological and inorganic deposits from
the surface. Later, samples were cleaned and degreased with acetone and finally rinsed with
distilled water. SEM observations were made using a JEOL(2) JSM-T 100 microscope.

(1) American Iron and Steel Institute, Washington, DC.
(2) Jt.OL LTD, 1418 Nakagami Arishima, Tokyo 196, Japan.
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F. Cell enumeration methods
1. "In situ" enumeration. It was made through a direct cell count method using

epifluorescence microscopy. After exposure, the samples were removed, stained with 0.01 %
acridine orange for 5 minutes, rinsed in sterile synthetic seawater to remove loose cells, and
examined under ultraviolet light with an epifluorescence microscope at 400X. Cells were
counted in 12 randomly chosen 0.0464 cm2 fields per sample.

2. "Ex situ" enumeration. For viable counts, samples were washed in sterile synthetic
seawater and thereafter scraped with a scalpel. The resulting suspension was transferred into a
tube containing 10 ml of sterile seawater. Enumeration of cells was made by a standard plating
method for viable counts. Colonies were counted after 48 h of incubation at 28C.

Results

V. alginolyticus sessile cell counts on 304 SS specimens after 2 and 4 h of immersion at 12 C
are shown in figure 1. The number of bacteria attached to the SS surface diminished when CP
was applied. Sessile cell numbers decreased from 2.4 x 103 cells/cm 2 to 1.2 x 102 for a 2 h
exposure time. A longer exposure period (4h) did not result in an increase of sessile V.
alginolyticus.

Experiments made at two different temperatures (12 C and 20 C) for SS specimens exposed for
18 h to a V. alginolyticus culture, are compared in Table 1. A reduction in the cell numbers
can be noticed when the temperature was increased.

CP effect on a 2 h old V. alginolyticus biofilm at 12 C is shown in Table 2. To analyze the
balance between desorption + detachment vs. reproduction, biofilmed specimens were
immersed in sterile medium, to avoid the readsorption of cells. For unprotected samples the
number of bacteria slightly increased in the sterile media (desorption + detachment are slightly
lower than reproduction). Conversely, an important decrease in the number of attached cells
with respect to the initial value was observed when CP was applied. Thus, it can be inferred
that desorption and detachment seemed to be enhanced and reproduction was reduced by CP.

Experiments made at 12 C for longer exposures (Fig. 2) showed that the number of cells
attached on the unprotected samples at this temperature increased to reach a steady value (c.a.
104 cells/cm2) after 24 h, and remained nearly constant afterwards. For this temperature the
number of attached cells is markedly lower than that obtained at 20 C (see Table 1). When the
samples were cathodically protected immediately after the immersion in the culture medium a
lower number of attached cells with respect to that observed without protection is again
observed. Conversely, when the metal coupons remained 48 h immersed but, alternating the
first 24 h unprotected and protected for the next 24 h, it could be noticed that no reduction in
the number of cells was found with respect to the unprotected SS samples for 48 h. It is likely
that when a steady biofilm is obtained, the effect of cathodic protection is not so relevant as in
the early stages of biofilm growth.

Current density vs. time curves for SS in synthetic seawater (Fig. 3) show the characteristic
shoulder shape related to the nature of the calcareous deposits formed under these experimental
conditions. It can also be noticed a different shape of the curve and a non-well defined
transient time, when bacteria are present in seawater. SEM observations showed that pioneer
bacteria are covered by calcareous deposits (Figs. 4 and 5). When cell detachment occurs,
cavities reproducing bacterial shapes can be observed, revealing a discontinuity in the
calcareous deposit structure (Fig. 6).

Results of Fig. 3 show that after the immersion in the inoculated seawater, current decreases
sharply and then, when the biofilm is formed it began to increase reaching finally a steady
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state value which duplicates that of the control. Experiments made at 12 C, i.e., when the
growth of biofilm is slow, did not show this current increase in the same period.

Attachment of mixed cultures of SRB to SS specimens was analyzed at longer exposure periods
than V. alginolyticus. After seven days of immersion a high number of cells (larger than 104
cells/cm2) was found on the SS samples. No reduction in the number of sessile cells was
observed when CP was applied for periods of 7 days and longer. Localized attack has been
found on samples with and without cathodic protection. Small pits, which were frequently
covered by bacteria were observed by SEM (Fig.7). A slight current density increase wa;
recorded after two days of immersion for the protected samples.

After 15 days exposure the number of cells markedly increased and thick biofilms were
covering the metal surface (Fig. 8). Beneath the biofilm and on the metal surface an inorganic
film, firmily adhered to the metal and small pits could be observed when the biofilm was
removed (Fig. 9).

Discussion

The attachment of bacteria to an unfouled metal surface is preceded by initial processes of
transport and adsorption of organic molecules. These processes are followed by the growth of
attached bacteria which results in an increase of attached cells and associated material and the
detachment of portions of the biofilm. Consequently, the accumulation of cells in the
metal/solution interface is the result of the balance of several processes' 2:

dXc/tot - ra c - rd c + Xc tot (Kg - Kd)

dt adsorption desorption growth - detachment

ra c: adsorption rate for cells
rd c: desorption rate for cells
Xc: cell concentration at the substratum
Kg: probability of cell growth
Kd: probability of cell detachment
t: time

Sorption related processes are considered to be dominant within a short period of time. For
instance, in the case of Pseudomonas aeruginosa at 25 C this period is about 100 minutes after
the immersion of the unfouled specimens. Growth related processes begin to contribute to the
accumulation in later stages. Adsorption influences the rate of the induction and growth phases
but does not influence the plateau biofilm accumulation12.

Present results obtained with V. alginolyticus show that a relevant decrease in the cell number
due to the application of CP occurs during the first hours after immersion (the extent of the
period depends on temperature). Considering the model previously mentioned' 3, adsorption
processes may be dominat in this period. Thus, CP should affect adsorption processes,
reducing the number of adsorbed cells. Induction and growth periods (but not the steady phase
of growth) are considered to be dependent on the number of attached cells. Thus, the effect of
CP on the cell growth is appreciable for those periods (see Table 2). Conversely, CP effects
are not significant in the biofilm steady state (in this case adsorption process is not relevant).
Consequently, it could be inferred that CP affects adsorption processes that influence bacterial
growth until steady state is reached.
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Although the number of SRB attached bacteria was high after 7 days both for protected and
unprotected samples, biofilms did not reach the stationary phase after this period.
Consequently, adsorption processes are not reduced by CP in the case of SRB. It was not
found an increase in sessile SRB cells when CP was applied as it has been previously
reported 12. However, shorter exposure periods must be assayed in the future.

SRB metabolites facilitate metal attack (small pits were observed in the metal surface, Fig. 9).
This effect could not be eliminated with the application of CP levels used in this work.

The current density vs. time curve for SS in synthetic seawater shows the characteristic shape
related to the formation of the calcareous deposits. The time necessary to reach a steady state,
could be associated with the kinetics of the deposit fomation which is modified in the presence
of organic material confirming previous results6,7. The evolution of the current density as a
function of time (Fig. 3) shows a similar behavior to that observed with natural biofilms, when
low current densities are necessary to maintain cathodic protectionl, 4. Similar depolarization
effects have been extensively reported 1,4 31 0, 13 for several metals immersed in seawater. In all
cases the increase in current density occurred when the biofilm became established' 4. It was
suggested' that this effect could be attributed to an enhancement of the oxygen reduction by
the biofiim. Edyvean et al. 7, suggested that organic material slows down precipitation process.

Results reported in this paper offer evidence on the interactions between bacterial fouling,
cathodic protection and calcareous deposits: i) Aerobic bacterial adsorption is reduced by the
applicatioh. of CP while anaerobic bacterial adsorption did not seem to be diminished; ii)
current values are modified by depolarization effects due to the aerobic biofilm; iii) aerobic
and anaerobic biofilms alter the calcareous deposits structure; iv) current values are decreased
by calcareous film formation.

Conclusions

- CP inhibits aerobic bacterial adsorption and growth at the early stages of biofilm formation.
- After reaching a steady biofilm CP effects are not relevant.
- The reduction of bacterial adhesion can be due to an interference of CP in the adsorption

processes.
- At low temperatures, when growth rate is low, the CP effect is more significant.
- For low current values, biofilms can modify calcareous deposits structure.
- In the presence of aerobic bacterial biofilms formed at 20 C, higher current densities are

needed to protect SS samples, increasing CP costs.
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TABLE I

Effect of Cathodic Protection on V. alginolyticus settlement on 304L SS
immersed for 18 h in synthetic seawater at different temperatures

Cell numbers/cm 2

Protection 12 C 20 C

Unprotected 1.07 x 104 1.4 x 108

Protected 7.30 x 102 3.0 x 107
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TABLE 2

Effect of Cathodic Protection on sessile V. alginolyticus growth on 304L SS. T= 12 C.

Protection Cells/cm 2

2 h without CP 1.9 x 102

4 h without CP 3.4 x 102

2 h without CP + 2 h
without CP in sterile media 2.1 x 102

2 h without CP + 2 h
with CP in sterile media 26.3

Log Iconls/coo,______6Lg(e~/u

ST=12C 4T1

4.

0-0
2h 4h 24h 4hi

Fig 1: Log (cell number/cm 2) vs. exposure Fig 2: Log (cell number/cm2 ) vs. exposure
time plot. AISI 304L SS specimens were time plot. AISI 304L SS specimens were
immersed in a 24 h old culture of V. alginolyticus immersed in seawater inoculated with V.
in synthetic seawater (W) with CP (-0.7 V); alginolyticus: (A) with CP (-0.7 V); (U)
(U) without CP. Incubation temperature: 12 C. without CP; (>i) 24 h without CP and 24 h
(From Ref. 14 with permission of NACE). with CP. Incubation temperature: 12 C.
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Fig 3: Current density vs. time plot of Fig 4: SEM microphotograph of a cathodically
a cathodically protected AISI 304L SS protected AISI 304L SS specimen after a 4 h
immersed in: ( 0 ) sterile synthetic exposure to a 24 h old culture of V. alginolyficus
seawater and ( x ) synthetic seawater in synthetic seawater. Bacteria are covered
inoculated with V. alginolyticus. by calcareous deposits. Magnification X 10,000.
Incubation temperature: 20 C.
From Ref. 14 with permission of NACE)

Fig 5: SEM microphotograph of a Fig 6: SEM microphotograph (topographical
cathodically protected AISI 304L SS image); experimental conditions as in Fig. 5.
specimen after a 4 h exposure to a Cavities reproducing bacterial shapes can
24 h old culture of V. alginolyticus be seen at the right side of the picture.
in synthetic seawater. Magnification
X 10,000.
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Fig 7: SEM microphotograph of an AISI Fig 8: SEM microphotograph of a cathodically
304L SS specimen (without CP) after a protected AISI 304L SS specimen after a
7 days exposure to a mixed SRB culture. 15 days exposure to a mixed SRB culture.
Localized attack beneath bacterial film The vertical arrows indicate the biofilm thickness.
can be seen. Magnification X 5,000. Magnification X 3,500.

Fig. 9: SEM microphotograph (topographical
image) of an AISI 304L SS specimen (without
CP) after a 15 days exposure to a mixed SRB
culture. The biofilm was removed and a
small pit can be seen. Magnification X 5,000.
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ABSTRACt

Ennoblement of the corrosion potential on pasive metals due to the action of biofldms is a widely recognized
phenomenon. The presence of peroxide as a by-product of bacterial metabolism has been verified in birdms
formed in two widely separated geographical locations. Experiments with enzymes indicated that some disolved
oxygen is necessary in the bulk solution. Abiotic simulation cxperiments demonsrated, however., that an acid pH
at the metal-biofldm interface is also necessary for the observed amount of ennoblement on platinum to be
achieved. EDAXdaat show the presence ofmanganese, iron and sulfur in mature biofrdmason platirm Amulti-
layered model is descuibed, encmpang both the acid and neutral pH schools of thought for ennoblemetL The
model features aerated, near neutral pH conditions in the outermost layer, with peroxide being produced and
regulated by the respiratory enzyme system of the aerobic organisms. The model requires decreasing oxygen and
pH as one proceeds into the biofidm, becoming predominantly low oxygen (or anaerobic) and acid pH at the
metal-bioffim interface. It is suggested that the mechanism of ennoblement involves a synergistic effect of
peroxide and acid pH at low oxygen within near the metal surface.

Key words: Ennoblement, peroxide, pH, dissolved oxygen, EDAX, enzyme, passive metal, interfacial chemistry.

INTRODUCTION

Ennoblement of passive metals due to biofdm formation is well documented as reviewed by Chandrasekaran and
Dexter'. Even though this phenomenon is widely recognized, no mechanism has been agreed upon so far. Several

workersU have suggested a decrease in pH of a biofilm as a major contributor to ennoblement. Chandasekaran
and Dexter' have identified and neaured the presence of low milli-molar levels of 11202 in marine biofdms. It
was argued that the presence of H1202 and reduction in pH contribute synergistically towards shifting the open
circuit potentials (OCP) in the positive direction. The production of H"202 in a biofrdm was rationalized on the
basis ofthe respiratory enzyme system of the bacteria, macrocyclicorgano metalliccatalysis and ctrochemistr.
Presence of peroxide in biofdms was speculated by Salvago ct ale as a reason for ennoblement. The presence of
acid producing microbes in the biofilm was also reported'. Recently a new hypothesis for ennoblement
mechanism has been put forth by Mollicas and Eashwar', in which the bioflim pH is considered to be neutral for
ennoblement. Mollica measured the OCP of stainless steel in seawater acidified down to pH 5. Since the OCP
did not rise to the level observed for biofrlms, he ru!ed out the possibility of acidification as a mechanism for
ennoblement. Mollica5 hypothesized that ennoblement is due to depolarization of the cathodic oxygen reaction
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by bacterially produced catalytic enzymes with a maximum elieacy at pH neoar S. Easbwar pointed out that
bacterally produced eanym are active only at near neutral pH, and he hypothesized that the idrophores
produced by bacteria would be important to ennoblement.

In the p=rent work the contribution of H.O0 towards ennoblement was further investigated. Two sites we
selected for carrying out the ennoblement mechanisncstudices. One site was on the lower Delaware Bay, at Colleg
of Marine Studies (CMS) Facilities at Lewes, DE and the other one was a tropical environment at Offshore
Platform and Marine Electrochemistry Center on the Gulf of Mannar, a unit of Central Electrochemical Research
Institute at Tuticorin, India. Platinum coupon& were exposed for marine biofrdm development, and for
ennoblement mechanistic studies.

EXPERIMENTAL PROCEDURE

Platinum coupons were prepared according to fabrication procedures described previously'. The seawater
characteristis during exposure in Delaware Bay were: temperature 22 -26"C, pH 7.7 to 8. 1, salinity 25 to 31 parts
per thousand, oxygen air saturated at 5 to S ppm and 11202 below the detection limit of the peroxidase enzyme
strip. Biofilms of 30 to 160tm thickness with macroscopically complete coverage•' have typically developed in this
water. These fdms are usually so thick that it is impossible to count all the microorganisms. Epifluoremence
microscopy at 1000X after staining with DAPI reveals a diverse microflora ranging from coccoidal bacteria to
short and curved rods to other frlamentous forms. The concentrations of organisms in the surface layers of the
films vary from 3 X ls to 2 X 10i cells ea2 of coupon suface. The numbers are significantly higher than this in
those areas covered by microcolonies. The biofrllms grown in this study were not specifically analyzed, but were
assumed to be similar to those described above. The water characteristics at Tuticorin during the exposure wm.
temperature 25.6 to 27.4°C, dissolved oxygen 6 ppm, salinity 33.2 to 33.9 parts per thousand and E6,0, bow the
detection limit of the peroxidase enzyme strip. Biofilms formed in Tuticorin waters on platinum in the present
studies were not analyzed. It is expected, however, that they should be similar to those already characterized from
those same waters by Maruthamuthu, et af. They found that the ratio of heterotrophic bacteria to thiosulfate
oxidizing bacteria was high initially, but decreased significantly as the biofilm matured. They also reported that
low biofiim pH was a significant feature of microbial fouling in Tuticorin harbor waters.

The open circuit potentials of these coupons we measured using high impedance digital voltmeter, with SCE
for reference. At Delaware, electrochemical experiments were conducted using an IBM computer with PARC
342 software controlled 273A potentiostat (EG & G, Princeton Applied Research) with standard accessories and
cell set up. This set up was used for E., measurements at various combinations of pH, HH20 and oxygen. Cyclic
voltammetry was carried out using IBM Instruments Inc. EC 225 Voltammetric Analyzer with Hewlett Packard
Moseley Division X-Y recorder. Platinum was used for working and counter electrodes, and SCE for reference.
During all the experiments, the seawater dissolved oxygen and pH were measured. Measurement of dissolved
oxygen was carried out using a YSI model 57 oxygen meter and the pH was measured using Fisher digital pH
meter. H2,0, indicating peroxidae enzyme strips (E. Merck) were used in measuring H2102 in a bioflm. The
presence of H20, was indicated by a change in color of the strip, and the concentration range of H20, was
indicated by the intensity of the color developed.

A series of experiments was carried out to decrease the peroxide concentration in a biorllm which caused
ennoblement on platinum, and to record the effect of that decrease on the OCP of the electrode. In order to do
this, beef liver catalase (Sigma Chemical Co.) at a concentration of 0.5 rng mn' was added to the seawater
surrounding the ennobled electrode. The catalase added should dismute any peroxide it came in contact with.
The hope was that through a combination of diffusion of 1) peroxide out of the biofilm into the bulk solution and
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2) catalm into the biorilm, the peroxide concentration would be reduced enough to affect its contribution to
ennobleat. Similar ccentrtion of both active and deactivated (control) catm were added. The
deactivated catalase control was achieved by exposure to sunlight under aerated conditions. Seawater with
catalam was exposed for two hours to artifcial sualisht produced by Phillips cool-whiu florescent lamps at an
irradiance of 900 ItEinsteins t 4d see'. Enzyme activity" was measured ang a ausb and Lomb
spectrophotomter operating at a wavelength of 240 nM and connected to a strip dnt rcorder. A clhiated
level of absorbance was fir establishe for 30% peroxide with 7.5 pH, I M NaCa and 0. I M Na,HPO4 buffer in
quartz cuvetta When active enzyme was added, that absorbance decreaned with time, while additions of
deactivated enzyme did not change the absorbmnce,

A Philips model 501 Scanning electron microscope (SEM) with Energy dispersive X ray analyzer (EDAX) m
9100 was used for surfaceanalyuia. Biofilmed platinum coupons from natunralsawater exposure were dehydrated
by placing in a vacuum chamber for about 30 minutes without any other pretreatment or coating. The imaging
capability of SEM was used to choose the location on the surface, an EDAX was used to identify the elements
present in the biofdm at that location.

RESULTS

OCP values and HI202 concentration were measured for biofdmed platinum at the Delaware and Tuticorin
locations in natural seawater. Platinum OCP values are shown in Figure 1. To verify the presence of H2%O in a
natural biofilm, H202 indicating enzyme strips were used. For mature biofdms from Delaware Bay seawater a
1H20, concentration range of 1.3 to 6.6 mM was measured, whereas the Concentration range of -I202 was 1.3 to
2.6 mM during the initial stages of biofilm formation at Tuticorin.

Cyclic voltammetry was carried out on biofdmed platinum coupons. The characteristic cyclic voltammogram as
shown in Figure 2 was produced with a scan rate of 50 mV/sec over the potential range from -400 to +600 mV
SCE. In all the scans using biofilmed platinum coupons the diaracteristic oxidation peak at about 0.35 V SCE
in the forward scan and the reduction peak at -0.15 V SCE in the reverse scan were observed to be reproducible.

Chandrasekaran and Dexter' identified the peak at 0.35 V as H1202 oxidation and the peak at -0.15 V as oxygen
reduction. Abiotic experiments on 600 grit polished bare platinum electrodes were carried out to simulate the
cyclic voltammogram of a biofdmed platinum. Various combinations of oxygen, pH and 11202 were used in trial
and error method. Peroxide additions were made in appropriate volumes to one liter of seawater, and the
concentration was expressed in mM units. The voltammogram of a biofdmed platinum coupon from Figure 2
was not fully reproduced until the acawater was deaerated to an oxygen concentration below 0.6 ppm, with 8.2 -
9.8 mM H20, added at pH 2.8 - 2.9 as shown in Figure 3. An independent set of experiments was carried out to
determine the OCP of platinum in deaerated seawater (0.55 * 0.5 ppm 0) at various combinations of pH and
H-202. The results are shown in the form of a bar graph in Figure 4. Starting at condition I to the left in the
diagram, the OCP is shown for platinum at pH 8.3. A reduction in pH to 5 (condition 2) produced ajumpin OCP
to over 300 mV. Addition of 8.2 mM peroxide at pH 5 gave no further increase in potential (condition 3). A
further decrease in pH to 2.9 without peroxide addition increased the potential to about 350 mV, but it was not
until a combination of pH 2.9 and 8.2 mM peroxide was tried that the potential of over 400 mV observed on

biofilmed platinum was obtained (condition 5).

A typical catalase enzyme activity measurement using spectrophotometer is shown in Figure 5. The decrease in
absorbance over time after adding active catalase is directly related to dismutation of H 20 2 by the active enzyme.
In contrast, no decrease in absorbance is noted upon addition of inactivated enzyme. The decay in OCP values
of ennobled platinum electrodes exposed to active and inactive forms of catalase were also recorded. Due to
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dimutation of HA2 by active catalase, OCP values we expected to drop more rapidly upon active catalase
exposure than imactive catalase expomur However, the rates of decay in OCP values we comparable in both
exposurm (data not shown). To understand more about this anomaly, studies we conducted to paeroically
menaure the solution chaitry and the catalase activity. Hourly measuranents of catalase activity showed that
the enzyme remained active for nearly 10 hour in seawater. This indicated that the decay in OCP for fui 10
hours after addition of active enzyme could be taken as due to dusanutation of H6O. A clsrlook at the inactive
enyme exprmnent revealed that the enzyme preipitated out of solution and fored a thin continuous film on
the .surice of the solution. Active enzyme did the am thing after the firt 10 hours. Experiments we further
conducted using an ennobled biofdmed coupon exposed to active cataase enzymn. Periodic measurements of
OCP, bulk solution pH and dissolved oxygen we recorded. The data are shown in Figure 6 At first the
potential decreased with n change in dissolved oxylM. As the 10 hour limit approached, however, the dissolved
oxygen fell rapidly. This corresponded to the active-inactive transition of the enzyme and the formation of the
surface filn. Subsequent imnersion of catalase treated coupons in natural seawater brought the OCP back to
their original ennobled values, after a period of time. This was attributed to a recovery of normal biofilm
chemistry.

When a biofrdm was formed on platinum at the CMS location, the color of the coupon changed from silvery in
appearance togolden yellow, to reddish to brown as it matured, having a brown black and mixed appearanceafter
several months. The color of the biofilan on platinum provided clues for identifying the elements present in the
film. Typical EDAX data am shown in Figures 7 and & for elements present in a relatively younger (one week)
and mature biofdins (four months) respectively developed on platinum from natural seawater. Manganese, iron
and sulfur were found in mature bioffdm whereas theseelementswere absent in theyounger biofilms. The pres
of Mn, Fe, and S in mature biofidms was used in identifying the clues to the chemistry of the biofilm and the
bacterial metabolism. The other elements in thee EDAX diagrams were not considered significant as they were
present either in seawater or in the platinum substratum.

DISCUSSION

Figure 1 showed the OCP values for platinum in Tuticorin waters to be considerably lower than those in
Delaware. The reasons aren't very dear. Since the duration ofexposure was only 20 days at Tuticorin the biofilms
probably weren't mature enough to give a maximum concentration of H202 , and thereby a higher OCP value.
Probably the microbial population itself is widely different between these two locations contributing to this low
amount ofemnoblement. However, identification ofimeasurable quantities of 1102 at both locations isconsidered
to be sifiant.

Results from the abiotic simulation experiments shown in Figure 4 verify the synergistic effects of pH and H202
in -reating the ennoblement phenomenon. The level ofennoblement and the positions of the predominant cyclic
voltammetry peaks found in the presence ofnatural biofdms we reproduced only when the proper combination
of pH, H0 2 and low oxygen were established in bulk seawater. Under natural biofdlm conditions, however, only
the chemistry immediately adjacent to the metal surface needs to be at the specified combination of pH, H202 and
oxygen.

Figure 6 showed a rapid decrease in dissolved oxygen of the solution roughly coinciding with the active-inactive
transition of the enzyme and formation of the surface film. It is thought that elimination of oxygen from the
solution was brought about by a combination of blocking dissolution of oxygen from the atmosphere by the
inactive enzyme film and scavenging of oxygen from solution by the biofrm. The loss of dissolved oxygen as well
as peroxide contributed to the rapid decay of OCP values. This leads to the important conclusion that at least
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mm dimolvad oxygen in the bulk mwater is ncemry for emiolmenL Once oxygn is erimbwed from the
systmn the respiratory system of the aerobic orpnimms will also cma from producing peraide. and th
synergistic drects of poroxide and pH will be los.

The EDAX data in Figures 7 and 8 showed the eiments present in young and mature biofilns on plainu. Al
the elements except the relatively larg quantities of mnagane, iron and sufur man be accounted for by
presence in seawater or in the substraum. The occurrmtce of m iron and Mlur can be explained partly
due to microbial metbhm and partly due to favorable chemistry for preciptatiom. The EDAX data provide
information neither on the oxidation state of thes elements nor on the stoichiometry of the compounds, it an
posible that both oxidized and reduced forms of thes elemets could be present depending on the chemistry
involved. The color chanes in the biofllm (rom yellow to red to brown and black are Mgnally consistent with
the EDAX data. Yellow might correspond to a predominance of sulur ampounds'' (prhas pyrite or
marcasite), while the reds and browns could correspond to iron and mapne "'• compounds such as limonite,
goethite, hematite or pyrolusite.

Since the pH of the biofidm is proposed to be either acidic or neutral according to the different theories of
enoblement, lt us next consider two different pH ranges and the general reactions that are possible in each. First
ssume the pH of the entire biof'lm to be acidic. Ferrous and manganous ions would be domninant in the
anaerobic layers of the biofl'm"'. In the aerobic layer, however, due to preasn of oxygen, ferrous and
manganous ions would be oxidized to feric and manganicz". But at acidic pH iron and -m e haveahigh
solubility"''%". This would make accumulation of iron and manganese by precipitation in the biorflm unlikely,
in contrast to the WDAX observation. Acidic pH would also not support the presen of active respiratory
enzymes in a biofilm" 7 . Even though an acid pH would soen to be important to ennoblement. it is inconsistent
with an active respiratory enzyme system and with the EDAX data. Hence we believe, that the Wetire biolm

cannot be acidic.

Next assume the pH of the entire biofrdm to be neutral. This condition would support an active enzyme system
in controlling the peroxide concentration in the aerobic layers of the bioflm. This would also support the
precipitation of iron and manganese in a bioflm, becaue iron and manganese are practically insoluble at neutral
pH (l0"'s M at pH 7)"*''.. However, we were unable to simulate a fully ennobled electrode or the proper peaks
in the cyclic voltammogram at neutral pH'. Hence the neutral pH model also fails to explain all the observations,

Since neither the acidic nor neutral pH model alone, can explain all the observations, we propose a combination
of these acidic and neutral conditions in explaining the ennoblement. The most realistic model would seem to
involve a multi-layered biordm, in which aerobic, microaerobic, and anaerobic layers would work together in
creating a favorable chemistry for ennoblement. The chemistry in the outer portions of the biofldm is expected
to be close to that of normal bulk seawater. Oxygen would be consumed in these outer layers, allowing iron and
manganese reducers to proliferate in the microverobic or anaerobic regions of the fdm. H 2 0, produced in the
aerobic portion of the fdm during respiration would diffuse into the biofdm toward the metal substratum.

It is well known that manganese and iron reducers do not gain as much energy in reducing thew elments as they
would in the use of oxygen as an electron acceptor"2m . This means that these microorganisms must use large
quantities of iron and mnganes for their metabolism, which would be consistent with measurableconcentrations
of manganese and iron in a mature biofdm as shown by EDAX Starkey and Halvorson" have explained iron
reduction in nature as an indirect microbial process in which the microorganisms decreased the pH and oxygen
concentration in their environment creating conditions favorable for reduction of Fe(OH),. Manganese and iron
reduction take place in acidic environments"'' •, and there are many possible reactions in a biofdm which can
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Ind to increasing acidity. These include the production of acid due to hydrolysis ofiron and cp oxide"
" in the aerobic portion of the biofjll oxidation ofreduced m bolic products either by peroxide or by oxygen
at the ox=*-uoic interface6', oxidation of uffides by ferric and iangane2 and production of addity due to
hmvymetaldopmbyhydrouwdnp oide. BaerWamtabohantumghtcmrutetothe
low pH by secreting varuous acidic met-bolites*'. This would lead to an acidic microacrobic layer wher iron
and mennp would be readily availa'" for mi -roo .nins as electron acceptom The acility produced
within the bioillm can be expcted to spread toward both the metal-biofdm and bio'ihn-eawater interface.
However, the buffering capacity of mawater should keep the pH in the outer portions of the biorflm near neutral
while the buffering capacity r much more likely to be overcome in the small portion of liquid trapped near the
metal surfac, leading to a low pH at the metal-biorlmm interfac

Thus, this multi-layere model predicts that them will be sharp gradients of oxygen, pH and perhaps peroxide
through the biofllm thickness It would also allow for point to point variations in chemistry parallel to the metal-
film interface. The model would accommodate micro-niches for a wide variety of is, from aerobes
to anaerobes to coexist in consortia, all contributing to ennoblement by working togee to han thechemistry
at the biorlin-subitratum interface. The model accommodates both the acid and neutral pH schools of thought.
It requires aerated, neutral pH conditions with active enzyme systems in the outer layers of the film, with low
oxy•gn, acidic conditions predominating at the metal-film interface.

SUMMARY AND CONCLUSIONS

The developing model for a biofilm capable of ennobling the OCP of pasive metals and alloys features a muli-
layered structurewith aerated, near neutral pH conditions in the outermost layer. ApproachinS the metal suace,
the model requires decreasing oxygen and pH, with peroxide playing an important synergistic role. Te peroxide
is hypothesized to come from both the respiratory enzyme system of the aerobic organisms in the biof'lm and the
electrochemical reduction of oxygen. The accumulation of Fe, Mn and S compounds in mature biofidms as
consistent with this structure, and there may also be a synergistic relationship between thew compounds and
peroxide in establishing the low pH conditions required by the model at the mtl-f&lm interface. Specific
condusions from this work are:

1. H20 was found in measumrable quantity in the biofdmsat both locations, where ennoblementstudies were
conducted.

2. Under our conditions, only a combination of low oxygen and acidic pH with milli-molar onctrations
of peroxide can produce the observed amount of ennoblement.

3. Mature biof'dms formed in lower Delaware Bay waters had elevated quantities of Mn, Fe Dd S compared
to young films

4. From the catalase enzyme experiment it can be inferred that the presce ofdissolved oxygen in the bulk
solution is required for ennoblement.
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Abstract

Biofilms from Tuticorin seawater caused appreciable ennobling of
titanium in the presence of moderate illumination that allowed
diatoms to grow in association with bacteria. In the dark and
with high light levels, ennobling was hindered. Based on present
results and other literature data, it is hypothesised that pH's
close to neutral trigger the ennoblement phenomenon. Anodic
polarization data show that ennobling is accompanied by a decrease
in passive current. ip. and an increase in the critical pitting
potential, Ecpp, su'jyestiny that passivity enhancement by
microbially produced inhibitors could be the major mechanism.

Introduction

Numerous reports have been made over the years, from
geographically distant sea locations, that biofilms typically
shift the corrosion potential of stainless 1 8 alloys in the noble
direction, often by as large as 300 mVy . This shift, an
ennoblement, increases (i) the 3 susceptibility to corrosion of
anode materials in galvanic couples and (ii) the current density
required to maintain stainless alloys cathodic.

While there is controversy 9 10over the major mechanism of ennobl-
ement on the one hand , observations by some workers
that 11-13 ennoblement is small or none with biofilms of certain
areas add up to the anomaly on the other. 7 9 1 2 Further,
data on the effect of light on corrosion potentials are con-
flicting.

In this paper, the corrosion potential of a stainless alloy is
investigated in relation to light level and the composition of
microfouling. The anodic behaviour of an ennobling stainless
alloy is also studied by electrochemical techniques since earlier
works have not considered this aspect.
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Experimental Procedures

Corrosion Potential Measurements
Titanium (grade 2) was chosen for the present study. The coupons,
measuring 50 x 25 x 1 mm, were polished, decreased in acetone and
rinsed in distilled water before use. Electrical lead to the
coupons was made with copper wire, and a lacquer coating insulated
the bimetallic junction.

Biofilms were allowed to develop on the titanium coupons under
three different light conditions. Natural seawater was brought
into the laboratory by the continuous pumping facility at OPMEC.
Tuticorin.

Exposure # 1 utilized a large (750L capacity, rectangular) tank
filled almost to the top with seawater. Water was pumped in, and
removed by gravity flow ensuring good replacement twice a day. By
virtue of placement of the tank outdoors, the water in the tank
received illumination direct from the sun. The intensity of light
just above the water surface (about 1 foot from the position of
the coupons) varied between 20,000 and 35,000 lux during most part
of the day on gloomy days. On bright sunny days, the light level
was about 50,000 lux or higher.

The other two exposures were made in 50L tanks in the laboratory
where seawater was renewed once in 24 hours. One was kept in a
dark room (to exclude diatoms) while the other was placed close
to the northern windows of the laboratory in such a manner that
the light level just above the water surface was low to moderate,
between 2,000 and 4,000 lux at day time. This condition was
sufficient to ensure appreciable diatom representation in the
biofilm.

The properties of seawater during the study period were as
follows: salinity = 32.7 to 34.1; DO = 6 mg/L; pH = 8.1 to 8.2.
Temperature in the smaller tanks varied between 25.2 and 25.87'C at
night and 26.5 to 27.7"C during day. The readings in the large
tank were about the same as in the smaller tanks at night, but
higher by 1 to 2CC in day hours.

For each exposure condition, five coupons were used for measuring
corrosion potential. The coupons were suspended from wooden
planks and the potentials recorded by using a high impedance
voltmeter in conjunction with a saturated calomel electrode (SCE).
These measurements in the large tank were timed at 05.00, 11.00,
17.00 and 21.00 hrs in order to observe possible variations in
response to the photo-period. In the indoor experiment,
recordings were spaced 24 hours during the first 5 days, and 2 to
several days subsequently.

The microfouling that formed on titanium coupons was not
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specifically characterised since an earlier investigation8

covering two seasons has brought out the successional patterns in
biofilm formation under low-light and alternate light/darg
conditions in Tuticorin waters.

Electrochemical Measurements
Cyclic anodic polarization was performed on a bare titanium coupon
and two biofilmed titanium coupons. These later coupons were
ennobled by 125 mV and 215 mV upon exposure to the indoor tank
receiving moderate light level, for respective periods of 7 and 15
days. An EG & G PARC Potentiostat (model 173) and Universal
Programmer imodel 175) were used for determining passive current
(ip) and critical pitting potential (Ecpp). Anodic polarization
was scanned (1 mV/sec) from a potential 100 mV negative to the
open circuit potential. The critical pitting potential was taken
as that potential coincident with a sharp rise in current marking
the transition from passive to transpassive behaviour.

Results

Corrosion Potentials
Results of titanium exposure to the large tank (high illumination)
are presented in Figure 1. Potential variations up to 200 mV or
more are noted between the period of maximum illumination and the
period of darkness. Note that this effect is obvious even before
the time required for biofilm formation. This figure also shows
that the fluctuations are much reduced with time, upon aging of
the biofilm.

Potentials of titanium in the indoor exposures were remarkably
affected by the illumination factor. At the end of the exposure
period, all of the coupons exposed to 2 low 2 light contained
reasonable numbers of diatoms (about 10 / cm ), whereas those in
the dark did not. Figure 2 shows that an appreciable ennobling
(by about 240 mV) results in presence of diatoms. Light/dark
variation in potential was usually small (30 to 40 mW), and all
data presented in Figure 2 are those recorded in day light.
Potentials in the dark are shifted by only 50 mV, to be eventually
reduced after 7 days.

Pitting Scans
Cyclic anodic polarization curves for bare and biofilmed titanium
coupons are shown in Figure 3. There is an appreciable shift in
the critical pitting potential from +200 mV (bare coupon) to about
+660 mV and +800 mV after 7 and 15 days of biofilm formation
respectively. Note that this improvement in the Ecpp is
accompanied by a decrease in the passive current, i p-

Discussion

Present results are consistent with our earlier observation8 that

3710



an appreciable and consistent ennobling requires the presence of
diatoms in biofilms. In that study conducted on titanium and 304
stainless steel the corrosion potentials of sea-immersed coupons
were ennobled in day hours, with corresponding dip in values at
night. These potential excursions were in sharp contrast to the
trend shown for stainless alloys in Delaware waters 9,14. Data
presented in Figure 2 are in 1 2 harmony with the observations
by Motoda et al. 7 and Little et al. . to be complementary to the
objection raised against the low 3pH mechanism.

8In our earlier investigation that is referred to above8, the
coupons were immersed in natural seawater below OPMEC platform,
the illumination level being comparable to that imparted on
coupons of the indoor exposure of the present study (2000 to 4000
lux). This light level has 8 no major influence on corrosion
potential of stainless steel in the absence of biofilms. Fig.l,
however, shows that high light intensities can probably interfere
with the ennobling phenomenon. The potentials 1 for titanium as
negative as those shown by Mansfeld et al 3  from Port
Hueneme waters are very likely to have been caused by excessive
light. Also possible is that some14if not all of the potential
dip observed by Dexter and Zhang in day hours could have been
due to this effect.

Exposure of titanium to Tuticorin harbour waters in the dark does
not 8 result in sustained ennoblement (Figure 2) as already
shown "12 This observation is in agreement with that of Little
et al . for biofilms from Gulf of Mexico waters. Quite
large l29 ennobling, on the contrary, has been noted by several
authors whose exposure condition utilized substantially low
light, at the exclusion of diatoms.

We suggest a model that provides for settling the conflicting
corrosion potential behaviour quoted above. The Tuticorin
seawater biofilm is arguably more acidic than a "normal" biofilm,
by increased 8 presence of acid producing, thiosulphate oxidi-
sing, bacteria . Assuming difference in biofilm pH as the major
criterion for the observed variablility, we hypothesis that (i)
ennoblement is to be expected with any biofilm whose pH is neutral
or close to it and (ii) loss or absence of ennoblement is caused
by acidic or alkaline shifts, i.e. unfavourable pH's. This model
implies that, with an acidic biofilm, ennobling occurs in day
light when the diatoms neutralize the acid pH. The opposite trend
should be expected with neutral pH biofilms. Here, photosynthesis
will result in alkaline pH's contributing to the loss. Figures
4a, 4band 4c are three hypothetical configurations depicting Ecorr
behaviour in response to biofilm pH. The first of this shows
a typical Mediterranean profile. The ennobling here is large
with a narrow scatter in values. Present authors presume this to
be an effect of persistent neutral pH conditions throughout the
exposure. Figures 4b and 4c represent Delaware and Tuticorin
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situations respectively. Note that the scatter in Ecorr is
typically large due to sunlight, i.e. photosynthesis. Positive
and negative Ecorr shifts are reversed, as shown by the
corresponding dark and open zones. Our hypothesis predicts nobler
shift in Ecorr (an ennoblement) to occur at pH's close to neutral,
no matter when this is achieved.

Absence of ennoblement in the Gulf of Mexico waters 1 2 may also be
understood in terms of the neutral pH theory. Little observed
biofilm pH to be unvarying from that of the bulk seawater (pH 8)
in experiments with continuous lighting. This pH 15 is
considerably lower than that measured by Terry and Edyvean or
the 9 value thought to exist in Delaware biofilms exposed to
light . Sustained ennobling was observed by Little only under such
conditions. The Ecorr was rapidly ennobled in the dark, 8 quite
similar to the occurrence in Tuticorin in harbour waters . Little
observed that biofilm pH in the dark was non-uniform, varying
between 5.4 and 9.2. The fact that she measured high
concentration of organic carbon in the Gulf of Mexico waters
probably reflects enhanced heterotrophic bacterial activity and
hence large acid production. This presumption would both
vindicate the absence / loss of ennoblement in dark and explain
why the interfacial pH was not raised high enough by light.

Results of anodic polarization (Figure 3) clearly reveal that the
ennoblement process involves (i) a decrease in i and (ii) an
increase in Ecpp, both parameters indicating an Penhancement of
passivity. The fate of i for ennobling stainless 1 6 alloys has not
been measured by earlieP workers. Scotto et al. calculated ip
from weight loss data and concluded that the value was nearly the
same for stainless steels immersed in artificial seawater as for
those ennobled by biofilms. Such calculations can be misleading,
since the weight loss data provide little information regarding
the 1 7 electrochemical parameters of stainless alloys. Malik
et al. , for instance, found that the losses in weight on SS 316
in chloride media about were nearly the same for pH variations
from 4 to 9, whereas the Ecpp varied drastically. The large
positive shift in critical pitting potential during ennoblement
further questions the validity of the low pH mechanism, since it
is well documented that the Ecpp for 304 and 316 stainless steels
is shifted to more negative values by reduced pH.

Several authors 1 3 ' 1 4 ' 1 7 have noted that a minor amount of
ennobling usually occurs during the first few hours or days of
exposure to synthetic chloride media and/or natural seawater.
This shift, which does not require the presence of biofilms, is
generally thought to indicate that the alloy is passivated.
Present authors are of the opinion that microorganisms accomplish
a further improvement in passivity by producing specific
inhibitors which are retained in the biofilm matrix. It follows
from the neutral pH model that the production and/or efficiency of
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such inhibitors is crucially controlled by biofilm pH.

One important aspect with our mechanism concerns disagreement of
the passivity improvement concept with the prevalent, generalized
notion that biofilms eventually cause corrosion by shifting Ecorr
into Ecpp range. We do not know, however, a reference from the
ennoblement literature where pitting corrosion on biofilmed
surfaces and not crevice corrosion beneath washers and/or lacquer
coating has been demonstrated. As a matter of fact, biofilms
usually shift the Ecorr of certain alloy to potentials more
positive than their Ecpp values without causing pitting.
Speculation as to how this can happen cannot easily be accounted
for by other mechanisms.
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Abstract

The stainless steel electrode is polarized at a potential corresponding to the diffusion plateau
of the oxygen and the limiting current is analyzed for different immersion times in natural
seawater. The variation of the limiting current with time (in days) is due to the bio-film
formation and so the modification of the mass transport properties through this bio-film.

Key terms: bio-film, mass transport, impedance

3717



Introduction

Microbiologically influenced corrosion is due to the presence of micro-organisms which forms
a bio-film on a metal surface and leads to changes in the rates and sometimes also the types
of the electrochemical reactions which are involved in the corrosion processes.
Electrochemical techniques are able to provide reliable information but the cWmplexity of the
corrosion phenomena combined with the complexity of the bio-film had limited the proposed
mechanisms1 ,2. In the present paper, a rotating disk electrode in stainless steel is polarized
in natural seawater at a potential corresponding to the reduction plateau of the oxygen. The
oxygen current is limited by the mass transport and in particular by its transport through the
bio-film. In this case the information obtained are not concerned by the corrosion process but
only by the presence of the bio-film. Of course each measurement is performed on a short
time in order to neglect the formation of calcareous deposits. An accurate formula is used in
order to analyze the data, but the scattering of the experimental data limited until now the
conclusions.

I. Theoretical Analysis : Diffusion Transport through a Porous Layer

In a first step the bio-film is considred as a porous non reacting layer covering the metallic
interface, it may slow down the mass transfer rate of diffusing species and in particular of
oxygen. This decrease includes the effect of the layer permeability Df/81 where Df is the
apparent diffusion coefficient through the layer and 4 the layer thickness. Transient
techniques such as the electrochemical or the electrohydrodynamical (EHD) impedance
measurements provide, in principle, an evaluation of the diffusion time constant 42 /Df and
thus, by combining the steady-state and transient data, a separate determination of 6t and Df
is available.

A. Steady-state

The system under investigation is schematized in Figure 1. The concentration gradient is
distributed between the fluid and the porous layer. Therefore two mass balance equations
can be written :

(i) In the porous layer, the concentration distribution is only determined by the
molecular diffusion.

(ii) In the fluid, the concentration distribution is governed by the convective diffusion.

The steady-state current may be analytically determined3 :

I'=IL' + 1k-1 + 1I.-a, (1)

where IL is the limiting diffusion current at Q on the metallic surface free from porous layer, I
is the "kinetic" current, i.e. that given by the transfer reaction by assuming the mass transfer
process in volume is infinitely fast and la._,., is the limiting current when the whole
concentration distribution is located within the porous layer, i.e. when angular speed .-*o.

The interest of using reciprocal values as in equation (1) is that an experimental plot of 1-1 vs
Q-1/2 must provide a straight line parallel to the Levich linear variation which passes through
the origin.
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When the experiment is performed on the diffusion plateau (lk-1 -- 0), the ordinate value of the
intercept of this straight line gives ' that is proportional to the layer permeability Df/4I
(.,, = (n F CA Df)/I8, with C=concentration).

B. Electrohydrodynamical Impedance

The electrohydrodynamical (EHD) impedance, i.e. the frequency response of an
electrochemical system to a perturbation of the angular speed (Q) of a rotating disk electrode
is now a well-known technique for an heterogeneous reaction on a uniform accessible
interface4 .5 . The unsteady convection diffusion equation links the concentration field to the
velocity in the diffusion layer. The normal velocity is vz(t) = c.(t)z2 (with a=constant, z=normal
distance) and the mass transport transfer function Z = (A(dc/dz) / Aa) had been calculated
and tabulated in references 4 and 5 versus the dimensionless frequency pScl3 for a uniform
accessible bare electrode (with p=co/A, w=pulsation, Sc=Schmidt number).

The hydrodynamic transfer function (ZHD = WAa/l) had been calculated from the Navier-
Stokes equation4 ,5.

In potentiostatic regulation, on the diffusion plateau, if the effect of the double layer
capacitance is neglected we have:

ZEHD = AI/AQ = n F D Zc ZHD (2)

In the case of a porous non reacting layer covering the electrode 3 :

ZEHO =nFZcZHD
( 8f 4 th (S2) (3)

SfbN 5) J-S~2

where (-1/O'(o)) is the dimensionless convective Warburg impedance 6 and sf =jo 52f/Df.

This last expression had been similated (figure 2) for different angular velocities. In contrast
with the simple behaviour an bare electrode, the data are no more reducible by the
dimensionless frequency p = W11"). An increase of Q produces a shift of the Bode diagrams
toward smaller p values, other parameters being kept constant.

II. Experimental

The stainless electrode being polarized in natural seawater at a potential (-750 mV/ECS)
corresponding to the diffusion plateau of oxygen, the steady current is recorded versus the
square-root of the angular speed of the rotating disk electrode (figure 3). The curve obtained
immediately after the immersion is a straight line with a non-zero intercept at Q = 0,
corresponding to a non diffusional component of the current, this one is probably due to the
hydrogen current. The curve obtained two days after the immersion is no more a straight line
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but has a dear curvature in agreement with the expression (1). Then the steady results must

be analyzed by considering an expression as:

I = 10 + (1 _ + I'L)"' (4)

where 1 is the hydrogen current.

IL, the Levich current, is proportional to 01/2 (iL = K/ 1I2), then three different parameters can
be fitted from the experimental results : 1o, I and K. A fitting procedure is used for each
set of experimental results and the agreement between the experimental points and the fitted
curve is excellent, then the expression (4) can be used in order to analyze the steady current.

On figure 4, (I - 1o)-1 is plotted versus fW-12, 6o had been determined with a fitting procedure.
These results correspond to those plotted on figure 3.

On figure 5, the three fitted parameters (Io, II_, and K-1) are plotted versus the immersion
time. Each point corresponds to a different sample, this procedure decreases the risk of
modifying the bio-film by experiments, on the opposite the reproducibility from one sample to
another one is not very good.

The dispersion of the results for the hydrogen current (figure 5a) is decreasing with time but
the average value seems constant. So the active area of the stainless steel electrode is not
modified by the presence of the bio-film.

1-1a-,-, so the inverse of the layer permeability, is increasing fastely during the first four days
and then decreases to zero before to increase again (figure 5b). Two time constants are
appearing in the developments of the bio-film, the first one just after the immersion and the
second one for an immersion time longer than five days. This critical time of four days had
been observed previously by measuring the open circuit potential7 .

The dispersion of the Levich constant (figure 5c) is linked as the current Io to the dispersion
of the active area but also to a possible variation of the seawater oxygen concentration.

The steady-state measurements being not completely understood, in particular due to the
dispersion of the results, the transient techniques and in particular the EHD impedance
cannot be analyzed quantitatively. Nevertheless, the EHD impedance obtained after 21 days
of immersion has qualitatively the properties of an EHD impedance of an electrode coated by
a porous layer (figure 6).

Ill. Conclusion

The analysis of the oxygen current measured on a steel electrode seems a promising way to
characterize the mass transport through the bio-film. A procedure in order to reduce the
scattering of the experimental results is in progress. Nevertheless, the present data show the
modification of the bio-film after four or five days and a particular attention will be devoted to
this first bio-film development.

3720



1. F. Mansfeld, B. Uttle, Corrosion Science, 32 (1991): p. 247.

2. B. Uttle, P. Wagner, F. Mansfeld,
Material Science Forum, 111-112 (1992): p. 1.

3. C. Deslouis, B. Tribollet, M. Duprat, F. Moran,
J. Electrochemical Society, 134 (1987): p. 2496.

4. B. Tribollet, J. Newman, J. Electrochemical Society, 130 (1983): p. 2016.

5. C. Deslouis, B. Tribollet
"Advances in Electrochemical Science and Engineering"
(Vol 2, edited by Tobias and Gerischer, VCH Weinhein,
New York, 1991), p. 264.

6. B. Tribollet, J. Newman, J. Electrochemical Society, 130 (1983): p. 822.

7. R. Holthe, E. Bardal, P.O. Gartland, Corrosion/88, paper n" 293
(Houston, TX : National Association of Corrosion Engineers, 1988).

METAL POROUS FLUID
LAYER

Z molecular jcnective!
0 diffusion diffusioni
"I--

S 8 f -b AXIAL COORDINATE

Figure 1 : Variation of the concentration versus the axial coordinate.

3721

iz



10 0

p-0 -
0~

S""i- "%"•. %. " ,IL" EHD -

D A /-10-47rd.s-i

"' 2 %rcd"s-1

2 5 i0-2 5 10-• 2 5 100

DIMENSIONLESS FREQUENCY P

i= _ " 1.3 I . I / I I I I i
/Dr/6r5.l0- cm.s- / /

4, / T IrF. /
S/ 5c:103  / / /

U__/ ' /

*10-

._1047rd.s / I/

P. ! l---2 4rd.s-i ," %
_ %'

"" 5 1 2 "

I5O ! " ./ / ZEHo

DIMENSIONLESS FREQUENCY P

Figqure 2" From equation (3), EHD impedance versus the dimensionless frequency p for
different rotation speeds. The curve in full line is the EHD impedance on a bare electrode.

3722



160 __ _ _ _ _ _ _ _ _ _I

120-

80-

z

~40-

U

o I I
0 20 40 60

Figure 3 Variation of the limiting current versus the square-root of the rotation speed. (.)
corresponds to the curve recorded immediately after the immersion, (o) corresponds to the
curve recorded two days after the immersion.

I I I

0.04-

0.03-

0~

S-

o I ! I
0 0.025 0.05 0.075 0.1

Fiaure 4 Variation of the inverse of the oxygen current versus the inverse of the square-root
of the rotation speed. (.) corresponds to the curve recorded immediately after the immersion,
(o) corresponds to the curve recorded two days after the immersion. The same data are
plotted on figures 3 and 4 in different coordinates.

3723



60

40 -. - -,- -...,...,,. . . .

0 0I--I -"6:) "
2 .. - ,=,-.

2 - - - ---

10

0 1 1 1
0 5 10 15 20 25 30 35

Time in days
0.04,

I I i I If
/

Q.03 7"/
/

8 A
0.02 "

I01
I II

0.01 1 , : /

I s --7 -

0 5 10 15 20 25 30 35
Time in days

S I i I I I

0.6_

~..; 0.6_

-0.4 ..

-A* 0-

0 5 10 15 20 25 30 35
Time in days

Figure 5 Variation of the fitted parameters versus time. (a) corresponds to the hydrogen
current, (b) corresponds to I'.. which is proportional to the layer permeability and (c)
corresponds to the inverse of Levich constant.

3724



" 10 I I

4 0.1-_ :

"40 I-P 0.0.4.

3nnlO- 10-; 10-I 1 10

250
40
L

S200

4- 50- oP -

01~

301010- 10. 25- Io- I

Di~mnsion~lew Frquny p

Figure 6 -Experimental EHD impedance obtained after an immersion time of 21 days. The
curve in dashed line is the theoretical curve on a bare electrode for a Schmidlt number of 700
(corresponding to the oxygen), (o) corresponds to the experimental EHD impedance at
120 rpm, (e) corresponds to the experimental EHD impedance at 1200 rprn.

3M



Microfouling Induced Corrosion of Alloys*

Z. YLn;
Qingdao Research Institute for Marine Corrosion
Central Iron & Steel Research Institute
Wheat Island, Qingdao, Shandong
People's Republic of China 266071

Wing Qiu
Biology Department
Qingdao Ocean University
Qingdao, Shandong
People's Republic of China 266071

Abstract

Weight loss measurement, electrochemical techniques, scanning electron microscopy
(SEM) and X-ray diffraction analyses were made in the study of the effect of
Thiobacillus thiovarus (T.p.) and ThLobacius ferrozidans (T.f.) bacteria on
mechanisms of MLcrobiologically Induced Corrosion (MIC) of Cr-Ni-Mo-V steel and
SS316L.

Experimental results showed that both bacteria attached to the surface of these
alloys and induced localized change of the constituents of the electrolyte, pH
and oxygen levels. These changes lead to changes in the rates and the types of
the electrochemical reaction of alloys. T.P. excretes H2SO4 and forms a slime
layer. T.f oxidizes Fe+2 to Fe+3 and it can form tubercles. In cultures of T.p.,
the pitting resistance of SS316L was found to be lower, Ipass and Ecorr higher,
accompanied by the formation of an active peak and a decrease in the passive
range. T.f. had no obvious effect on SS316L.

Key terms: Biodeterioration, Corrosion, Microfouling, Thiobacillus.

* Project supported by National Natural Science Foundation of China (NNSFC)

Introduction

Early in 1895 Dutch biologist M. W. Beijerminck proposed that biological activity
on the surface of metals is one of the important factors for corrosion. After
nearly a century, especially after 1970, scientists in biology, chemistry and
materials engineering have done much research on Microbiologically Influenced
Corrosion (NIC) or biodeterioration [1-6]. A large percentage of available
literature deals with corrosion involving anaerobic, sulfate reducing bacteria
(SRB). Sulphur-oxidizing bacteria, especially those that are acid producers and
acidophilic, such as members of the genus Thiobacillus, are particularly
noteworthy [7-101. The corrosive effects of the Thiobacilli can mainly be
attributed to their ability to produce sulphuric acid and to oxidize Fe*2 to Fe+3 .
Biological corrosion of steels is mainly due to microbes and their biocoene
succession. When steels were exposed in water, it was microbes that first
attached to the surface of steel which was determined by the chemotaxis of
organisms. As the biofilm formed, it created a localized region (or niche) next
to the metal surface in which the chemistry, pH and oxygen level of the
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electrolyte were altered, leading to changes in the rates and the types of
electrochemical reactions which are involved in the corrosion processes.

The purpose of this work was to investigate the mechanism of MIC on a Cr-Ni-Mo-V
steel and SS316L in cultures of Thiobacillus thiovarus (marine) and Thiobacillus
ferrooxidans (continent) and to provide basic data for the development of new
materials with anticorrosion and antifouling properties.

Experimental Methods

Thiobacillus thio~arus wag isolated from rust of steel in sea water and
cultivated in cultures, a technology described by T. Y. Xue [11]. The
composition of the culture medium was Na 2 S 203 .5H 20, 10.0g; K2 HPO4 , 4.0g; KH2 PO4 ,
4.0g; NHACl, 0.4g; MgSO4.7H2 0, 0. 8 g; FeSO4 ; MnS0 4 , seawater 1000ml. pH6,
27C(±lC). Thiobacillus ferrooxidans was isolated from Co mine effluent according
to the procedures of W. M. Yan [12]. The composition of the culture medium was
(NHA) 2SOA, 3.0g; KC1, 0.1g; K2HPO,, 0.5g; MgSO 4 .7H 20, 0.5g; Ca(N0 3 ) 2 , 0.01g;
distill water, 700ml; 1ON H2SO4, lml; 14.78% FeSO4 .7H20 Solution, 300ml pH2.5,
30C(±lC).

The compositions of the alloys used were as follows:

Alloys Composition (W %)

C Si Mn P S Cr Ni V Mo Zr

Cr-Ni-Mo-V 0.135 0.52 1.03 0.022 0.008 0.67 1.2 0.035 0.10 --

SS316L 0.006 0.57 1.01 0.019 0.016 17.15 12.50 -- 2.56 0.002

The tests were conducted in cultures of T.p. and T.f. and in sterile medium. The
tests have run for 9 days. The electrodes for electrochemical test were made
according to National Standard GB4334.9-84 [13]. The samples of SS316L were
passivated in 30%HN03 at 60 0C for 1 hr before testing, exactly 1 cm2 of area was
exposed to the solutions. Samples were ground on SIC grinding paper to grit size
of 600#. Corrosion potentials and potentiodynamic polarization curves were
measured with an EG&G PARC corrosion measuring system (Model 351). A scan rate
of 20 mv/min. Impedance was measured with a Solartron 1250 instrument. For all
electrochemical tests, the saturated calomel electrode (SCE) was used as
reference electrode and platinum electrode as counter electrode.

Cr-Ni-Mo-V steel samples exposed 9 days in media inoculated with the bacterium
have been analyzed by D/max-VB rotating anode X-ray diffraction instrument made
by Japan Recom Motor Corporation to analyze compositions of rust.

Coupons were examined by SEM periodically during the experiment (two hours,
five hours, four days, eight days). SEM coupons were prepared by dipping in a
fixative composed of 2.5% glutaraldehyde, dehydrating with 50%, 70%, 80%, 90%,
100% alcohol and critical point drying from CO2. Coupon surfaces were coated
with gold before examination with SEM.
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Results and Discussion

The two bacteria used have different metabolic characteristics. Thiobacillus
.hioarus produces sulfuric acid and elemental sulfur and derives energy from the
oxidation of Sodium Thiosulfate.

5Na 2 S2 0 3 + 402 + H20 ---- > 5Na2 SO 4 + H2 SO 4 + 4S

Thiobacillus ferrooxidans gets energy by oxidizing ferrous to ferric.

Fe+2 ---- > Fe+3 + e-

Corrosion under the slime layer

Surfaces of the Cr-Ni-Mo-V steel coupons exposed in Thiobacillus thLo2arus were
inspected with SEM. There were bacteria attached on 2-hour coupon [14]. It was
found that a biofilm formed on the 3- and 4-day coupons. The potentials of Cr-
Ni-Mo-V steel greatly shifted (Figure 1). Figure 3 shows that cathodic current
density increased. Impedance got smaller (Table I), which resulted in increase
in the Corrosion rates. Anodic Tafel slope gradually increased. Black rust
contained Fe 304, FeSO4, re0, FeS and etc. (Table 2).

When a metal is immersed in natural seawater and other aqueous systems, the
dissolution of metal will take place according to the following equations:

Fe ---- > Fe 2 + 2e-

02 + 2H20 + 4e- --- -> 40H-

Thiobacillus thioDarus attached to the surface of Cr-Ni-Mo-V steel excretes H2S04
and S, forms slime layer, and results in localized changes of the electrolyte,
pH and oxygen levels. It was found that the pH decreased from 6 to 4.5 during
the duration of the tests. Increase in cathodic current density and decrease in
cathodic slope indicated that H+ within slime layer can be utilized by equations
given below:

2H++ 2e- >H 2

02 + 4H+ + 4e -- -- > 2H20

The existance of the bacterium provides strongly corrosive agent H2S0A, enhances
cathodic depolarization and increases active dissolution of anode. The whole
reaction was under cathodic control. After forming a slime and rust layer, the
rate of corrosion was under cathodic-anodic mixed control. The corrosion ability
of thiobacillgs thioJarus was weakened by the buffered materials K2HP04 and
KH2PO4. The experimental results confirm that the bacterium is more corrosive
than natural seawater and medium.

Susceptibility of passive film to bacteria

From Figure 7, we can see that Thiobacillus thioDarus attached to the surface of
SS316L in about two hours, and they multiplied on the surface of 5 hour coupon
(Figure 8). The slime layer on the 9-day coupon was sparse from Figure 9. One
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of three repeated tests found pits. Corrosion potentials of SS316L shifted
slightly noble, as shown in Figure 2. Pitting resistance of the passive film
decreased (Table 1). Figure 4 showed potentiodynamic polarization curves of
SS316L in sterile medium and in the culture of T.p. Pitting curves for SS316L
in Th l hioarus culture showed the formation of an active peak,
increase in Ipass, and decrease in the passive range.

The sterile medium contains 0.6M NaCl+ O.03M Na2 S2 03 . Newman et al. found that
thiosulfate will induce pitting of SS304 when sufficient chloride ion is present.
0.25M NaCl+O.01M Na 2 S2 0 3 is a very severe pitting environment for SS304 at 25C.
The existence of bacteria made system more complicated by excreting H2S0 4 and S.
Garner [17] found that thiosulfate pitting can occur in the absence of chloride,
when sufficient sulfate is present. In this work, it was found that the pitting
susceptibility of SS316L increased when sufficient chloride ions 3.6% were
present and the S04"2 /S203- 2 ratio reached a certain range. Electrodes were placed
into cell in the logarithmic growth period of the bacteria. After 3-4 days,
bacterial growth reached stable period, and the bacteria excreted a large amount
of H2$AN. The S04 2 /S 2 0 3- 2 ratio increased greatly. Anions like C1- and S04-2

electromigrate and absorb at the pit site, which becomes acidified. The
acidified environment decreases activation energy of dissolution of the passive
film. It has been argued that thiosulfate will decompose to form elemental
sulfur [16, 18] and H2S [19], and thus promote anodic dissolution.

Numerous reports show a rapid ennoblement of Ecorr during the first days of
exposure for stainless steels in natural seawater [20-26]. Dexter and Gao [25]
concluded that the increase of Ecorr for the samples of SS316 was due to an
increase of the rate of the cathodic reduction of oxygen at a given potential.
It is microbes that first attach to the surface of samples, when steel is exposed
to natural seawater. Thiobacillus thioDarus is one of them, and laboratory works
have shown that the potentials of SS316L shift slightly in the noble direction,
this is in agreement with work as described above, but we found no obvious
increase of cathodic current density. This suggests that electrochemical
evaluation of other marine bacteria, such as Thiobacillus thiooxidans and
Desulforibrio desulforicans should be done. All these bacteria can bring about
changes of cathodic process. Other papers showed a decrease in Ecorr for SSs in
cultures of SRB [3,5]. In this work the corrosion potential of SS316L was in the
range of pitting potential, and this may bring about localized corrosion of
SS316L. The corrosion behavior of SS316L in T.f. culture was similar to that in
dilute H2SO 4 solution with Fe*3 . T.f. attached to the surface of SS316L as shown
in Figure 10, however, no significant effect on the pitting resistance was
detected from Figure 6.

Effect of ferric ion

It has been found that Thiobacillus ferrooxidans attached to the surface of Cr-
Ni-Mo-V steel in two hours [14]. Pitting corrosion increased during the period
of test. The acidity of electrolyte and anodic depolarization of Thiobacillus
ferrooxidans made Cr-Ni-Mo-V steel into a highly active state, and the potential,
Ecorr, shifted in the active direction (Figure 1). Figure 5 showed that Cr-Ni-
Mo-V steel corroded at a constant rate in cultures of T.f. After removing red
rust from the surface of steel, it was found that there were 10 pits/cm2 (lmm
deep) on the surface. The composition of red rust was mainly Fe 2 03 (Table 2).
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There are different opinions about the effect of ferric ion on corrosion of
steel. Little et al. [8] demonstrated that microbial oxidation of Fe*2 to Fe*3

resulted in red deposits that covered 75% of the surface of the electrode. The
accumulated ferric hydroxide created differential aeration cells. But Kino et
al. [7] suggested that ferrous iron in equilibrium with metallic iron will be
oxidized by Thi.agkciis ferrooxidans, resulting in ferric ion which oxidizes the
metal. Thus Tiacius ferrooxidans recycles the ferric ions required for the
initial attack. Under the same experimental conditions, the result of iron plate
in the culture of T.f. have been obtained in the presence of high ferric ion
concentration (44g/L).

The results presented here have shown that bacteria attached to the surface of
steel and oxidized Fe*2 to Fe4 3 . The ferric compounds precipitated around the
cells and accumulated as tubercles. The material under the tubercles became the
anode of the cell, while the area away from the tubercles became the cathode.
The mechanism of corrosion is simply the formation of a differential aeration
cell due to the uptake of oxygen by the microbial colony and cathodic reaction,
the oxygen concentration under these conditions becoming depleted.

Conclusions

1. Two bacteria attached on the surface of Cr-Ni-Mo-V steel can form a niche
which has the different constituents, pH et al., T.p. formed slime layer, T.f.
formed tubercles. Both accelerated corrosion of Cr-Ni-Mo-V steel.
2. The pitting curves for SS316L in T.p. showed the formation of an active peak,
an increase in Ipass, a decrease in the passive range. T.f. had no obvious
effect on SS316L.
3. Electrochemical techniques, SEM and X-ray diffraction proved the difference
between two bacteria.
4. A bacterium has different effects on different alloys.
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Table 1 The impedance Rp (ohm.cm2)

T.p. T.f.

sterile 1 day 5 days sterile 1 day 5 days

316L 22000 9550 11000 32000 18000 28000

Cr-Ni-Mo-V 103 101 8.6 108 67 63

Table 2 The compositions of rust

T.f. Fe2 O3  Fe(OH) 2  FeO

T.p. Fe 203  FeS FeSO4  Fe 304  FeO FeS 2  FeOaI
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Fig.7 Scanning electron micrograph of T.p. Fig.8 Scanning electron micrograph of T.p.
attached on the surface of SS316L after 2 hours attached on the surface of SS316L after 5 hours

Fig.9 Scanning electron micrograph of T.p. Fig.lO Scanning electron micrograph of T.f.
attached on the surface of SS316L after 9 days attached on the surface of SS316L after 4 days
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Abstact

These studies were undertaken to elucidate the significance of microbial consortia in localised,

low water marine corrosion of carbon steel. Microorganisms present in biofilms formed on

steel were isolated, enumerated and identified. Corrosion products accumulated in biofilms

were analysed and electrochemical measurements were performed under laboratory conditions
to determine the extent of corrosion in the presence of pure and mixed microbial isolates.

The results of microbiological studies showed the presence of diverse bacterial genera such as

sulphate reducing bacteria (SRB), Pseudomonas and Vibrio as well as different species of the

same genus in biofilms removed from the surface of steel. No simple correlation was found

between bacterial numbers and observed corrosion levels. However, the composition of

microbial consortia appeared to be linked with the degree of corrosion. There was a tendency

for bacterial species of the same genus to be associated with non-corroding sites, whereas

mixed populations were always detected in samples from corroding sites. The number of SRB

was higher in the biofilms recovered from sites which experienced high rates of corrosion.

Although the SRB count was moderate to low, the bacteria showed high metabolic activity.

Phase analysis of the surface products revealed differences between samples from non-

corroding and corroding sites. The former consisted largely of oxyhydroxides with some

magnetite; the latter showed the presence of iron sulphides. Electrochemical measurements of

average corrosion rates showed that SRB in pure and mixed cultures were aggressive to steel

and a dependence between the exposure time and the observed level of corrosion was noted.

The results emphasise the importance of the composition of microbial consortia and their

metabolic activity in the process of marine biocorrosion.

This project has been sponsored by British Steel Technical, UK.

Key terms: marine corrosion, microbial corrosion, localised corrosion, biofilms, carbon steel.
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Introduction
The occurrence of highly localised, low water corrosion of carbon steel piling has recently been
reported in many European harbours. Steel manufacturers have launched a programme of
investigation in order to determine the cause of this accelerated corrosion. Studies involved

installation of test panels and continuous, on-line corrosion monitoring, using a variety of
electrochemical techniques. In addition, parameters such as temperature, pH and sulphate
content of the water were also measured. The sections of piles retrieved for replacement were
examined for the presence of residual stresses. Data obtained from tests did not provide a
satisfactory explanation of the observed phenomena. Corrosion rates calculated on the basis of
performed measurements were much lower compared to observed levels of metal deterioration,
estimated as 3mm/year. Analysis of the results indicated that factors other than those commonly
considered as instigating corrosion of carbon steel in marine environment were contributing to
the process. The involvement of a biological contribution has been suggested as one of the
possible mechanisms contributing to the corrosion of piles. Numerous studies report cases of
microbially influenced corrosion of steel in marine habitats. The role of anaerobic sulphate-
reducing bacteria (SRB), aerobic Pseudomonas and facultatively anaerobic Vibrio spp. has
often been emphasised. The deleterious influence of SRB on steel corrosion is unequivocally
accepted. Marine Vibrio species are reported to enhance the adhesion of SRB to steel surfaces
thus increasing metal corrosionlZ. Pseudomonas are prevalent in all aquatic environments
where their primary role in corrosion appears to be in colonising metal surfaces, creating
oxygen-depleted microenvironments for SRB growth, initiating differential aeration cells and
excreting corrosive acids4' 5 . The accelerated corrosion of stainless steel in seawater by marine
Pseudomonas spp and its exopolymers has also been demonstrated 6. It is widely accepted that
microbial consortia present as a biofilm on the metal surface are able to influence corrosion
process. Moreover, is often found that the rate of corrosion in mixed cultures is greater than in
pure cultures and that synergistic effects operate. Although the complexity of interaction
between microbial populations within a biofilm is well appreciated no documented information
exists regarding biofilm/substrate interactions occurring in the presence of more than two
bacterial genera. In the field of microbially induced corrosion, very few studies deal with
corrosion of steel in mixed cultures7,8,9. Prior to this investigation no work focusing on the
importance of the composition of microbial communities in marine corrosion appears to have

been reported.

Expermn tal

Procedures for Microbial Sampling and Sample Treatment
Biofilm samples were collected, on two separate visits, from the sheet piling wall from
corroding and non-corroding sites (S and S2 respectively) at a variety of tidal and low water
levels and from inpans, outpans and web regions of the piles. In the case of each sample taken

3736



from the piling wall, an area of approximately 25 cm2 was cleared by removing the products of

macrofouling. The exposed biofilm remaining in direct contact with the surface was removed

with a sterile cotton swab and the swab was placed in a sterile medium for protection and

preservation. In subsequent laboratory studies, cotton tips were removed, placed in a known

amount of sterile water and homogenised by vortexing to achieve a uniform bacterial

suspension. A known amount of this suspension was then spread-plated on four different

types of solid growth media such as marine agar, yeast agar, Pseudomonas isolation agar and

total count agar (Difco) for the purpose of detection and enumeration of aerobic bacteria and

fungi. An aliquot of the biofilm suspension was transferred into a liquid, deoxygenated

growth medium (Postgate's medium B10 supplied by SGS Redwood Ltd., UK) for detection

of sulphate reducing bacteria. All procedures were carried out aseptically.

Sediment samples were recovered from the sea bed along the length of the piling at regular

intervals of 25 metres. Samples were placed in pre-weighed, sterile plastic containers,

reweighed and after resusspension in a known volume of sterile water, processed as described

for biofilms.

Bacterial Enumeration and Identification

Bacterial enumeration was performed by the viable count method. The inoculated plates were

incubated for 48 hours at 250C. The colonies were counted twice after periods of 24 h and 48 h

and then the counts were normalised to either the surface area of samples (in order to give the

number of bacterial cells per cm 2), or to the bulk (for determination of the number of cells per

milligramme of sediment).

Preliminary identification of aerobic bacteria in both biofilms and sediment samples was

accomplished by studying the morphology of colonies and determining Gram reaction and
motility of the cells us'.g both light and epifluorescence microscopy. Further identification

was carried out by the API (Analytical Profile Index) tests API20E and API2ONE (Bio Merieux

Ltd). SRB in biofilms and in the lediment samples were enumerated by the "dilution to

extinction" method1 1.

Electrochemical Measurements

A series of electrochemical measurements were performed to determine the behaviour of steel

in pure and mixed bacterial cultures. Measurements were mad*. at a temperature of 220C using
a three electrode cell. A steel working electrvde was fabricated by encapsulating non-corroded

steel piling material in epoxy resin to expose a 1 cm2 disc; this was polished down to a sub-

micron surface finish on wet alumina and degreased in trichloroethane before use. A large

surface area platinum mesh counter electrode was used. The reference electrode was a
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saturated calomel type which communicated to a point ca 1 mm away from the working

electrode surface via a luggin capillary to minimise uncompensated IR drop between working

and reference electrodes. The electrolyte was either Postgate medium CI0 or seawater taken

from the vicinity of tested sites. The water was strained and autoclaved before measurements

and was used either in the sterile conditions (control experiments) or it was inoculated with

bacteria isolated from biofilms recovered from corroded piling. Several types of -ts

were made:

(a) steady state potentiodynamic sweep were used to obtain current-potential curves
(b) observed Tafel regions from (a) were extrapolated to the corrosion potential to obtain an

estimate of corrosion rate.

(c) a linear polarisation instrument was used to monitor corrosion rates.

In addition, two other strains of SRB were tested to serve as a frame of reference in order to

establish the aggressiveness of the tested strain. These other strains were associated with
severe cases of marine corrosion of mild steel, one in Indonesia and the other in Alaska. SEM

micrographs of steel sections exposed to these three different strains were taken to supplement

electrochemical data.

Surface Analysis

Corrosion products present in biofilms removed from sites S 1 and S2 were characterised by

Energy dispersive X-ray analysis (EDXA) and X-ray diffraction techniques. Typical samples

recovered from corrosion and surface products were analysed by a scanning X-ray
diffractometer using Co radiation to obtain an approximate interplanar spacing in the range of

1.0 to 8.0 A (corresponding to a 10 deg to 120 deg scattering angle range).

Results and Discussion

Bactrial Assessment

The results of bacterial assessment are presented in Tables 1 and 2 for samples taken on the

first visit and in Tables 3 and 4 for samples collected on the second visit The outcome of these

microbiological studies revealed that the biof'lms removed from the surface of steel piling

contained diverse bacterial genera as well as different species of the same genus. These
microbial consortia consisted of aerobic and anaerobic bacterial cells and products of cell
metabolism known as extracellular polymeric matrix (EPM).

a-ducing bacteria. SRB were found in the sediment along the whole length of the
piling. The number of cells detected in sediment was similar irrespective of the sampling site

and equalled 105 cells/mg of wet mud. SRB were also isolated from biofilms removed from the
surface of the piling. No growth of SRB was detected in samples collected on the first site
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visit with the exception of samples H and M which were obtained from the area around die hole

in the out panel at the low water level (Table 1). All but one sample collected on the second site

visit (approximately two months later) contained SRB. The number of SRB varied depending

-m the sampling region (Table 3). Typically, there was a greater number of SRB associated

with corroding areas of piling than with the areas which did not exhibit signs of corrosion.
SRB have a very high requirement for iron; actively corroding areas of piling are likely to

provide higher concentrations of ferrous ions than non-co ing sites thereby encouraging the

proliferation of SRB. The high bacterial presence would tend to depolarise the cathodic
reaction kinetics, leading to increased corrosion rates. The lack of detection of SRB in samples

collected during the first visit could be related to the physiological status of cells and their
abundance in the proximity of the surface. It is likely that the population of the SRB is

subjected to seasonal variations and that the numbers present in biofilms were below the

detection leveL

Pseudamonas and Vibrio sies. The presence of bacteria implicated in marine corrosion

of steel, in biofilms removed from the piling, indicates that the microbial component may play a

significant part in observed, localised corrosion. The composition of microbial consortia

varied depending of the region from which samples were taken (Tables 2 and 4). Biofilms

recovered from sites which did not exhibit corrosion showed the prevalence of either

Pseudomonas or Vibrio species (Tables 1 and 3 respectively). In the later case the number of

SRB detected in these samples was one or two orders of magnitude lower than in samples from
corroded areas. The number of aerobic 'ecteria counted was also lower except for sample 2

(Table 3).

The results presented in Table 1 appear to indicate a lack of correlation between the total
number of aerobic cells and corrosion. It is more likely that the composition of the consortia

and its metabolic activity will determine the aggressiveness of the environment at the surface of
steel 12. Indeed, samples recovered from the corroding areas showed the presence of more than
two microbial species including yeast (Tables 1 and 3). However, the number of cells in these

samples was always relatively high.

Electrochemical Measurements

A series of experiments utilising the Tafel extrapolation technique were applied to a sterile
seawater control and to seawater inoculated at the level of 105 cells/cm 3 with pure and mixed

cultures of SRB, Vibrio and Pseudomonas isolated from the surface of piling material. As

shown in Table 5, the infected electrolyte samples each gave rise to a modest increase in the

estimated corrosion rate at short times. After 21 hours, the SRB, Vibrio and Pseudomonas

mixture showed a drop in the corrosion rate which may be attributed to the temporary
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formation of a protective surface film. The Tafel extrapolation technique also showed

comparatively little change in the corrosion rate over a six-day period. Due to technical

problems associated with the application of this technique (e.g. the time required for repetitive

measurerents, the need for uncompensated IR drop correction and the large peturbadions from

the open-circuit potential involved), the linear polarisation method was preferred for monitoring

studies. Figure I shows the mean corrosion rate as a function of time over a period of 15 days

in Postgate medium C as found by a linear polarisation technique. The corrosion rates for the

sterile and infected media are comparable for an initial period of approximately 3 days.

Thereafter, the infected sample shows a mairked increase in corrosion rate, reaching a relatively

high level of >11 mpy (mils per year) after day 9. During this time the control (sterile) sample

shows a relatively small increase in corrosion rates over the range 0.6 to 2 mpy. It should be

noted that these results relate to initially smooth, polished samples; in practice, a significant

roughening would result in an increase in the observed corrosion rate due to an enhanced

surface area. Another experiment utilised a 100 cm3 sterile sea water electrolyte which was

inoculated with I cm 3 of sludge taken from a biofilm removed from an outpan on site S 1. As

shown in figure 2, the mean corrosion rate (measured by a linear polarisation resistance

technique) showed a similar trend to the behaviour of steel in Postgate medium C infected with

SRB. The initial rate was relatively low (1.3 mpy) but a rapid increase occurred after a 3 to 4

day period. At a sufficiently long time (more than 25 days), the corrosion rate became relatively

steady at a level of approximately 14 mpy. The data in figures 1 and 2 demonstrate the

importance of time-dependent studies of microbial corrosion in this system and the

shortcomings of rapid tests.

In auxiliary laboratory experiments, SRB isolated from biofilms removed from sheet piling

gave rise to particular high corrosion rates comparing with Alaskan and Indonesian strains (as

measured by LPR). SEM studies supported electrochemical data showing that biofilm

formation and corrosion of steel surface underneath of the biofilm was greater in the case of

Portsmouth strain than that observed for Alaskan and Indonesian strains at longer times13 .

Energy Dispersive X-ray Analysis and X-Ray Diffraction Analysis

A number of samples of surface products were analysed from three sites and typical results are

summarised in Table 6. The majority of samples showed appreciable sulphur and chlorine

contents, while some samples contained calcium and occasionally magnesium. The sulphur

levels tended to be highest in the samples taken from test site S 1. The diffraction patterns are

rendered complex by the presence of minerals, organic and amorphous material. Phase

identification is also hindered by the large number of components and wide ranges of

stoichiometry. However, samples taken from outpan and inpan sections at site S I showed the

presence of iron sulphides and relatively high magnetite levels. The presence of iron sulphides
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in several samples was confirmed by the evolution of hydrogen sulphide on addition of

hydrochloric acid and by the evolution of nitrogen effervescence during an azide spot test.

Several peaks were not readily identified using JCPDS assignments. Diffraction patterns from

site S2 and from general surface corrosion products showed the presence of large amounts of

iron oxyhydroxides and moderate magnetite levels. Additional analyses are required to

determine whether these corrosion products were biogenically produced.

Conclusions

I. Although the SRB count was moderate to low, the bacteria were shown to be very

active metabolically. Auxilliary experiments demnsat that, in comparison with

other SRB species associated with the corrosion of mild steel, the strain isolated from

biofilms taken from a corroded sheet piling proved to be highly aggressive.

2. The analysis of biofilm samples revealed the presence of different species of aerobic

bacteria belonging to the genera Pseudomonas and Vibrio which are reported to be

associated with corrosion of steel in aquatic environments. No simple correlation was
found between numbers of aerobic bacteria and observed corrosion levels. However,
there was an indication that the composition of the microbial consortia was linked with

the degree of corrosion. There was also a tendency for bacterial species of the same

genus to be associated with non-corroding sites whereas mixed genera were always

found in samples from corroding sites.

4. EDX analysis showed the presence of relatively high levels of sulphur in surface

products taken from both sites SI and S2, the values lying within the range 0 % to 8

%. There was a tendency for site S I to show higher sulphur levels.

5. Phase analysis of the surface products by XRD, although problematic due to

appreciable levels of amorphous, organic (including microbial EPM) and mineral

components, clearly showed differences between products from S2 and S I sites. The

former consisted largely of iron oxyhydroxides with some magnetite; the latter showed

additional XRD peaks partly attributable to iron sulphides.

6. Electrochemical measurements of averaged corrosion rate showed that:

(a) sterile and SRB infected Postgate's media give rise to comparable corrosion rates (1

mpy) at short times (up to 3 days). At longer times, the SRB infected medium showed

a rapid increase in corrosion rate with time.

(b) in seawater inoculated with biofilm suspension, the corrosion also showed a

marked increase following a short (4 day) induction period.
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In view of the obtained results it may be concluded that microbial consortia can significantly

contribute to the process of localised marine corrosion of steel. Further work involving

sampling from different UK harbours in order to extend the present findings and elucidate

biocorrosion mechanisms is in progress.

The authors are grateful to British Steel Technical, Swinden Laboratories, UL for financial

support and to Mr K. Johnson and Dr V. Chun in the Corrosion Section of this company for

their valuable technical advice.
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Tak I iAmb mad Anmobi Dacasa (SRB) Detectd an Bu~hm Ranw~vd krm die
&uwes of Sade Miing (ast Sinqlin mfi fim OWm v~iwo

No, cells a 10=1c 2 * (SD) amCo is I 00
103A--

F OCI/I >4.00 - ND Pdfl VUi
o ocvn. >>4.00 ND Pdlm Vil
* ONCI~fTL >>4.00 -ND PalvU 7 i
C ICIfl. 3.21 (0.59) ND PsfjIJ Y
N MINCfl 2.37 (0-24) ND Paul Y
* INCVMfl 0.10 (0.02) ND ND
W ICIJT 2.50 (0.16) ND Vii
A WCIII 3.73 (0.23) ND P.Lf Vid Y
E WCVII 3.46 (0.46) ND Pl~m VII Y
T WNCIfIL 0.10 (0.02) ND pal
B CAIMZL 1.84 (0.22) ND PaIVu Y
H OAHMJW 3.74 (0.36) 0.4 Wi
L ONCZOLW 2.32 (0.16) ND Pal
M OAHIUILW >>4.00 -0.4 PaI Vi!
Q OkAIJLW 2.32 (0.28) ND Pu Vii
R ONCIjLW >>4.00 -ND PSI VIlY
X OTPljLW >>4.00 -ND P.1 VII
Y (YIPIJW 1.32 (0.13) ND Pill Via
S INCJIW 3.20 (0.31) ND PSI
J WCVjLW >>4.00 ND PSI ViaY
K WNCbjLW 0.90 (0.08) ND PSI VII
P WNC2JLW >>4.00 - N PSI
U WA1JLW >>4.00 ND PSIVII

WC -web corroded OC -oulpmn wroded
WNC-wcb nam cocrded ONC -ou nona corroded
TP -mes pud IC -inponcorrded
LW -low Wars IDC -MM aw corroded
IL -t&du love H -lek
A -activ

Paf -PA~bwd onwflavrencept VII -V"~ axal galbi cu
Y -yeast spcie.

Numbers 1 and 2 indicsat saqpl~ng sbes as descnibed in procedure.

Tabl 2 ftaeaauof Acrobic Bactria Duincted an Dwioflh Reoved from the Smface
ofSee Pilig (1st Saqalin on & fltese visit)

D ocw 0 T- l -T---T
P ocimf. 0 0 2 0 98 0 0
aOOCIIIL 0 0 5 0 95 0 0
0OONCIMI 0 s0 20 0 0 0 0
C ICUMT 0 0 7 s0 0 0 13
N INCI/Ml 0 85 0 0 0 0 15
VINCUMi 0 0 0 0 0 0 0
WICIiLi 0 0 0 0 100 0 0
A WCIJqL 10 0 0 10 50 0 30
E WC1II 0 0 2 0 95 0 3
T WNCI/TL 100 0 0 0 0 0 0
B CAI=~r 5 0 0 0 50 0 45
H OAHIILW 0 0 0 0 100i 0 0
L ONCZtLW 100 0 0 0 0 0 ~.0
MOQAHIALW 60 0 0 0 40 0 0
Q OAX&W 60 0 0 0 40 0 0_
R ONCIJLW s0 0 0 0 10 0 10
X 07PIjLW 70 0 0 0 30 0 0
Y GIPIULW 0 35 0 0 0 15 0
S NWKW 100 0 0 0 0 0 0
J WCUML s0 0 0 0 0 45 5
K WNCMJW 90 0 0 0 0. 10 0
P WNC20LW 100 0 0 0 0 0 0
U WAIALW 70 0 0 0 30 0 0

For key we Tab" 1
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Tabl 3 Aamwbl and Anwobic Becon (SRO) Docod n 31111mm Rommved 6mn dhe
Surfacs of Seed Piling (2od Sompling oa seoond aft visk

WN =W mail 102/CM2 * (S0) am0.alls hUMW

1 005UW 26.8 (3.7) 0.4 Vuil PIL.1
2 ONC1JLW 28.2 (2.4) 0.004 Viii
3 VWMCJW 27.4 (3.5) 4 Pau.1 VIId
4 WtC~ILW 3.8 (0.7) 0.04 Vili
5 OCIJLW 28.5 (1.4) 4 ho V"~i
6 WCIILW 31.4 (3.3) 4 P.1.11 V"L~
7 WCIA..W 28.4 (2.81) 4 pax.1 Vr
I WCIALW 38.3 (4.1) 4 P51.11 vil
9 ONCZILW 2.8 (0.3) 0.4 ViLfI
10 OC1DJLW 42.4 (3.1) 4 PSU1.11 VL
I11 /NCOILW 10.6 (1.8) 0.4 Vdii
12 ONC7JLW 9.5 (0.8) 0.4 VIII
13 TP14MZL 8.9 (0.6) 0.04 ViIJI
14 TP25/ZI 11.0 (1.2) 0.04 Psi
15 W1Rf2JW 16.6 (3.7) ND PSI
16 TP23/2dLW 18.2 (3.2) 0.4 PSI
17 77264/2flmD 13.3 (2.6) 4 PsI Mil
18 TP1S-hLW 17.6 (3.1) 0.04 PSI VII

WC -web roaoded OC r monmded
WNC -web- non emodedg -N ouq smrm A
1? -tsetoo-r IC -m m Aptd
LW -low wame 11C -hmn ~ -cArede
TL .tida level H -oe

A -acdve

Nunbers 1 and 2 indicate sampftn ala.. as described in I mroc, ka,

Table4P -' -u-_p oAawmc' Dacuui Deftceed a a~ioku Raltawd bunthe.Sufao
of Saed Puilng (2nd Sampling an moood 6sl VWst

I1OCIUAW 30 30 25 15
2 ONCIJLW 0 0 40 60
3 WHCILW 70 5 10 15
4WNC1A.W 0 0 35 65
5 OC1ILW 0 70 20 10
6 WCIJLW 40 20 30 10
7 WCIW 50 10 40 0
8WCIA.w 45 20 35 0
9 ONCAOW 0 0 45 55
10OOCI/24LW 40 20 15 25
11 WNC20LW 0 0 45 55
12 0WC2VLW 0 0 35 65
13 M4fZT 0 0 40 60
14 TP2UIW 100 0 0 0
15 1?1Fl&W 100 0 0 0
16 TP2312IW 100 0 0 0
17 1fl6VlIIBL 70 0 30 0
18 TP~I*7&W 60 0 40 0

For key at Table 3
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Table 5 Corroio Rans of Sad Piling in Seawafr EPstiana from TdM Ei Flao
bkrsmments

Hicaulyw condadn Corosiom after I hoor Corrosion rme after 21 boursfip ft"

Stale cogmoi 1.3:t 0.2 1.2 ±0.2

Sterile plus Psadwmota- 1.9 ± 0.2 2.4 ± 0.3

StE plus SRB* 1.6±0.2 2.1 ±0.3

Sterile plus Vibrko* 1.9 ± 0.2 2.5 ± 0.3

Sterile plus SRB* plus 2.0 ± 0.2 0.8 ± 0.1
Vibrio* plus Pseudomonw*I

* the bactewa wereimculated at an apprownafe levd of 105 cells per cm3 in the case of each
genca-

TaMel Energy Dispersive X-Ray Analysis of Frmenp ts of Surface Products

SFzf Fe a- S CA

S2 W8 2.7 Ty. 65*

(low-corrosion)

87 5.7 3.2 3.9

79 9.1 5.0 7.0 -
94 3.9 . .

W- T- TV 2.

SI 96 0.5 3.6 -0.4
('high corrosion')

73 3.1 2.1 2.2 "

9 0.9 4.1

pat n pel 90 2.4 5.1
(outpne near sife SI) 91 2.7 6.

r- T .-- W"- -194 10.7 14.2 0.2 10.2

Sapcs comai high ewbig of Si have been mited.
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Abstract

Putrid models with Tuticorin seawater revealed a novel type of
anaerobic corrosion. Decomposition of macrofouling organisms
resulted in spectacular colouration of putrid seawater exposed to
light. Putrid cells in the dark did not show pigmentation and
accounted for very low rates of steel corrosion. The micro-
organisms responsible for colouration as well as corrosion
enhancement were identified as the photosynthetic sulphur
bacteria. Chemical analysis indicated that these bacteria
accelerated corrosion by anaerobic oxidation of sulphide to
elemental sulphur under photic conditions.

Introduction

The putrid model offers a convenient way for evaluatin9 1 _3 marine
alloys in media represented mixed microbial populations The
predominance of sulphur cycle in putrid systems can be illustrated
by the transformation of atomic ratio of elements from O:C:N:P =
240:106:16:1 under aerobic 4conditions to S:C:N:P = 60:106:16:1
under anaerobic. conditions.

Until recently, the corrosivity of putrid seawater was related
directly to the amount of sulphide. Eashwar et al. have however
shown that the role of sulphur oxidisin', bacteria, e.g.
thiobacilli, could be more important. The authors concluded from
that study that sulphide had an inhibitory action on steel under
anaerobic conditions.

In preliminary studies with Tuticorin seawater, we observed that
decomposition of organic matter regularly resulted in bright
colouration of putrid water. Furthermore, rates of corrosion were
considerably higher than those in an earlier test 3 . Microscopic
examination of the coloured seawater revealed the abundant
presence of pigmented microorganisms which apparently were
phototrophic sulphur bacteria. A detailed investigation was taken
up to examine a possible role for these bacteria in steel
corrosion.
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Experimental Procedures

Corrosion Measurements
The composition of the steel used is shown in Table 1. Sheets
(1.1mm thick) were cut into coupons that measured 50mm by 15 mm.
They were picked, polished, degreased, weighed and stored in
desiccators until use.

Eight macrofouling species (Table 2) served as the inoculum with
which seawater was made putrid. Corrosion cells were set-up in 3L
culture flasks. Each species was allowed to stagnate and
decompose in 5% (wt./vol.) ratios with freshly sampled seawater.
A control environment was also used in which the cell received
only seawater. Six coupons (from 2 cells) were withdrawn at
desired periods for assessment of corrosion by weight loss.
Potentials of the steel were measured using a high impedance
voltmeter and an SCE, utilizing a series of IL flasks with
appropriate additions of the decomposing species.

Two series of corrosion tests were performed. The first was
designed to evaluate the corrosivity of putrid seawater as a
function of time. In the second, the effect of light was
specifically examined by placing putrid cells in (i) the dark and
(ii) alternate light/dark (12/12) condition. Illumination
(diffuse sunlight) level varied between 2.000 and 8,000 lux in day
hours.

Solution Chemistry Changes
Chemical analyses were carried out in 1L flasks. At various
stages of the putrefaction sequence, seawater was withdrawn for
various chemical determinations. The first series of corrosion
tests was complemented by oxygen and pH measurements only. In
tests examining the effect of illumination, several other
"parameters were also considered. Sulphate, 5 thiosulphate and
sulphide were determined according to Grasshoff . Estimation of
elemental 6 sulphur was done by the colorimetric method after
Stal et al.

Microbiological Studies
Putrid seawater samples were regularly observed under the
microscope for the presence of photosynthetic sulphur bacteria.
Pigmentation, morphology and motility were recorded for various
species.

Characterization of 7 some isolates was carried out according to
Pfenning and Truper , proceeding from agar shake dilution in the
defined media. Purified cultures were scaled up to larger
volumes. Light absorption maxima were recorded on a Shimadzu
(model 160 UV) spectrophotometer.
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Results

Corrosion
A remarkable feature with all of the putrid cells exposed to light
was the spectacular colouration of seawater. The period for
colouration was normally between 6 and 8 days from the
commencement of decomposition, but took 10 days in presence of G.
corticata. Initially the colour was purple/pink, but this
transformed to green by 20 days.

Values of solution pH as a function of time are shown in Figure 1
for control seawater and seawater solutions with 5% decomposing
macroorganisms. The pH of seawater with no macro species
decreased from 8.1 to 6.87 in 37 days. This decrease was dramatic
in the presence of decomposing organisms and, in general, the
lowest pH was measured between the 2nd and 3rd day of the
putrefaction process. Thereafter, the pH restored slowly to
neutral values. As seen in Figure 1, return of pH to neutral was
least in the C. peltata cell and most rapid in the one with
G. corticata. With the latter, the seawater became alkaline; the
pH rise in the cell with decomposing sponge was also somewhat
peculiar in that the values crashed down a second time after 12
days' putrefaction.

There was no trace of dissolved oxygen in any of the putrid cells
after 36 hours. As a matter of fact, only the C. peltata cell
contained any oxygen (0.6 mg/L) at 48 hours. Values recorded at
24 hours correlated well with the corresponding drop in pH. The
least concentrations (1.2 and 1.3 mg/L) were noted for the oyster
(C. cucullata) and the red weed (G. corticata) which interestingly
produced the most acidic conditions. The values for other cells
during the same period were 1.7 (Sargassum sp.), 1.8 (T. anhelans)
and 2.4 (C. peltata).

Figure 2 illustrates the fate of steel, in terms of corrosion
rates, in the control and putrid cells. In presence of all
decomposing species, with one obvious exception, G. corticata, the
steel exhibited very low rates of corrosion during the first 5
days. Values were less than 10 mdd, the least being 2.81 mdd
with Sargassum sp. This was quite unexpected because these rates
were lower than those in the control cell. Corrosion, however,
increased dramatically between 5 and 20 days, i.e. during the
period when the seawater in the cells became intensely coloured.
This high rate was sustained till the completion of the
experiments (32 days). In contrast to other species, G.corticata
was responsible for a high amount of corrosion initially, which
further increased in the later periods. The rate at 20 days was
an imposing 63.34 mdd which was considerably higher than that
caused by other decomposing species.

Potentials of steel for the corresponding conditions are shown in
Figure 3. There was no appreciable change in steel potential in
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the control cell (-750 to -765 mV vs SCE). Onset of
decomposition, however, caused potentials to rapidly shift in the
por %ive direction. Barring a minor negative shift between 12 and
16 iays, the potentials of steel in the sponge cell moved
progressively more positive and reached -610 mV at 40 days. With
the other species, potentials drifted negatively after the initial
positive shift, either transiently (Sargassum sp, and C. peltata)
or permanently (C. cucullata).

Figure 4 shows that light had a crucial role on the rate of
corrosion of steel. In general, corrosion was 2 to 3 times higher
in presence of light. Data for G.corticata were again one
exception, the corrosion accelaration by light being only
mcderate. This fact illustrates that the high rate of attack was
governed by some, as yet undetermined, "corrosive" chemical
release by this species.

Solution Chemistry
pH measured in the dark (D) and alternate light/dark(L/D) cells
with 5% decomposing C. peltata are shown in Figure 5. The pH in
the L/D cell dropped more slowly, restored to neutral more
quickly and further moved on the alkaline side.

Light had a conspicuous and remarkable effect on the speciation of
sulphur in putrid seawater. Figure 6 shows the levels of
sulphate, thiosulphate, sulphide and elemental sulphur as a
function of time. There was a small increase in sulphate
concentration after 24 hours, and it decreased thereafter.
Whereas sulphate in the dark cell depleted progressively, values
in the L/D cell fluctuated throughout. A different trend was
noticed with thiosulphate concentration. Values increased in both
the cells until about 9 days. Thereafter, a marked reduction in
thiosulphate occurred in the presence of light, contrary to the
further increase and thereafter a relatively constant trend in the
dark.

Evolution of sulphide occurred faster in presence of light.
Following the peak at 9 days, sulphide was used up at a remarkably
high rate in the L/D cell until about 20 days. Between 20 and 37
days, however, values remained less variable. Sulphide reached
its peak by l3t'h day in the dark cells, but there was no obvious
loss as that not.ed in the L/D cell. Perhaps the most note worthy
feature was the variable manner in which sulphur formed in the D
and L/D cells. Levels of sulphur were very low throughout the
experimental period in the D cell. Note that a dramatic increase
in sulphur concentration occurred in the L/D cell at the period
corresponding to sulphide depletion.

Phototrophic Sulphur Bacteria
The purple/pink photosynthetic sulphur bacteria that initially
started to colour the putrid seawater exposed to light were
readily recognised as members of the family Chromatiaceae by the
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characteristic absorption maximum at the 830 nm region. Sulphur
was noted as highly refractile globules inside their cells. The
first to appear (after 6 to 7 days) was a highly motile species,
circular to ovoid, which kept swarming in- the whole vessel
(Thiocystis gelatinosa). Another Chromatiaceae representative was
a larger, non-motile, rod-shaped organism which occurred in
aggregates of hundreds to thousands of cells (Thiodydion sp.).
This species was in particular responsible for the intense
colouration of the walls of flasks to which they adhered. These
two species occurred in all putrid cells no matter what
decomposing macrofouliny species they contained, and persisted
till the 3rd week.

A purple red sulphur bacterium, different from the ones mentioned
above, appeared in the G.corticata cell. This species was spiral,
motile, and stored sulphur outside the cells. Globules of sulphur
were found in the medium or along the peripheral part of their
cells. Placement of this species as Ectothiorhodospira mobilis
was suggested by 1. formation of sulphur globules outside the
cells, 2. colour of the species, and 3. absorption spectrum
(Figure 7) revealing 2 major peaks, one at 849 and the other at
799 nm.

Microscopic observations of green water showed the presence of a
non-motile, rod shaped green bacterium. Chlorobium limicola. In
addition to this species, many filamentous gliding bacteria
occurred. These forms were mostly confined to the walls of the
vessels. Absorption spectrum of C.limicola culture is shown in
Figure 8.

Discussion

The photosynthetic sulphur bacteria play an important role not
only in the sulphur cycle but also in the synthesis of organic
matter in aquatic environments. It is generally accepted that the
phototrophic sulphur bacteria occur in much greater abundance8 in
freshwater and estuarine habitats than in the open ocean . As
a result, studies of photosynthetic sulphur bacteria in the marine
environment are rather limited.

Traditionally, studies on the isolation of phototrophic sulphur
bacteria from the marine environment have utilized sea-bed
sediment as the only source of inoculum. A rather different
source of 9 inoculum, namely marine sponges, 1 0 was first employed by
Eimjellen and later by Imhoff and Truper . Eimjellen isolated
Chlorobium limicola and Thiocystis sp. from Halichondrium panicea.
Attempts by the latter workers with 4 species of marine sponges
confirmed the earlier findings. Isolation of phototrophic sulphur
bacteria from seawater or marine organisms other than sponves has
not been ventured yet. The successful use of putrid systems in
enriching photosynthetic sulphur bacteria has been demonstrated in
this work.
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Since the location of seawater and marine species sampling was
open ocean that receives good flushing by tidal currents, the
occurrence of phototrophic sulphur bacteria in the macro species
and/or the oxygenated is conceivably clear. This is contrary 11
to the 8 likelihood 12 envisaged by many workers, notably Truper
Imhoff and Madigan that open sea locations are generally devoid
of anaerobic sulphur bacteria. These bacteria have, however,
been stated to occur regularly in marine sediment, in association
with the sulphate-reducing bacteria. Since it is now well
established that oxygenated parts of the ocean do contain
sulphate-reducing bacteria (in a dormant state), it can be
hypothesised that the anaerobic, phototrophic sulphur bacteria
would also be present in such waters.

Much of the variable effects of light in regard to sulphur
chemistry and corrosion are by reactions inherent of
photosynthetic sulphur bacteria. As a matter of fact, profound
differences in sulphur speciation become obvious only after about
5-7 days of putrefaction, when these bacteria started to flourish
in the L/D cells occurred as the preliminary step followed by
intense sulphate reduction. Hydrogen

sulphide in the putrid seawater can be liberated from decaying
protein as well as through bacterial sulphate reduction. Biomass
in its 4 proteins contains on the average 1% bound (organic)
sulphur . Liberation by putrefaction would yield approximately
109 H S per 10009 of biomass. If, however, the some amount of
biomasd is channeled into bacterial sulphate reduction, according
to

2(CH20) + so4
2- - ...... > 2HCO 3 + H2S

(where CH 0 is a general average formula for biomass that allows
to estimade stoichiometrics). it could in principle yield 570g H S
per 10009 of biomass. The lower level of sulphide measured durifg
the earlist stage of putrefaction probably implies an importance
for sulphide liberation from tissues since the sulphate reduction
reaction is theoretically not expected at the stage.

A rapid increase of pH in the L/D cells is clearly an effect of
the photosynthetic sulphur bacteria. At pH's close to 7, when the
PSB start to bloom, sulphide would occur as HS (50%) and H S
t50%). Phototrophs, 13 however, consume stoichiometrically tie
undissociated species Withdrawal of CO and H2 S will lead to
hydroxyl ions and hence to an increase of t~e pH.

The overall reaction catalysed by the photosynthetic sulphur

bacteria can be hypothesised to occur as :

HCO 3  + H2S + HS------ -> (CH 2 0) + S + 20H

(the formula in the parenthesis again means cell material). Data
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for sulphide and sulphur (Figure 6) are in excellent agreement
with the suggested reaction. Note from the same figure that a
significant increase in sulphate concentration has not occurred
during the sulphide oxidation phase (L/D cell) contrary to the
generalized 7 implication which envisages sulphate as the ultimate
end product . In seawater environments, however, incomplete
oxidation of sulphide (to sulphur) is more 13 prevalent than
complete oxidation as suggested 14 by Pfennig and later con-
firmed by van Gemerden et al.

The suggested reaction would also account for the higher corrosive
action of putrid seawater in the L/D cell. Sulphur is ex-
tremely 15 corrosive to steel as experimentally demonstrated by
Schaschl Since the photosynthetic bacteria carry out such a
type of reaction resulting in the yield of elemental sulphur it is
concluded that these organisms were responsible for the
accelerated corrosion of steel in the cells exposed to light.
Research is under way with pure cultures of PSB to establish the
findings presented here.
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Table 1 : Composition of the steel (S weight)

C Mn Si S P Fe

0.1 0.46 0.074 0.028 0.07 remainder

Table 2 : List of macrofouling species

Species Group

-----------------------------------> Rhodophyta, the red weeds-

2. Gracilaria corticata> hdpyaterdwes

3. Sargassum. sp.

4.---- ------ ------ ----- > Phaeophyta, the brown weeds

5.Caulerpa peltata

---------------------- > Chlorophyta, the green weeds

7. Crassostrea cucullata 1-----> Mollusca, oysters

8. Tedanus anhelans I ----- > Porifera, sponges
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Abstract

Effect of biofilms on crevice corrosion of stainless alloys in coastal seawater has been
investigated for stainless alloys S31603, S31703, and N08904 using remote crevice assembly
technique. It was found that for S31603 and S31703 biofilms only slightly decreased
initiation times; for N08904 biofilms moderately decreased initiation times. Biofilms were
found to greatly increase the crevice corrosion propagation rate for all three alloys as
measured by maximum and average penetrations, weight losses and corrosion current
densities. The decrease of initiation times was due to ennoblement of E.o and the increase
in propagation rate was caused by cathodic depolarization, both due to the action of
biofilms.

Key words: biofilm, crevice corrosion, stainless alloy, seawater, current density, initiation,
propagation, weight loss

Introduction

Biofilms can shift the open circuit potential (E ro) of stainless alloys in the noble direction
in: seawater1", brackish water and fresh waters. While much has been published1"8 about
the effect of this Eco, ennoblement on pitting, less is known about its effect on crevice
corrosion. Johnsen and Bardal4 pointed out that Eff ennoblement should increase the
tendency for crevice corrosion initiation as well as for pitting. Likewise, Scotto et al6
suggested that an increase in cathodic reduction rate of oxygen caused by bacteria should
increase localized corrosion of passive metals in natural seawater. Dexter et al9 showed that
bacteria in the crevice solution could contribute to the depletion of oxygen, potentially
decreasing crevice initiation times.

Kain and Lee1° studied the crevice corrosion of 531600 and N08904 in natural and artificial
seawaters using the remote crevice assembly technique. They found that for S31600 the
initiation time in natural seawater was almost same as that in artificial seawater, while the
total corrosion current in natural seawater was one order of magnitude higher than that in
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artificial seawater; for N08904 the initiation time in natural seawater was 10 % of that in
artificial seawater and the total current in natural seawater was two orders of magnitude
higher than that in artificial seawater. Valen" also used a remote crevice assembly device
to study the crevice corrosion of S31603 in natural and artificial seawaters. He found that
the current density for 531603 in natural seawater was two orders of magnitude higher than
that of 531603 in artificial seawater although the cathode-to-anode area ratio was 20 times
larger in artificial seawater than in natural seawater. Mollica et al12 studied the effect of
temperature on crevice corrosion of stainless steels (SS) in natural seawater. Their results
showed that as temperature increased from 25 to 40 0C the corrosion for SS with
intermediate resistance decreased one to two orders of magnitude, but the corrosion for SS
with low resistance like 531600 remained unchanged. They attributed the difference to the
activity of biofilms at 250C. Gallagher et al13 studied crevice corrosion of stainless steels in
natural, transported and artificial seawaters using a multiple crevice assembly device. They
found that crevice corrosion of a range of steels was dramatically less in artificial seawater
than in natural seawater. They attributed the difference to the microorganisms in natural
seawater.

Zhang and Dexter14 used traditional and remote crevice assembly techniques to study
crevice corrosion for S30400, 531603, S31703, 531803, and N08904 in natural and control
coastal seawaters. They found that biofilms had little effect for S30400 and S31603 but had
considerable effect for S31703 and N08904. The control water produced by 0.Zum filtering
alone was effective in maintaining a biofilm free condition for only about 500 hours. They
suggested that more effective control methods were needed.

There are two purposes for this paper. The first purpose is to present data on the effect of
marine biofilms on crevice corrosion of stainless alloys using a more effective control
method, which combined pasteurization of the natural seawater at 80PC for four hours with
periodic replacement of cathodes. The second purpose is to present data on the effect of
biofilms on propagation of crevice corrosion by using coupons on which corrosion had been
pre-initiated galvanostatically. S31603 (316L) was selected because of its low resistance to
crevice corrosion in seawater. S31703 (317LM) and N08904 (904L) were used as examples
of newer alloys with intermediate resistance to crevice corrosion in seawater, and N08367
(AL 6XN) with 6 % Mo was used as a more crevice resistant control for comparison. Tests
were done in natural coastal seawater and in the control water prepared as above to kill
most microorganisms without altering the water chemistry.

Experimental

The compositions of the alloys are shown in Table 1. The annular electrodes (31.7 mm OD,
9.6 mm ID, 3 mm thickness) used as anodes were purchased from Metal Samples Co., Inc.,
Munford, AL The large panels of the same alloys (152 x 101 x 2 mm) used as cathodes
were donated by Allegheny Ludlum Steel Corp., Brackenridge, PA. All samples were
prepared before testing by surface grinding through 320 grit silicon carbide paper, de-
greasing with soap and water, and rinsing in distilled water.

Coastal seawater was obtained at the tidal part of the Broadkill River where it enters the
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lower Delaware Bay. This water had the following characteristics: temperature, 22 to 260C;
salinity, 25 to 31 parts per thousand (ppt); oxygen, air saturated (5 to 8 ppm); and pH 7.7
to 8.1; all varying daily with tidal cycle and fresh water run-off. The water was brought to
the lab where the tests were done in a 34 liter polypropylene tray at 21 to 230C. The water
was continuously refreshed by a gravity feed and overflow system at a rate to replace the
entire volume once a day.

To separate the effect of microorganisms from that of water chemistry, a control water with
much reduced numbers of microorganisms was needed. The control water was produced
using a four hour pasteurization of the natural water. Due to the large volume (34 liters)
of water neeled for these tests, more stringent preparation of the water was not practical.
The control ,ater was first stored in autoclave sterilized bottles, and then fed into a covered
34 liter polypropylene tray in which the control experiments were done. The control water
was changed every three days using a gravity feed and overflow system.

Remote crevice assembly technique was used. Each annular shaped anode with a spot
welded nickel wire was mounted in an epoxy resin mold as shown in Figure 1. Delrin
washers were prepared as shown in Figure 1. The anode-washer assembly was fastened
together using a titanium fastener insulated with heat shrink tubing and tightening to an
initial torque of 7.3 Nm. The assembly was re-tightened after two days and before the
actual experiment began. The spot welded wire was used both to secure the assembly to
a wooden rack and to provide the connection between anodes and cathodes. The first 104
nun of cathodes were immersed in the test solution. Two nickel wires spot welded to the
top of each cathode panel had the same functions described above. The cathode-to-anode
area ratio was 30:1.

In control tests the cathodes and anodes were exposed in control water prepared as above.
The cathodes were replaced when control water was changed. The removed cathodes were
immersed in 60'C fresh water for at least an hour, then naturally air-dried for future use.
Three samples for each material (one for N08367) were used both in control and natural
seawaters.

Two sets of experiments were performed. The first set was to study the effect of biofilms
on initiation and propagation of crevice corrosion, while the second set was to investigate
the effect of biofilms on propagation of crevice corrosion using pre-initiated anodes and pre-
ennobled cathodes. The corrosion of the anodes in the second set was galvanostatically
initiated at 40 mA for 30 minutes; under those conditions there was little sample to sample
variation. The cathodes were immersed in natural coastal seawater for about three weeks
until the potentials were near +400 mV SCE.

Open circuit potentials were measured vs. SCE using a digital voltage meter. The currents
between the cathode and anode members were assessed using a zero-resistance ammeter
(model AM 1000) made by Thurston/Bell Associates, Inc. The initiation time for each
sample was taken as the time when the corrosion current increased suddenly and remained
above zero.
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Cathodic polarization experiments for cathodes at the end of the immersion tests were
computer controlled through an EG&G PARC 273A potentiostat with PARC 352 software.
The potential was scanned from 100 mV positive to E.,, to -1000 mV SCE with a 0.15
mV/sec rate.

The depth of attack was measured for each sample after the experiment using a needle
point dial gauge. Both maximum and average depths of attack were recorded. The average
depth was obtained from 10 to 34 measurements for a given sample depending on the extent
of attack. The percentage of corroded area under washer (PCA) for each anode was also
measured. Weight losses for the anode members were determined by subtracting the final
weight to the nearest 0.01 g from the original weight. Corroded anodes were cleaned by
soap and brush, rinsed in distilled water, and air-dried before weight measurement.

The biofilm thickness was measured using a stereo microscope to focus sequentially on the
biofilm surface and the bare metal surface with a precision of ± 3pum. The biofilm was then
fixed with 4% glutaraldehyde and stained with 0.1mg/ml 4',6-diamidino-2-phenylindole
(DAPI). The apparent bacterial concentration in the surface layers of the film was
determined using epifluorescence microscopy.

Results

Effect of Biofilms on Initiation of Crevice Corrosion.

Table 2 gives initiation times under natural initiation conditions. For S31603 and S31703,
the initiation times for the natural samples were almost the same as those for the control
samples. Natural sample No.2 of N08904 did not corrode at all during the test period. The
initiation times for natural samples No.1 and 3 were less than 40%1 of those for the control
samples.

Effect of Biofilms on Propagation of Crevice Corrosion.

Table 3 gives weight losses, PCA and maximum and average depths of attack for the anodes
under natural initiation conditions. In general, crevice propagation was much faster in
natural seawater than in control water. Weight losses of all samples in natural seawater
were one to two orders of magnitude more than those of the samples in control seawater.
For S31603 and S31703, PCAs of samples in natural seawater were generally much larger
than those of samples in control seawater. PCAs for natural samples No.1 and No.3 of
N08904 were 80%, while PCAs for control samples No.2 and No.3 of N08904 were
unmeasurable. For all alloys maximum and average depths of attack in natural seawater
were one to two orders of magnitude larger than those in control seawater.

Table 4 gives weight losses, PCA and maximum and average depths of penetration for the
pre-initiated anodes. Weight losses of all natural samples were one to two orders of
magnitude more than those of the control samples. For all alloys PCAs of samples in
natural seawater were generally much larger than those of samples in control seawater and
maximum and average depths of attack in natural seawater were one to two orders of

3764



magnitude larger than those in control seawater. Results show the same general trend as
the data in Table 3 except that the effect of biofilms was more noticeable here.

Figures 2 through 4 show measured corrosion current densities under natural initiation
conditions. Due to the logarithmic scale no data is shown until the initiation of crevice
corrosion. Figures 2 and 3 show that the current densities of three samples of 531603 and
S31703 in natural seawater were at least one order of magnitude higher than those of the
same alloy in control water. The current densities for N08904 in natural seawater (Figure
4) were nearly three orders of magnitude higher than those of the control sample. Figure
5 shows a typical Er vs. time record for S31703 under natural initiation conditions. Ee.
of the natural sample first reached 100 mV SCE, then decreased to -100 mV SCE or below
after initiation. The control process of changing water and cathodes caused the fluctuation
in E.,, of the control sample.

Figures 6 through 8 show measured corrosion current densities for 531603, 531703 and
N08904 in the pre-initiated experiments. The current densities for 531603, 531603, and
N08904 in natural seawater were two, two and a half, and three orders of magnitude larger
respectively than those in control seawater. The current densities for control samples here
were smaller than those for the control samples in Figures 2 to 4. Figure 9 shows typical
potential vs. time records for S31703 in the pre-initiated experiments. After the natural and
control samples began to corrode, the Ecor stayed around -50 and -200 mV SCE
respectively.

Figure 10 shows cathodic polarization curves for the cathodes of 531703 at the end of the
pre-initiated experiments. At any given potential above -600 mV SCE current densities for
the natural cathodes were higher than those for the control cathodes.

Biofilm Analysis

The biofilm thicknesses for all cathode panels were 45 t 25 Am. The biofilm thickness was
difficult to measure on the control panels. The filtration procedure for producing the
control water removed most of the suspended particles as well as the bacteria. Therefore
the film that might form in the control water was transparent, making it difficult to focus
on the top surface. The biofilms on the control samples were much thinner (less than
10/m) than those on the natural samples.

The surface bacterial concentrations for natural and control N08367 samples were
2. lx I06cm"2 and 1.4x 10Ocm 2 respectively in the naturally initiated experiments; the bacterial
concentrations for natural and control N08367 samples were 1.lxl0 6cm 2 and 2.5xlOScMr2

respectively in the pre-initiated experiments.

Discussion

From the data in Table 2 for S31603 and S31703, the initiation times for the natural samples
were almost same as those for the control samples. For N08904 the initiation times for the
natural samples were much shorter than those for the control samples. At the time of
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initiation the current densities for the natural samples were at least one order of magnitude
higher than those for the control samples. This is consistent with the results of Zhang and
Dexter14 . The S31603 data of Kain and Leel° and Valen" gave the similar kind of
conclusion, whereas the N08904 data of Kain and Leet° showed that the initiation time in
natural seawater was only 10% of that in artificial seawater compared to 40% shown here.

From the data in Tables 3 and 4, and Figures 2 and 6, the propagation of corrosion for
S31603 natural samples was one to two orders of magnitude faster than that for the control
samples. In Figure 2 the fluctuation in current density for the control sample was magnified
due to the use of log scale. Valen" showed that the current density of the S31603 samples
in natural seawater was more than two orders of magnitude higher than that of the samples
in artificial seawater even though the cathode/anode ratio in artificial seawater was 20 times
larger than that in natural seawater. Gallagher et al13 found that there was almost no
crevice corrosion for S31603 in artificial seawater. In this work the corrosion depths for the
control samples were very sallow, whereas PCAs for the control samples were quite large
and in one case it was 65%. Apparently artificial seawater is less corrosive than the
pasteurized control seawater used in this work. The reason for this difference is unknown,
but was probably related to the fact that the chemistry of the control water used here was
different from that of artificial seawater. Organic chemicals in the control water here were
more than those in artificial seawater. The S31603 control samples here had less corrosion
than those reported in the previous paper of Zhang and Dexter . The difference seems due
to that the control method used here was more effective.

From the data in Tables 3 and 4, Figures 3 and 4 and Figures 7 and 8, the corrosion rates
for S31603 and N08904 in natural seawater were one to two and a half and two to three
orders of magnitude higher than that in control seawater respectively. It is very hard to
compare the data of N08904 with those from Gallagher et al3 because they did not give
specific values for PCA and depths; but it seems that the results for N08904 here were
consistent with their results. The results here also agree with those of Kain and Lee'° and
Zhang and Dexter".

According to the mixed potential theory, anodic currents must be equal to corresponding
cathode currents under open circuit conditions. The steady potentials for the natural and
control samples were -50 and -200 mV SCE respectively (see Figure 9). At these two
potentials, the current densities of the natural and control cathodes for S31703 in Figure 10
were 1.77 x 10-2 A/m 2 and 2.1 x 10- A/m 2 respectively. Due to the 30:1 cathode/anode
ratio, 1.77 x 10-2 A/m 2 for the natural cathode corresponded to 0.53 A/m2 for the natural
anode; 2.1 x 10- A/m 2 for the control cathode was equal to 6.3 x 10- A/m2 for the control
anode. The current densities for the natural anodes in Figure 7 were about 0.5 A/m 2, which
was in excellent agreement with 0.53 A/m 2 calculated above. The current densities for the
control anodes in Figure 7 were about 0.003 A/m 2, which was of the same order of
magnitude as 0.0063 A/m 2 estimated above. Therefore, the calculated current densities for
the anodes from cathodic polarization curves were in excellent agreement with those
measured using the zero-resistance ammeter.

Theoretically, the higher E, is the higher the probability of crevice corrosion and the
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shorter the initiation time should be. The ennoblement of E. by biofilms, therefore,
should reduce the initiation times of crevice corrosion, which was generally true in the
present experiments. For S31603 and S31703 with low crevice corrosion resistance, even
without E, ennoblement, crevice corrosion initiated readily. The biofilms in our
experiment slightly decreased the average initiation time for S31603 and S31703 from 255
to 223 hours. For N08904 with medium crevice corrosion resistance, it should again take
longer for samples to corrode without the effect of biofilms. The initiation times for N08904
in Table 2 showed a mixed result. For the two natural and two control samples that showed
initiation, biofilms decreased the average initiation time from 1377 to 425 hours. A larger
set of samples, however, would be needed to give a more definitive result.

In contrast to the case of initiation, biofilms increased the current density during crevice
corrosion by at least one order of magnitude for S31603, 531703 and N08904 in this work.
This resulted in large difference in weight loss as well as in maximum and average depths
of penetration for all three alloys tested as shown in Tables 3 and 4. The increase in
propagation was caused by depolarization of cathodic reaction as shown in Figure 10 and
in agreement with the data published by other authors3' 15'1 6.

The control water combined with replacing cathodes in this work provided effective control
condition. This method was much more successful than that using 0.20m filtration1 .

Conclusions

1. Marine biofilms slightly decreased the average initiation times of crevice corrosion for
531603 and 531703. The decrease of the initiation times by the biofilms was due to the
ennoblement of E.,

2. The biofilms increased the propagation rate of crevice corrosion on 531603, 531703, and
N08904 by one to three orders of magnitude. The increase of the propagation rate was
caused by the cathodic depolarization by the biofilms.

3. The method that combined 4 hour pasteurization of seawater and replacing cathodes
provided a very effective control.
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TABLE 1.
CHEMICAL COMPOSITION OF STAINLESS ALLOYS

(% by Weight)

UNS Cr Ni No Cu C Si mn S P N Co

S31603 16.23 10.11 2.10 0.36 0.022 0.43 1.84 0.001 0.034 .04 .22

S31703 18.29 16.27 4.36 0.17 0.024 0.48 1.66 0.025 0.020 .09 .31

N08904 19.00 24.30 4.28 1.38 0.012 0.36 1.59 0.0003 .019 .06 .29

N108367 20.28 23.82 6.22 0.30 0.018 0.49 0.36 0.0004 .022 .23 NA

NA: Not Available

TABLE 2.
Effect of Biofilms on Initiation Tines

CATh0DE/M100 V - 30 ALLOWS

INITIAL T 331603 331603 531603 531703 531703 531703 NOS9O6 904 wor 000
1 2 3 1 2 3 31 2 3

INITIATION Ntural 182 135 2"6 244 24 267 333 18462 317

(Hout) trol 182 420 182 264 29" 182 NA* 1333 1400

* Data not available

TABLE 3.
Propagation of Crevice Corrosion in Naturally Initiated Tests

opig C•uI•ic COazoSION ASSIMBLy CuimJiamAS - 30 INITIAL TOWNO0 - 7.3 Nl

TEST
2HACATION P*8MEUS

ALLOYS Nmmiin Average
Weight Loss mtarm) PCA* Ml 8tel (m) mepthe. um

Natural Control Natural Control Natural Coetrol Natural Coutrol

S31603-1 .11 0.1 an 5 1.52 0.14 0.39 0.04

$31603-2 1.13 <0.01 80 ,. 1 1.27 -O.01 0.47 CO.01

1.04 0.08 90 55 0.81 0.14 0.36 0.06

..170301 0.97 0.03 80 60 1.90 0.09 0.36 0.06

fl1793-2 0.70 0.06 65 33 0.96 0.13 0.30 0.03

L31703-3 0.83 0.01 73 s0 t.17 0.05 0.29 0.02

in~L.| 0.53 MIAa" 80 NAS* 1.30 NA* 0.21 gA*a

.Nk.L..O.-2- 0 -CO.O! 0 <1 0 <0.01 0 <0.01

U~g43 0.55 <0.01 F O so ! 0.94 <:0.01 0.17 < 0.01

* Percentale of Corroded Area Under the Washer
4 Data Not Available
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TABLE 4.
Propagation of Crevice Corrosion on Pre-iniated Samples

WIEMI4 CDIVICE ('mw~ati AS*lI4V CpAYI•ANY - 10 INITIA~~l. Tv~mie-. 1I

?T pgLS. .m p~pC ?OIIr ua a ___________

NmdmmAverage

ALLOY _JSkLt in (eraol P.....&' L...(5hl. JI (EL- --- Auu UnLi.

Natural - l urLl control Natural Control Natural QALro.

a131 ." - 01 90 53 1.61 < 0.01 O.26 -O.OI

S31603-2 0.79l < 0.01 67 65• 1.28 -4 0.01 0.44 0 .,01

S31603-3 0.87 0-05 73 8 t,.75 S.• .o O , 0.1

SUMf1-[ 0 .60 -C.01 is2 L4 •OO 0.22 OO

S31703-2 0.66 <0.01 93. <L.3. <L0.01 0.23 <

S31703-3 0.58 <0.01 so 20 1.78 <0.01 0.24 <0.0O

N08904- 1 0.S1 - 0.01 65 0 1•1.6 -CO.01 0.26 4: .L2L

.408904-2 0.67 _ 0.01 75 . 1.35 .LD0.0 .27 .5±Qli

N08904-3 0.60 -c 0.01 95 0 1.04 - 0. O! 0. 1L . Q,.L

* Percentage of Corroded Area under the Meemer.

E

ie; 0.1

I ~zla

-.IT 
V 

In. 0.01
Figue.. Coa 2.C

n0a i31603

0.0001 0 500 1000 1500 2000

TIME (Hr.)

Figure 1. Configurations of t~he anode Figure 2. Current: density vs. timae
and crevice-forming washer for S31603 in naturally initiated

in remote crevice assembly. tests.
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S31703 - N08904

5 . 1 , NATURIAL0. NATURALSo0.1 0.1

0 0.01 0 0.01
E__ I-z 1Awz

0.001 0:c 0.001

.) CONTROL CONTROL

0.0001 1 00.0001 . . . . ,0 500 1000 150 2000 0 500 1000 1300 2000

TIME (Hr.) TIME (Hr.)

Figure 7. Current density vs. time Figure 8. Current density vs. time
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Abstract

The purpose of this work was to determine whetner any interation existed
among the fungal biomass of Hormoconis resinae and the metal ions present in
the environment. That could help to clarify its relative rol in the
mechanism of acceleration of the microbially influenced corrosion (MIC) of
Al alloys observed under their fungal maltE. This problem is generally
observed in military aviation due to the longer land periods at room
temperature than in the commercial aircrafts, thus providing more propriate
conditions for growth.

Keywords: MIC, fungal biofilm, metal upta.:e, aluminum alloys.

Introduccion

The increasing interest devoted to the study of biofilms present in
different industrial systems, suggests the importance of the analysis of
their effect on metallic corrosion. The accumulation of microbial biomass
generally causes problems related to the decrease in the performance and

12,9
life time of equipment"

Biofilms also produce potential benefits in natural and industrial media in
removing or degrading toxic contaminants, in fermentation processes and in

2,4other biotechnological applications

The uneven affinity determined for the fungus Hormoconis resinae on
different metal ions suggested the interest of analysing the influence of
its fungal biomass on the localized attacks observed on aluminum alloys.
This behaviour of the mycelium of the fungus is very similar to that shown
by the polymeric extracellular material produced by various bacteria and by
the cell walls of other fugi, in the presence of heavy metals, and could beS 2
used by living organisms to decrease the toxicity of a given environment .

According to our previous electrochemical results7 '7'1 0 the aqueous media of
the cultures become modified by metabolic activity of the fungus, favouring
pitting nucleation on Al alloys. Once this attack is initiated, the growth
of a biomass able to produce specific metal ions uptake would shift the
reaction equilibrium in the sense of simulatirg its selective dissolution.
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The results would be the exposition of fresh areas of the alloy, instead of
its repassivation produced in the same me'1L_'1 in the absence of fungal
proliferation and biomass formation.

Furthermore, the sensing ability of some 7:'crobes would explain why certain
alloys that undergo MIC in the presence of a given microbial culture
stimulate their growth while non affected alloys stop it. The polygonal way
followed by hyphae of Hormoconis resinae - --wing on Al alloys, connecting
second phases distant 50 ým, suggests a long distance chemotropic effect.

The selective attack on those phases and the high uptake observed for the
metals conforming them seems to indicate that the MIC could be dependent of
a biological driving force. This sensing ability seems to be similar to
cases mentioned in the literature, where certain bacteria complex toxic
metals disolved in the environment they colonize, or use them as
oligoelements necessary to their metabolism, through the production of
polymeric extracellular material 2 .

Experimental

An inoculum of suspended sporgs was preparec from the biomass grown by
inoculation of a Bushnell-Hass nutrient sol.tion, without FeCls, diluted to
1:10 with distilled water and Jet A I kerosene. The spore concentration was
2.5.106 viable spores per ml.

Batch cultures of the diluted mineral medium additioned with 32 mg of Na*,
.2 +2 .2 9Mn÷ , Mg , Cu . Zn , Fe* and Al* were sterilized by autoclaving.

Batteries of 5 erlenmeyer flasks, of 125 ml, containing 25 ml of each
mineral media were inoculated with 1 ml of the spores suspension.

Three flask of each set, not seeded with the fuinous, were the blank for the
microbial growth. Another set of 5 flasks with 25 ml of the nutrient
solution was used as control in the absence of the metal ions. All the
flasks were then additioned with 10 ml of Jet A 1 kerosene, previously
sterilized by filtration through millipore membrane of 0.45 $An pore size.
Incubation at 30,C was followed by visual observations to determine the
amount of growth at different times. The pH of the aqueous phases was
determined with Merck sticks, only when appreciable changes were observed.

After the stationary phase was attained in all media, the mycelia were
separated by filtation through paper Whatman No 42, washed with distilled
water and dried at 65oC up to constant weight.
Analysis of the metal uptake by the biofilms and of the remaining ions in
tVe respective nutrient media were performed by spectrometry of atomic
absorption.

Four Al alloys (Table I) inoculated with droplets of the spores suspension
in distilled water were used to verify previous results, concerning
chemotropism of Hormoconis resinae 5 . The metal samples were polished up to
0.25 jn diamond paste. Jet Al was used as carbon source, the incubation
temperature was 30-C and test duration 4 dav'.

SEM Philips 515 coupled to an EDAX 9100 1.1aZ applied on the biological
sludges grown, after critical point drying ani metalizing with Au.
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Results

The amount of fungal growth observed was summarized in Table II.
The low amount of growth produced great relative errors in the weigth
determinations of the biomass formed. The respective uptake, included in
Table II, were also low giving not quantitative figures.
SEM-EDAX determinations were used as complementary techniques to establish
differences in the morphology and uptake ability of the micelya grown in the
presence of the distinct cations.
The SEM aspect of the mycelia was different for the distinct aqueous media
and for the surfaces in contact with the aqueous and kerosene phases.
Typical micrographs are shown in Fig. 1. EDAX on the areas that were in
contact with the aqueous phases, gave evidence of the metal fixation by the
biomass. Uptake was only observed for ions with charge +2 and +3 while Na÷
was not detected. This results are in good agreement with those determined
by atonic absorption. The drop test on metal surfaces during 4 days gave
paterns of the initial steps in growth as those shown in Fig. 2.

At the very initial stage of mycelium formation the hyphal trace and
branching on the surface can be followed by SEM-EDAX providing good
correlation between corrosion and growth. It is clear from Figs. 2 a) and b)
that corrosion is locallized in the contact areas with hyphae producing
corrosion products that mask them. This effect is evident in Fig. 2 b) where
in various points there are fungal hyphae emerging from the corroded surface
of the alloy. EDAX on the mycelium shown in Fig. 2 a) reveals other
components from the fungus espureous to the alloy. EDAX on second phases of
those Figs. show appreciable amounts of different elements which could
promote a chemotropic response during hyphal growth.
In Fig. 2c the effect of the aqueous medium in the drop test where the
mycelium is growing evidences the great contrast in aggressiveness with
respect to the direct contact with hyphae. In this micrograph only an
homogeneous selective dissolution of the second phases can be noticed on the
alloy while in Fig. 2 a) and b) only few of these phases remained out of
the way of the hyphae.

Discussion

EDAX determinations on the metals with the initial fungal growth showed the
presence of second phases components in small regions where individual
hyphae changed in direction or converged. That suggested a chemotropic
effect of the metal surface on the hyphae development which would be
associated to the growth control by a chemosensor.
From the stationary cultures, on the contrary the uptake observed could be
the result of a biological activity of the fungus or only the chemical
effect of the polymer conforming the mycelium. In fact the main component of
the hyphal walls, kitine, has the ability to fix ions specially those with
high charge. This behaviour would not be a consequence of a biological
function of the fungus but only the result of an ion exchange reaction on
the hyphal walls surface. This was verified through the measurement of metal
ions uptake by the mycelium of the fungus Rhizopus arrhizus performed on
living and died cultures3 . Similar results, allowed to discard biological
effects, as could be nutritional requeriments of oligoelements or chelation

2as a detoxification mechanism of the environment

Furthermore, the exopolymers which promote attachment on metallic surfaces
affect the distribution of the metal ions at the solution-surface interphase
when corrosion occurs is. For instance Cu+2 is preferently fixed with H÷release from an exopolymer of a "Pseudomonas like" bacterium, which in turn
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favors copper dissolution producing fur'her binding and acidification.
Dissolution would proceed until all binding sites are saturated or the metal
surface is depleted.

Mixed cultures produce exopolymers with different affinities for a given
metal ion causing uneven distribution which determine anodic areas under de
biofilm with the strongest affinity for the ion. This condition will persist
up to saturation of the binding sites in the polymer. Once saturated the
biofilm could polarize the anodic reaction slowering the ions diffusion to
the bulk solution.

Among the chemical gradients analysed in connection with fungal
chemotropism, the oxygen positive effect and negative autotropism caused by
some of their own metabolites are the most frequently reported. At the
begining of such property study, characterized by a low density population,
the negative autotropic effect was dominant to the oxygen one, but
subsequent orientation of growth was determined by the oxygen concentration
gradient. This extremely important tropic response provides ecological
control due to its survival value"4 . The experience design could some times
produce misleading results associated to the powerful effect of oxygen, as
was reported in the perforated plate and slide experiments of Stadley's for
determination of different chemotropic reponses.

The hyphal branching and direction of hyphal growth are very important
mechanisms in the fungal colonization of solid substrata. In young mycelia
two mechanisms control the site of germ-tube emergence and negative
autotropic reactions between germ-tube hyphae. Spacing between neighboring
hyphae depends of the nutrient availability and negative autotropism between
them. This last is not observed at the center of mature colonies. Branching
is contolled by a biomass sensor in fungi. The mechanism proposed to explain
its rol suggests that vesicles concerning the tips extension would be
involved 17. The knowledge of the mechanism that regulates hyphal branching
would clarify the effect of mycelial morphology on culture rheology.

Kropf et alLo demostrated that in Achlya bisexualis an inward moving
electrical current precedes branching evidencing the sites of branch
formation.

Since the initial proposal of Lund about the electrical nature of the
space localization of growth, strong evidence has been obtained that many
cells produce extracellular electrical currents, of definite polarity,

atrelated to anatomy and function . The basic observations concerned
chemotropic growth of the rhizoid of Blastocladiella emersonii in gradients
of nutrients (Pi and amino acids) and of proton-conducting ionosphores. In
both cases the rhizoids grew up to the gradient being quite unlike thoseS. 2i 22
cells grown in DM_ medium . Robinson et al showed that gradient of a
calcium ionophore polarizes the germination of certain fungi and the effect
of electrical fields on plant growth can be exelained in terms of the
enhancement of local calcium fluxes. Harold et al reported that growth of
the rhizoid of Blastocladiela organisms is markedly oriented by gradients
of proton conducting ionophores, certain nutrients and a mixture of amino
acids. This means that the rhizoid serves to transport nutrients to the
tallus and that chemotropic growth of the rhizoid results from modulation of
the proton current through the growing cell.

Even when from the literaturea it appears that only the Mastigonycotina
present chemotropism, the precedent results supports the hypothesis of a
biological effect of the solid substratum on the pattern followed by fungal
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hyphae during the first steps in growth. The presence of chemical
heterogeneities, segregated as second phases on metals, originate uneven
electrical potential distribution which could be detected by specific
chemosensors.

The distances among these phases are in an order of magnitude of 10 to 50ýJ,
which could allow their detection by the typical biological sensors.

Poor nutrient media used facilitates the observation of the spatial
arrangement of the hyphal growth, outwards from the inoculum centre. The
reason for this distribution was interpreted as a negative autotropism of
the branca 4 hyphae to metabolites produced by the fungus . On the contrary,
Robinson suggested a positive chemotropism to oxygen which would operate,
from the side of the hyphal tip to the higher oxygen concentration, at over
a much longer range (a few milimeters?) than the detection mechanism for
gem-tube emergence under influence of neighbouring spores (up to around 50

aj)

Further research work is required to determine whether the nature of the
mycelium effect on MIC of the Al alloys has any biological component.

On the contrary a conclusive result is the strong corrosive effect of the
hyphae contact on the alloys, which was previously associated to different
causes: high local acidic metabolites concentration and differential
aereation . The hypothesis of another chemical effect, associated to the
interaction of the biopolymer conforming the hyphal wall with -qetal ions
originated during corrosion , which would displace de Aissolution
equilibrium reaction, also requires further investigation.
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Table 1. Chemical Composition of the Alloys (w/w %e

Alloy Zn Cu Mn Si Mg Fe Cr Ti Al

7005 4.7 0.05 0.45 0.10 1.2 0.18 0.16 0.03 rest
7075 5.2 1.6 0.09 0.23 2.6 0.24 0.13 0.02 rest
2024 0.12 4.5 0.53 0.14 1.5 0.29 0.02 rest
1050 0.01 0.002 0.004 0.10 0.00!' 0.21 0.001 0.022 rest

Table I. Amount of Growth of HorseconixSresinee, pH of the Aqueous
Media and Metal Uptake by the Mycelium for Different Incubation Times.

Aqueous .12 Days 30 Days 60 Days 120 Days T"
Media Growth pH Growth pH Growth pH Growth pH uptake

Nutrient
Solutien + 6.5 +4 6.0 + 6.0 + 4.5 -

+ Na + + 6.5 6.5 + 5.5 + 5.0 -

+ +Mn_ +/- 6.5 + 6.0 +6 .0 + 4.5 +/-
+ Mg,+2  4/- 6.5 + 6.5 +.+ 5.5 +4+ 4.0 +
+ Cu3 + 6.5 6.0 - 6.0 - 6.0 -

+ Al3  - 6.5 + 6.5 ++ 5.5 ++ 3.5 +
+ Fe,2 +/- 6.5 + 6.5 +.+ 5.5 .+. 4.0 +
+ Zn - 6.5 +/- 6.0 +/- 6.0 + 4.5 +

* All the interphase aqueous solution-kerosene occupied.
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Fig. 1. SEM-EDAX of Hormoconis resinae mycellum formed in the presence of
r÷i ions.
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Fig. 2. SEM-EDAX of the Hormoconis resinae mycelia formed during 4 days on

Al alloys.

a) 1050 alloy in contact with the mycelium
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Fig. 2 b) 2024 alloy with and without mycelium
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Fig. 2 c) 7075 alloy under the drop. No contact with hyphae.
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Abstract

The open circuit potential fluctuations (electrochemical-
potential noise) of identical pairs of steel electrodes in sea
water containing sulphate-reducing bacteria (SRB) has been re-
corded for as long as twelve months. The potential/time plots,
recorded at one or two samples per seconds, were transformed into
frequency-domain (spectral-density) curves using the maximum-
entropy method (MEM). Also the root mean square (RMS) of the
noise levels were calculated. The RMS values of the signals,
which were initially steady at around 0.03 mV, started to in-
crease to tip to 0.07 mV after about 6 months, thus indicating the
start of the localized corrosicn process. The spectral-density
curves also indicated the existence of specific and consistent
patterns for the various stages of the tests in the high
frequency range (100-1000 mHz) of the spectrum. The culture
medium, added periodically to support the growth of the bacteria,
suppressed the signals, which was due to the corrosion inhibiting
effect of the yeast extract in the culture medium. After each
feeding, it usually took three weeks before the RMS values
reached the values prior to the addition of the culture medium to
the system. Occasionally, the open-circuit potential of the cell
rose to a much higher levels, with corresponding higher values of
RMS. This effect has been related to the bacterial-growth stage
and other changes occurring at the metal/solution interface.
Despite the fact that the corrosion product in this system, after
twelve months exposure, was a thick sludge, the 0.07 mV RMS
values could still be detected. This could be due to the dynamic
action of the bacteria on the corrosion process. These prelimi-
nary results indicate the potential of electrochemical-noise
analysis for the detection of microbiologically-induced corro-
sion.
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Introduction

Corrosion of iron and steel under anaerobic conditions in the
presence of sulphate-reducing bacteria (SRB) is well
documented([]. Based on the electrochemical theory of corrosion,
de-aerated soils of near-neutral pH are not expected to be cor-
rosive to iron and steel. However, if the soil contains SRB and a
source of sulphates, rapid corrosion has been found to
occur[1].The aim of the present study was originally to explore
the possibility of differentiating between biological and non-
biological corrosion, using electrochemical technique. In fact,
at the present time, there is no available electrochemical tech-
nique which can accurately determine the location on the steel
structure where SRB are actively causing corrosion. Electrochemi-
cal noise has been discussed by some as a promising technique for
the detection of the bacterial corrosion[2,3].

Electrochemical noise is simply fluctuations in cell current and
electrode potential of an electrochemical cell, and is related tc,
the changes that are occurring at the metal solution inter-
face.The analysis of the electrochemical noise can provide infor-
mation concerning the nature of the reactions that are occurring
at the interface[4,5]. Noise analysis is very well developed in
various fields (electronics, chemistry, biology and
electrochemistry). In particular, it seems that this method can
give information which cannot be reached by normal impedance
measurements. Therefore, there is an increasing interest to apply
electrochemical noise analysis to corrc ;ion science and
engineering[6,7].

In this work the open circuit potential fluctuations
(electrochemical noise) of identical pairs of electrodes in sea
water containing SRB has been recorded for as long as 12 months.
In order to correlate the changes in electrochemical noise to
corrosion rate and corrosion morphology and to link the results
to the influence of SRB, the following tests were also performed:
The motility of SRB's were checked periodically by phase micros-
copy, Preweighted coupons were exposed to corrosion cell. These
coupons were taken out of the cell periodically for scanning
electron microscopy (SEM) of the biofilm, SEM of the corroded
surface, X-ray diffraction of the corrosion products, and corro-
sion rate determination using weight loss measurements. The
details of these tests has been described before[8]. In this work
low frequency (I to 1,000 mHz) potential noise of SRB influenced
corrosion of steel are reported. These preliminary results indi-
cate the possibility of detection of microbial corrosion using
electrochemical noise analysis exist.

Experimental Procedure

The steel samples were exposed to 2 liters of sea-water contain-
ing the modified Postgate B culture medium to support the growth
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of the bacteria. The top of the cell was covered with about 1 cm
thick layer of liquid paraffin to prevent oxygen diffusion from
the air into the cell. The cells were initially contaminated with
SRB strains. SRB were isolated from 3 separate oil and gas rigs
located in the North-west of Western Australia. All of these
strains were Desulfovibrio Salixgi -is. The number of cells in the
inoculum was of the order of 109 per ml. 500 ml of the test solu-
tion was replaced with fresh culture medium every 30 days. The
cells were in duplicate and also a sterile cell of the same com-
position was used for comparison. The details of the anaerobic
environment is according to the recommendations of Stott et al
(9) and has been described before[8].

The open circuit potential between two identical steel electrodes
in the cell was measured using a high impedance voltmeter. The
voltmeter output was connected to an IBM-PC compatible computer
and a Metrabyte [10] DAS-8PGA analog to digital converter board
(12 bit resolution, 4ms acquisition time and +/-10 mV to +/-10v
input ranges). Time records consisted of up to 16200 data points
taken at sampling frequencies in the range 1 to 10 Hz. Time
records were taken for about 12 hours per day up to 12 months.

The time records were transformed to the frequency domain, to
give both power density and amplitude spectra, using the maximum
entropy method (HEM) developed by Phrg [11]. The MEM technique
was preferred to the alternativr Fourier Transform Technique as
it inherently produces smoother spectra, without apparent loss of
information [12], and is simpler to use when the number of data
points is not a power of 2. All calculations have been carried
out. with double precision floating point arithmetic, to minimize
rounding off errors, and the data was corrected for linear drift
prior to calculation of Root Mean Square (RMS) of noise levels
and transformation to the frequency domain. As the frequencies
beyond the limits of the experiment cannot realistically be com-
puted, the frequency domain was restricted to a lower limit of
1/t where 't' is the length of thp time record in seconds, and an
upper limit of the Nyquist frequency 1/2f, where 'f' is the sam-
pling frequency. Six coefficients (poles) were used to calculate
the power density and amplitude spectra as it was found that a
greater number of poles did not alter the spectra significantly,
other than producing less smooth results.

Results and discussion

Fig.l shows the typical variation of the RMS values of the open
circuit potential fluctuations (noise levels) just before and
after 6 months exposure. For the periods less than about 6
months, the RMS values were very low and almost constant at about
0.03 mV. This corresponds to very low corrosion activities aF-
sociated with the passive state. From 6 months and onwar'ds and
usually 3 weeks after feeding, the RPS values started to fluc-
tuate around 0.03 my, and reached to the maximum 0.07 mv. A typi-
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cal time record at this stage is also shown in Fig.2. The open
circuit potential is not steady and changes with a regular pat-
tern. This behavior is indicative of a repetitive passive break
down and repair process, i.e. a localized corrosion stage. These
results are in agreement with the results obtained by Stott et
al[9]. Fig.3 shows the typical spectral density curve for the
periods less than and longer than 6 months, indic!ating different
frequency composition in these two stages. especially in the high
frequency range (100-1000 mHz) of the spectra. Although this in-
dicate different corrosion processes for periods less than and
longer than 6 months, their significance remains to be further
invest igated.

From 6 months and onwards the spectral density curves also indi-
cated the existence of a specific and consistent peak structure
in the high frequency range of the spectra, fig.4 and thus a
specific corrosion process. The notable exception to this be-
havior were: 1. When there was a dramatic change in the open cir-
cuit potential, such as in fig.5, and,2. When the time record
showed a temporary low frequency and high amplitude fluctuations,
such as in fig.6. These two instances obviously indicate a
dramatic change occurring in the corroding interface, and thus
different peak structure in the spectra. The former case has been
observed by others [13] and has been related to the bacterial
growth, changes of the local environment induced by the metabolic
activities of the bacteria and the resulting corrosion effect of
the metal, whereas the significance of the latter remains to be
investigated.

Feeding the bacteria, by replacing 25% of the total volume of the
ccll with fresh culture medium, caused the suppression of the
signals to the RMS values of 0.03 my. It uisually too!ý abouit 3
weeks before the RMS values reached the values prior to the addi-
tion of the culture medium to the system. This can be related to
the corrosion inhibiting effect of the yeast extract in the cul-
ttire medium [9]. Thus when this substance is consumed, then the
corrosion activities and therefore the RMS values start to in-
crease again.

Despite the fact that the corrosion product in this system was a
thick sludge, the 0.07 my RMS values was steady after 12 months
of exposure. This could be due to the dynamic effect of the bac-
teria on the corrosion process and is in contrast to the be-
havior of non-biological systems where the RMS values decay after
the build-up of the corrosion products [13]. These preliminary
results indicate the potential of the electrochemical noise
analysis to detect and monitor of MIC.

Conclusion

The analysis of the electrochemical potential noise of identical
pair of steel electrodes in an anaerobic environment containing
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SRB indicated the generally accepted behavior of this type of
corrosion, i.e.:
1. A long incubation time in the passive state before the start
of the localized corrosion processes.
2. Occasional bacterial growth and dramatic changes occurring in
the corroding interface.
3. Suppression of corrosion activities after addition of the cul-
ture medium to the cell, due to the corrosion inhibiting effect
of the yeast extract in the culture medium.
The analysis of the electrochemical potential noise also
indicate:
4. The existence of a specific and consistent pattern for various
stages of the tests in the high frequency range of the spectral
density curves.
5. The existence of a steady signals after long exposure time and
the build up of a thick sludge.
These preliminary results indicate that the analysis of the
electrochemical noise offer promise for the detection of
microbiologically influenced corrosion
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Abstract

The [NiFe] hydrogenase gene probe is specific for sulfate-reducing
bacteria (SRB) of the Desulfovibrio genus. It can be used to identify the
presence of cells of this genus in samples obtained from oil field fluids
and biofilms. The presence of other SRB species in these environments is
evident beause many SRB isolated from these oil fields did not react with
the [NiFe] hydrogenase gene probe. The development of a chromosomal
deoxyribonucleic acid (DNA) hybridization technique, reverse sample
genome probing (RSGP), permits rapid identification of different bacteria
in a sample with a single probing step. The application of this technique
to 31 Alberta oil field samples indicated that there were at least 20
geneticially distinct SRB in these samples. This diversity was verified by
analysis of 367 samples prepared from 56 sites representing 7 different
oil field locations. Two distinct SRB communities were detected in these
samples: one from saline environments and the other from fresh water
environments. The application of these techniques to the examination of
sessile and related planktonic populations indicate that only a few of the
planktonic SRB population dominated the sessile SRB flora.

Key terms: hydrogenase, nucleic acid, probes, SRB, planktonic, biofilms
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I. Introduction
In the oil industry the anaerobic sulfate-reducing bacteria (SRB) have long
been associated in the oil industry with the corrosion of metals and the
souring of producing reservoirs. The production of H2S as a microbial
respiratory product, and the presence of an active hydrogen metabolism,
via the enzyme hydrogenase, are the primary metabolic activities by
which these bacteria act in microbial influenced corrosion and reservoir
souring. SRB have been identified as being very important agents in the
turnover of organic matter in aquatic sediments1 . These relationships
have stimulated research on the classification, detection and monitoring
of SRB in industrial and environmental systems.

Taxonomic studies based on classical bacteriological techniques 2 ,3 and
16S rRNA sequencing studies 4 suggest that there are at least eight
different taxonomic groups of SRB. While the Desulfovibrio genus
represents a phylogenetically coherent group of SRB it shows a greater
diversity than is normally encountered in other eubacterial genera5 . Most
SRB cannot use complex sources of organic matter for growth. The
majority use low molecular compounds, e.g. fatty acids and alcohols, as a
source of carbon and energy, and some can also obtain energy from the
oxidation of hydrogen. The SRB can be divided into two nutritional groups:
those that incompletely oxidize electron donors to acetate, and those that
completely oxidize electron donors to C02. The acetate-producing
bacteria also grow faster than the acetate-oxidizing SRB and therefore
will become predominant under most enrichment conditions.

It has been hypothesized 6 ,7 that substrates which support SRB growth in
reservoirs are the products of the incomplete oxidation of organic matter
introduced via injection waters by other reservoir bacteria (e.g.
clostridia) or by the incomplete oxidation of reservoir hydrocarbons (e.g.
n-alkanes) by aerobic hydrocarbon-degrading bacteria.

There is no single medium however which will suport the growth of such a
diverse bacterial flora or even just the variety of SRB which have been
reported to be present in environmental samples. Therefore a variety of
media of different compositions must be used to grow and evaluate
community structure of bacterial populations. In addition the presence of
viable but non-culturable cells are present in natural environments 8

demonstrates the need for techniques which can determine species
composition without requring growth in the laboratory. Considering the
diversity of SRB reported in ecosystems, information about the structure
of SRB communities is required if we are to understand and control the
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bacterial activities in oil field environmental and industrial ecosystems.
It is probable that not all of the SRB found in an oil reservoir are involved
in the souring or corrosion processes.

The traditional technique for detecting and monitoring levels of SRB is the
most probable number (MPN) method. This is a statistical method
involving the serial dilution of samples in an iron-rich medium containing
sulfate and lactate as the carbon source. Growth is indicated by the
development of a black iron-sulfide precipitate and requires incubation
periods of up to 4 weeks duration. Studies 9 ,1 0 comparing the rate of
sulfate-reduction and viable numbers of SRB as determined by the MPN
method indicate this method grossly underestimates the in situ SRB
population. This difference is the result of the presence of newly
discovered nutritional types of SRB and the difference in growth rates of
diverse physiological types of SRB which make it impossible to design a
single medium to support the growth of all the SRB present.

Recently direct methods which do not require bacterial growth have been
developed based on the detection of cellular components characteristic of
SRB. For example, such techniques rely on the reaction of antibodies with
cell surface components specific to SRB; the detection of APS reductase,
an enzyme present in all SRB; and a chemical test for the activity of the
enzyme hydrogenase 1 1 which is present in almost all SRB as well as other
oil field bacteria (e.g. Shewanella spp.). These direct detection methods
significantly reduce the time involved, requiring only a few hours instead
of weeks to obtain data on SRB numbers. However they do not provide
information on the types or diversity of SRB present, i.e. community
structure.

The application of nucleic acid hybridization techniques can supply
information on the genetic diversity of SRB as well as monitor the
presence, appearance or disappearance of a given SRB species in an
environmental community. These techniques are based on the fact that
complementary nucleic acid sequences, i.e. either DNA or RNA (ribose
nucleic acids), hybridize with each other and under defined conditions
this reaction can be made very specific and quantitative. This technique
also can be used to identify the presence of a given species via the
detection of its DNA in a mixture of nucleic acids extracted from an
environmental population. This approach has been used by Genprobe (San
Diego, CA, USA) 12 for the preparation and marketing of chemiluminescent
probes specific for ribosomal RNA representing diffeetnt species of SRB.
This technique using general and specific 16S rRNA probes together with
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fluorescent microscopy was used to visualize specific SRB populations in
developing and established biofilm populations 1 3.

This paper presents information on the application of new nucleic acid
hybridization techniques to the assessment of the community structure of
SRB present in fluids (planktonic) and biofilms (sessile) in western
Canadian oil field environments.

II. Methods

A. Microbiological
The techniques used for isolation of SRB field cultures and for growth of
known cultures of SRB obtained from culture collections have been
published 1 4,15,16. Cultures were grown at a temperature and a salinity
close to that of the field conditions from which the samples were
obtained. The following criteria were used in assessing culture purity:
colonial and cell morphologies; lack of growth when incubated under
aerobic conditions; the analysis of DNA restriction profiles assayed with
hydrogenase genes and 16S rRNA probes, and via DNA homology reactions.
Because these isolates were not assigned to genera they were designated
"lac", "pro", "dec", "ben", "ace" and "eth" to indicate that they were purified
from lactate, propionate, deconoate, benzoate, acetate or ethanol
enrichments, respectively. Serial numbers were also assigned (e.g. "lac
5", "ben 1") to denote different, non-cross reacting hybridization groups or
"standards".

B. Molecular biological
The methods used for DNA isolation and the preparation of hydrogenase
gene probes have been published 1 4 . The fact that total chromosomal DNA
can be used as a gene probe is well established in the literature. Such
techniques however preclude the distinction between strains with highly
homologous genomes. The term "standard" was used to represent all
closely hybridizing strains and therefore different standards show little
or no cross-hybridization.

DNA from unknown organisms can be probed sequentially with labelled
DNA from standards of interest. However such a process is time
consuming when a large number of samples are to be surveyed. Therefore
the sample itself was labelled and used to probe a "master filter"
containing dots of DNA from bacteria relevant to the environment being
examined. Once a master filter has been prepared for an environment this
reverse sample genome probing (RSGP) procedure allows for the analysis
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of a DNA preparation in a single step rather than the usual multistep
processl 5. New standards, as they are isolated, can be readily added to
master filters. The techniques used for the isolation of DNA from plugs,
i.e. the sessile flora, are under development and modification.

The process used for the preparation and the utilization of a master filter
is described in Figure 1. Using oil field fluids or plug scrappings as
inocula, enrichment cultures are established on the six carbon sources
listed in the microbiological section. After a suitable incubation period,
pure cutures of SRB are isolated from these enrichment cultures using
standard microbioloical methods. DNA is recovered from these isolates
and it is denatured by heating. A small amount of the denatured DNA is
spotted onto a membrane filter and it is treated with ultra-violet light to
anneal the DNA to the filter. A master filter contains many of these spots
or "dots" of DNA from pure cultures recovered from environmental sources
and/or culture collections.

Subsequently, DNA is recovered from other enrichments, SRB cultures or
extracted directly from environmental samples, denatured and labelled
with 3 2 P-phosphate. This radioactive DNA is used as a probe and reacted
with the master filter. After suitable incubation, the master filter is
washed to remove any radioactive DNA which has not hybridized with the
standard DNA dots. The filter is than exposed to x-ray film and the
presence and location of radioactive material is detected as a black spot
on the film after it is developed. This procedure yields qualitative
results, that is it detects the presence of specific SRB, as well as
qualitative results, that estimate the abundances of specific SRB in the
population. Both results provide information on the SRB community
structure.

Ill. Results and DIscussion
Some examples of the types of hybridization which can be obtained with
the RSGP procedure are shown in Figure 2. Panels A and B are
representative of the results obtained with a labelled probe from a pure
isolate. The failure of the DNA from the unknown SRB to react with
standards in panel A indicates that the isolate is new and its DNA could be
added as a new standard to the master filter. In panel B, however, the
reaction of the probe with standard #3 indicates that it is identical to or
very closely related to that standard. The reaction in panel C is typical of
probes prepared from an enrichment culture containing a mixture of SRB.
The appearance of three black spots indicate that SRB in the mixed culture
are closely related or identical to standards 1,13 and 20. However a
completely negative reaction in panel C, providing the source is known to
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contain SRB, indicates that new SRB types are present. Microbiological
investigations should be undertaken to recover the SRB for possible
inclusion in the master filter. The reaction shown in panel D, i.e. no self-
hybridization, indicates that there was possibly a problem with the
hybridzation assay and the sample should be re-examined.

Once these master filters are established for a given environment they
can be used to assess community structure without involving growth
procedures. That is, the DNA may be recovered directly from fluids by
centrifugation or adsorption techniques to collect the bacteria, or from
biofilms, plugs, tubercles or metal scrapings. This procedure provides
data on community structures as they exist in nature.

The selectivity of the [NiFe] hydrogenase probe as a specific detector for
members of the Desulfovibrio genus is established by the data presented
in Table 1. There is no reaction of this probe with SRB representing 4
other SRB genera. The positive reaction of this probe with almost half of
the planktonic oil field isolates examined, isolated from 7 different sites,
indicate that members of the Desulfovibrio genus are a predominant
species in these western Canadian oil field fluids.

The data presented in Figure 3 summarize the difference between the
planktonic SRB community structure found in fluids from saline and
freshwater fluids. These fluids were obtained from 56 sites in seven
different oil field locations and analyzed using published nucleic acid probe
techniques 14 , 15 ,16 . There is a slightly greater diversity of SRB species in
the saline environments yielded 24 different standards whereas the
freshwater sites yielded only 17 different standards. The SRB population
of saline environments contained any combination of the following 16
standards (lac4, lacS, lac6, lacl0; eth3; beni, ben3; deci, dec3, dec8;
prol, pro4, pro12; or acel, ace3, ace4); whereas freshwaters contained
any combination of the following 10 standards (lacl,2, lac7, lac17; ben6;
dec4, dec6, dec7; proS, prol0; or aceS). There were a few standards (lac3,
lac12, lac15, lac2l; eth2; or ben4) which could be found in either
environment. That is, the salinity of the environment is a very important
factor in determining the community structure of the SRB population.

A comparison of the SRB community structure in planktonic and sessile
(biofilm) SRB flora is described in Figures 4 and 5. In both biofilm
systems studied (sites WW5 and WW14) the SRB planktonic population has
a similar distribution of thel1l SRB standards detected with no standard
consisting of >2% fraction of the SRB population. However when the
sessile (biofilm) population of the respective planktonic samples were
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examined certain SRB from the planktonic population dominated. In
sample WW5 standards lac6 and eth3 were predominant at > 4% incidence
and lac24 at >10% incidence. The sessile population from sample WW14
showed two SRB, lac3 and lac24, with incidence levels >4%. This
information suggests that only specific SRB from the planktonic flora
become predominant in a sessile population. All these standards react
strongly with the [NiFe] hydrogenase probe and therefore are members of
the Desulfovibrio genus. The predominance of certain SRB in the sessile
community flora might be a result of differences in growth rates of
planktonic flora when present in a biofilm (sessile) structure. It also is
possible that the dominant biofilm SRB are those that are active in
microbial influenced corrosion.

The variations observed in the duplicate sessile sample (Figure 4) indicate
that further work has to be done to refine the technique used for
examining sessile flora community structure.

The information presented shows that nucleic acid probe techniques can
be used to analyze the community structure of SRB in planktonic and
sessile (biofilm) systems. The development of the RSGP technique allows
for the rapid assessment of environmental community structure without
having population structure biased by growth procedures.
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Figure 3. SRB community Structure of saline and freshwater od-held communities.
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Control of Microbial Biofilm by Electrically-Enhanced Biocide Treatment

Bill Costerton
Center for Biofilm Engineering
Montana State University
409 Cobleigh Hall
Bozeman, MT 59717-0398 U.S.A.

Abstract

Direct examination of surfaces in industrial aquatic systems clearly shows the presence of
slime-enclosed bacterial biofilms and it is axiomatic that it is these adherent populations that
are involved in fouling, souring, and corrosion. It is now widely acknowledged that bacteria
within these biofilms are inherently resistant to very high concentrations of biocides and that
routine biocide treatment usually kills planktonic (floating) cells, and gives the illusion of
control of bacterial processes, but fails to kill these biofilm bacteria. We have developed a
novel technology in which very weak DC electric fields are used to overcome the diffusion
resistance implicit in the biofilm made of growth and thus allow conventional biocides to
penetrate microbial biofilms and kill biofilm bacteria.

Key terms: biocide, electric field, biofilm, bacteria
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Introduction
Bacteria in all aquatic systems examined to date show a pronounce tendency to adhere to
available surfaces and their subsequent growth and slime production lead to the development
of bacterial biofilms.' Bacteria within these biofilms have been unequivocally shown to be
inherently resistent to both biocides2 and antibiotics 3 '4 so that 500-1500 times more of the
antibacterial agents is required to kill biofilm cells compared to the amount necessary to kill
planktonic (floating) cells of the same species. We have discovered that the diffusion
resistance implicit in the biofilm mode of growth"' can be overcome by the imposition of a
relatively weak DC electric field so that biofilm bacteria can readily be killed by concentrations
of biocides only 1.0-2.0 times these necessary to kill planktonic cells of the same organism.8

Material and Methods
The modified Robbins device (MRD) described in Nickel etal.4 was further modified, as shown
in Figure 1, to produce the electrical MRD (eMRD). An environmental isolate of P.
that exhibited excellent adhesion characteristics was selected for this study and we
determined its MIC for Kathon (1 ppm), qlutaraldehyde (5 ppm), and quaternary ammonium
compound - dimethyl ammonium chloride (10 ppm) in classical tests involving laboratory-
grown planktonic cells. This organism was grown in M-56 medium7 and passed through
paired eMRD devices at a rate of 60 ml/hour by the use of a peristaltic pump. In some cases
the two electrodes of the eMRD were connected to a power supply that produced a field
strength of 12 V/cm and a current density of 2.1 mA/cm 2 and the polarity of the electrodes
was reversed every 64 seconds. After exposure to planktonic cells of the environmental
strain of P. aeruoinosa in flowing M-56 medium pairs of studs were removed from the eMRD
at intervals and numbers of living bacteria within their adherent biofilms were determined by
the quantitative recovery methods described by Nickel et al.4

Results
When planktonic cells of the environmental strain of P. aeruainosa were passed through a pair
of eMRD devices, only one of which was connected to a power supply, these organisms
colonized the stainless steel studs with equal avidity (Figure 2). The biofilm developed very
rapidly in the presence or absence of the DC electric field and the confluent mature biofilm
was produced in 24 hours. When 1.0 MIC of qlutaraldehyde (5 ppm) or of Kathon (1 ppm)
were added to each of two pairs of colonized eMRD's, at 26 hours, the biofilm cells were
completely killed in 12 hours (Kathon) or in 24 hours (qlutaraldehyde). In the absence of the
DC electric field neither of these biocides produced a significant decrease in the number of
living biofilm bacteria when assessed at 24 hours. Tha quaternary ammonium compound was
similarly effective in killing all of the 'Uiofilm bacteria on stainless steel studs in the eMRD
when it was used in the presence of the DC electric field.

Discussion
Davis and his colleagues"8 have shown that planktonic bacteria can be killed by electric
currents alone and they have invoked a mechanism involving iontophoresis. Other workers10

have used iontophoresis to deliver effective concentrations of an antibiotic into the middle ear.
The "bioelectric" effect that we describe in this paper has an entirely different basis in that,
in our system, the DC electric field alone has no deleterious effect on bacteria. However, the
DC field facilitates the efficacy of antibacterial agents in penetrating microbial biofilms and
killing biofilm bacteria. This effect of the DC field is universal in that it enhances the killing
of biofilm bacteria by all biocides and antibiotics tested to date and in that it also enhances
the efficacy of these antibacterial agents in killing bacterial and fungal spores. We expect that
this novel bioelectric technology will be very useful. The simple generation of weak DC fields
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on fouled metal surfaces will allow the complete control of biofilm bacteria by easily attained
concentrations of conventional biocides.
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Figure 1 Cross-sectional diagram of an electrified MRD showing the configuration of the
perspex structure and the flow chamber and the relative position of the
stainless steel stud and the platinum wire. Direct current was applied, with
reversal of polarity each 64 s, to the stainless steel stud (via its retaining
screw) and the platinum wire, which serve as the two electrodes needed to
generate the electric field.
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Figure 2 Effect of a DC electric field on the development and growth of a biofilm of P.
Scells on the stainless steel studs of eMRD devices. Biofilm
developed equally in the presence (U; A) or absence (0; A) of the electric field,
but when qlutaraldehyde (5 ppm) or Kathon (1 ppm) were added to the systems
at 24 hours (arrows) the combined effect of the DC field and the qlutaraldehyde
(U) killed all of the biofilm bacteria in 24 hours, while the combined effect of
the DC field and the Kathon (W) killed all of the biofilm bacteria in 12 hours.
The biocides alone, without the DC field, had no significant effect on the
biofilm bacteria.
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Abstract

In previous works the phenomenon of the oxygen reduction depolarization induced by the
biofilm presence on active-passive alloys was utilized to make electrochemical devices able to
monitor the biofilm growth on surfaces of a series of active-passive alloys exposed in seawater.

In particular a very simple device constituted by a galvanic couple between a stainless steel pipe
and a suitable sacrificial anode was studied: the measurement of the change in tii,,e of the
galvanic current was utilized for the monitoring of the first phase of the biofilm growth and its
destruction by a biocide treatment.

The same device was utilized in this work to automatically guide the application of a chlorine
treatment in order to control biofilm growth at a very thin level, in view of a possible application
in condensers utilizing seawater as a cooling medium.

Results of field tests indicate that such a device is able to automatically control the biofilm
amount at a level which can be selected between 106 + 107 bacteria/cm 2 and, at the same time,
to minimize the biocide addition.

Key terms: biofilm, biocide, monitoring, seawater.

Introduction

It is well known that the growth of biofilm on pipe walls of condenser utilizing seawater as a
cooling medium causes a reduction of the thermal exchange and an increase in the friction
factor: that means a costly reduction of the plant efficiency.
It follows that antifouling procedures, mainly based on the addition of biocides in solution, must
be applied, causing often problems of environmental impact.
Biofouling monitoring devices able to provide, in situ and in real time, information about the
biofilm status can help to optimize the application of antifouling procedures and, as a
consequence, to minimize the environmental impact.
For this purpose, some attempts were made to realize simple biofilm monitoring electrochemical
devices 11-3).
These devices are based on the following effect of the biofilm growth: the presence of biofilm
causes a depolarization of the oxygen reduction on the surface of many active-passive alloys like
Stainless steels, Ni-Cr, Ni-Cu, Titanium...
It follows that, apart from the increasing risk of Microbial Induced Corrosion (MIC) on the above
mentioned alloys, the galvanic current between these alloys and other less nobles materials
coupled with them increases during the phase of the biofilm growth: a correlation .'etween
galvanic current and biofilm growth can, hence, be thought.
To control if an electrochemical device, simply based on the reading of the galvanic current, can
successfully be utilized for the biofilm monitoring on a series of active-passive alloys in
seawater, we made several tests (1,3) utilizing a Stainless Steel pipe coupled with an iron anode
as a monitoring device.
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It was shown that, by following in time the trend of the galvanic current, correct information
about the effect of continuous and intermittent chlorine treatments on the biofilm growth and
destruction on Stainless Steel surfaces are obtained.
In addition, it has been proven that this technique can be utilized as a very early warning of the
first phases of the biofilm growth because an increase of one order of magnitude of the galvanic
current signalizes the increase of the bacterial population from, about, 106 to 107 bacteria/cm 2 .
Taking into account that the proposed device provides an electrical signal of the biofilm growth
and its destruction, we can now imagine it will be possible to utilize this signal to guide the
application of a biocide treatment in such a way to automatically obtain both the control of the
biofilm at a selected thin layer and the minimisation of the biocide additions. At the same time
the MIC risk will be reduced.
The aim of this work is to control if electrochemical biofilm monitoring devices can be utilized for
this purpose.

Materials and Methods

Several loops, like that shown in Fig.1, were utilized for the present study.
In each loop natural seawater flows once-through inside a Stainless Steel pipe (20Cr-24Ni-6Mo,
24 mm internal diameter, 140 cm length) and a brass (Cu/Zn-70/30) pipe in series. The two
pipes are connected through a resistor (R = 10 ohms) and the galvanic current flowing between
them can be obtained by measuring the potential difference (VV) across R.
Five equal loops were mounted in series as shown in Fig.2.
The measure of the galvanic current on the last loop (loop N0 5) was recorded versus exposure
time and utilized to guide, through an automatic controller, an intermittent injection of biocide
into the flowing seawater.
The biocide injection started when 6V surpassed a first selected value (dVmax) and stopped
when 6V fell down to a second selected value (dVmin).
Sodium hypochlorite was utilized as a biocide and its concentration in the stock solution was
calculated to obtain a nominal chlorine concentration of 1 ppm in the flowing seawater.
The biocide was injected in between the first and the second loop, so that the chlorine treatment
was applied to loops 2, 3, 4 and 5, for an overall pipe length of about 16 meters.
Loop 1 was utilized as a control of the efficiency of the automatic antifouling treatment.
The test lasted about 3 months; during the test the seawater temperature decreased from 21 to
14 0 C.
The seawater velocity inside the stainless steel pipes was 0.5 m/s.
Finally: several flat stainless steel samples were added to each loop for SEM and EDX analysis of
the biofilm.

Results

Figure 3 shows the trend of the galvanic current (or 6V) versus time for the untreated loop 1
and for the automatically chlorinated loop 5.
The graph indicates that in untreated seawater (curve A) the galvanic current between the
stainless steel and the copper alloy increases more than one order of magnitude during the first
week of exposure as a result of the initial biofilm growth on the stainless steel surfaces; a partial
decrease of the galvanic current can be observed later as a consequence of the increase in time
of the biofilm layer which causes, in turn, a lowering of the oxygen reduction limiting current
due to both the increase of the diffusion layer and to a partial oxygen consumption by bacteria.
The effect of the automatic chlorination is described by curve B: each sharp decrease of the
galvanic current signalizes when a chlorine addition in seawater was automatically applied.
We normally set the controller schematized in Fig.2 in such a way to activate the biocide
injection when the galvanic current surpassed 0.7 mA and to stop when the galvanic current fell
down to 0.3 mA; sometimes, during the test, the above mentioned limits were temporarily
changed.
During the test the chlorination was automatically applied for an overall time of about 18 hours.
Figure 4 shows, in expanded time scale, an example of the galvanic current trend versus time
when chlorination is applied.
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Desultory readings of the galvanic currents on the other loops, between the chlorine injection
point and the controller, indicated that the currents were progressively increasing from loop 2 to
loop 5 during all the phases of the automatic biocide treatment.
At the end of the test, the settlement on treated and untreated xoops was observed.
Figure 5 shows a picture of the aspect of two pipe segments which clearly indicates that the
automatic chlorine treatment strongly reduced the fouling amount on the stainless steel
surfaces; the fouling reduction, measured as a ratio between the fouling dry weights in
untreated and treated loops, is about 100.
The Scanning Electron micrographs in Figure 6 show the typical aspect of the fouling after about
3 months of exposure in untreated and treated seawater: it can be seen that, in automatically
treated seawater, on the Stainless steel surfaces remain only a few bacteria and a thin, non
continuous, deposit layer.
Regarding the bacterial density: many of the SEM observations on randomly chosen fields
indicate only a residual bacteria mean density of the order of 108 bacteria/cm 2 .
Regarding the nature of the deposit: the EDX analysis (Figure 7) show that only a minor
presence of silicon can be observed on the surfaces exposed in treated seawater.

Discussion

In a previous work (3), studying the relationship between galvanic current and biofilm growth,
we utilized a normalized and dimensionless index e(t) defined through the expression:

Ig(t) - Igmin
e(t) = (1)

Igmax - Igmin

where Igmin and Igmax are the values of galvanic current measured, respectively, in absence
and in presence of a fully developed biofilm on stainless steel surfaces and Ig(t) is the
instantaneous value of the galvanic current.
It was observed that the fluctuation of e(t) between 0 and 1 corresponded to a fluctuation of
the bacterial population density between 106 to 107 bacteria/cm 2 .
Looking at the graphs in Fig.3 we can assume, for the present test, Igmin=0.05 mA and
Igmax = 1.2 mA.
It follows that the two limits of the galvanic currents normally imposed when the automatic
chlorination is applied (0.3 and 0.7 mA) allow a controlled fluctuation of e between, about, 0.2
and 0.6 and, therefore, a low residual bacterial population of some 106 bacteria/cm 2 should be
expected at the end of the test.
Effectively, this is the order of magnitude of the observed mean bacterial population density
after 3 months of treatment.
It means that simple electrochemical devices can be utilized to guide the biocide treatment in
such a way to control the first phase of the biofilm growth up to a selected level.
In addition: a control by an electrochemical device seems to be able to minimize the biocide
additions in seawater.
Figure 8 shows an elaboration of data plotted in Figure 3: in this graph the interval between two
subsequent chlorinations, in function of the exposure time, is reported.
It can be seen that, at the beginning of the test, one chlorination about every 2 days is
automatically imposed by the electrochemical device; the interval increases in time and, at the
end of the test, only one chlorine treatment every 5-6 days is suffirient to maintain the galvanic
current within the chosen limits.
It suggests that the biological activity tends to decrease in time: this indication is consistent
with the observed decrease of the seawater temperature from 21 to 140 C during the test.
In other words: a very simple electrochemical device seems to be sensitive to the effect of
environmental parameters on the biological activity and, therefore, able to automatically adapt
the biocide additions in function of the actual and local needs.
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Conclusions

The change in time of the galvanic current in a simple electrochemical device constituted by a
galvanic couple between a stainless steel pipe and a Copper based alloy as anode, due to the
oxygen reduction depolarization induced by the biofilm growth on the stainless steel surfaces,
was utilized to automatically guide a chlorine treatment in order to control the biofilm growth at
a very thin level and in view of a possible application in condensers utilizing seawater as a
cooling medium.
For this purpose two levels of the galvanic current, within the values assumed in presence and
in absence of a fully developed biofilm on stainless steel surfaces, were selected: the chlorine
treatment automatically started every time the galvanic current reached the prefixed maximum
value and lasted until it descended below to a second, minimum, value.
Results of field tests indicate that such a device is able to automatically control biofilm growth at
levels between 106 -÷- 107 bacteria/cm 2 and to minimize the biocide additions.
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Figure 5 - Aspect of the pipe internal walls after three months of exposure to
untreated (on the left) and automatically chlorinated seawater (on the right).

3811



~~4tL-1 W
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Abstract

An investigation of wastewater lift stations in residential areas of Jubail Industrial City
(JIC) in 1985, showed that some of the lift stations were severely corroded, particularly at
unsubmerged surfaces, in less than six years after construction. The concrete walls showed
severe sulfate attack up to about 20 mm depth from the exposed surface. Ductile iron and
galvanized steel items corroded by sulfuric acid attack and exhibited generalized pitting with pit
depths ranging between 50 to 150 mpy. In order to supplement the findings of the above
investigation, coupons of various metallic and non-metallic materials as well as mild steel
coupons coated with eight different high quality coatings were placed above water line in one of
the lift stations inspected.

The weight loss results of 87-day exposure of the uncoated coupons showed that brass,
ductile iron, galvanized steel and cast iron had high corrosion rates ranging between 17 to 50
mpy in the sewer atmosphere. Aluminium was moderately attacked by crevice corrosion under
sludge deposits. Stainless steel Type 316, polyvinyl chloride (PVC) and fibre reinforced plastic
(FRP) did not show any significant deterioration in the sewers.

The coated coupons were evaluated visually and by electrochemical techniques after 490
days of exposure to the sewer environment. The results showed that the two best performing
coatings in the wastewater lift stations were vinyl ester and polyamide cured epoxy.

Key terms: biological corrosion, wastewater lift station, sewage, coating performance.

Introduction

An investigation [1] of wastewater lift stations in residential areas of JIC in 1985, showed
that some of the lift stations were severely corroded, particularly at unsubmerged surfaces, in
less than six years after construction. The coal tar epoxy coating on concrete walls and ductile
iron pipes, and zinc coating on galvanized steel items deteriorated badly and became ineffective.
The concrete walls showed [1,2] severe sulfate attack up to about 20 mm depth from the
exposed surface. Ductile iron and galvanized steel items [ 1,3] corroded by sulfuric acid attack
and exhibited generalized pitting with pit depths ranging between 50 to 150 mpy.

Until 1902, corrosion in sewer systems was thought to involve only pure chemical
reactions between hydrogen sulfide and concrete[4]. Recent research revealed that this type of
corrosion is a combination of bacteriological and chemical reactions involving three groups of
bacteria, namely aerobic thiobacillus and anaerobic desulfovibrio and desulfotomaculum.

Generally, microorganisms may initiate corrosion of metals by: (1) production of oxidizing

agents, (2) forming differential oxygen or chemical concentration cells, (3) removing hydrogen
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(electrons) from the surface of metal and/or (4) interfering with the formation or destruction of
protective films on metal surfaces.

In aerobic corrosion, sulfuric acid, which is produced by thiobacillus bacteria on aerobic
(unsubmerged) surfaces in sewer systems, causes the most severe corrosion of metals as well as
deterioration of concrete. Domestic sewage normally contains a few parts per million H2S,
around 20 mg/I of inorganic sulfates and 6 mg/i of organic sulfur compounds at the beginning.
As sewage becomes septic, the bacteria Desulfobivrio desulfuricans and D. desulfotomaculum
reduce sulfates to sulfides [4,5,6] and produce more of hydrogen sulfide. Hydrogen sulfide
exists in the solution in both ionized and molecular form; the latter is released into the sewer
atmosphere. The actual rate of hydrogen sulfide generation and subsequent emission are
influenced by (1) biological oxygen demand (BOD), (2) pH, (3) temperature, (4) flow velocity,
(5) retention time and (6) turbulance of wastewater. Biological oxygen demand is a measure of
anaerobic condition and potential for sulfide generation in wastewater. For every 109C. increase
in efiluent temperature over 200 C, there is a 100% increase in effective BOD. Optimum sulfide
generation takes place when wastewater pH lies between 6.5 and 8.5. Liberation of generated
H2S into atmosphere increases with decreasing pHI4]. The buildup of hydrogen sulfide in the
sewer atmosphere depends upon its rate of generation and its oxidation by absorbed oxygen
before it escapes out of the effluent. The extent of oxygen absorption is dependent upon the
effluent flow velocity. While a high effluent velocity restricts the release of H2S into the
atmosphere, a high turbulence on the contrary increases the rate of H2S emission [4,7].

Substantial amount of released H2 S is absorbed by the moisture film present on the
unsubmerged surfaces of the sewer system. Aerobic bacteria, Thiobacilli concretivorous,
Thioxidants and Neapolitanas) [4] then oxidize the absorbed H2S into sulfur compounds and
sulfuric acid. This may result in ultimate H2SO 4 concentration of about 5%, and the pH may
drop to as low as I on aerobic (unsubmerged) surfaces even when the pH of wastewater sream
is only 6-7 [4].

The other common form of bacteriological corrosion in sewer systems i.- anaerobic
corrosion. The most common anaerobic corrosion is caused by direct reaction of H2S.
Hydrogen sulfide in an aqueous environment in the relative absence of oxygen reacts with iron
to form iron sulfide according to:

Fe + H2 S -- FeS + H2

At pH values around 7 and above (a favorable pH for growth of Desulfovibrio), ferrous
sulfide is precipitated close to anodic areas to form a protective film [8]. On prolonged exposure
to bacterial cultures, the film becomes detached, causing formation of FeS/Fe couple and a
corresponding increase in the corrosion rate.

In addition, there are other mechanisms identified to have significant contribution to
corrosion ou metals in anaerobic environments. Microorganisms, for example, due to their
active metabolic processes, can develop oxygen or ion concentration cells on metal surfaces.
Metal goes into solution at the anodic areas of low oxygen concentration under the mass of
microorganisms. Von Wolzogen Kuhr and van der Vlug [9] showed that sulfate reducing
bacteria (SRB) which contain the molecular-hydrogen-activating enzyme hydrogenase remove
hydrogen from the surface of iron (cathodic depolarization) and utilize it for the reduction of
sulfate. As electrons are removed, more iron goes into solution. Iverson [10] identified iron
phosphide (Fe2P), in the corrosion product of mildsteel. He reported that anaerobic corrosion
by SRB is caused by a highly active volatile phosphorous compound which reacts with bulk iron
to form Fe2P.

This paper reports the results of a study to determine the performance of various structural
materials and coating systems in a domestic wastewater lift station located at about 2 km from the
Western Coast of the Arabian Gulf. Structural details of the lift station were reported in an
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earlier publication [2]. The lift station has been in service since 1982. At the time of this

investigation the lift station was in service for about three years.

Experimental Program

The experimental program consisted of exposure of coupons in the lift station, visual
inspection, analysis of coupons by gravimetric and metallographic techniques, and
electrochemical measurements in order to evaluate the performance of materials and coatings in
sewage environment.

Preparation and Exposure of Coupons

Uncoated coupons of various metallic and non-metallic materials as well as mild steel
coupons coated with eight different high quality coatings were placed above water line in one of
the lift stations inspected. The coupons of size 2 x 3 inches were prepared from structural
materials used in the lift station and from alternative materials as shown in Table 1. After initial
weighing, they were fixed in triplicates to a wooden rack and installed in the lift station by
hanging from a nylon rope above the water level at two meters from the manhole entrance. The
uncoated coupons were exposed to sewer environment for 87 days and then retrieved for
inspection and analysis.

Mild steel coupons of 2 x 3 inches coated with eight different coatings, ie., two kinds of
vinylester, high performance coal-tar epoxy, high built micacious iron primer based on
chlorinated rubber, polyamide cured epoxy, amine adduct cured coal-tar epoxy, amine cured
epoxy resins, and polyamide cured epoxy coating, were provided by three internationally known
manufacturers. The coated coupons were then fixed in triplicates to wooden racks and installed
above water line in the lift station. They were retrieved after 490 days of exposure to the
environment, and evaluated for coating performance.

Monitoring and Evaluation

Gravimetric Analysis. After retrieval, the uncoated coupons were visually inspected. The
severity of corrosion, color and thickness of corrosion products on the coupons were recorded.
They were then cleaned with a power brush. The depth, extent and pattern of corrosive attack
on the coupons were determined. The cleaned coupons were weighed to determine their final
weight after exposure, and corrosion rate of each coupon was calculated in mils per year (mpy).
Corrosion rate of the coupons was calculated according to:

(Wi-Wf) x 1000 x 365CR (mpy)- A-x

where mpy = corrosion rate in mils per year
Wi and Wf = initial and final weight in grams

A = exposed surface area in square inches
t = exposure time in days
d = density in grams per cubic cm.

Chemical Analysis. Corrosion products collected from guide tubes and pump discharge
pipes in the lift station were analyzed by X-ray diffraction and X-ray fluorescence techniques.
Samples of wastewater from the lift station were analyzed in the laboratory for pH, biological
oxygen demand (BOD) chemical oxygen demand (COD), sulfide, sulfate, chloride, total solids,
oil and grease, dissolved oxygen and bacteria. The results of chemical analysis were reported in
earlier publications [ 1-31.
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Metallographic Analysis. Metallographic samples were prepared from corroded ductile
iron discharge tube (DI) and galvanized steel guide tube (GS) in the lift station. Samples of 1 x
2 cm size were cut with a diamond saw, mounted in epoxy, and polished to 0.5 micron (un).
They were examined using a Jeol JSM 840 Model Scanning Electron Microscope installed with
Energy Dispersive X-ray Diffraction (EDX) capability.

Coated Coupons

Preliminary Observation and Surface pH. The coated coupons were examined for their
general condition and surface deposits. The pH of the surface moisture was measured using
narrow-range pH papers. The coupons were then washed with tap water and dried in a
desiccator before further observations.

Visual Observations. Visual inspection of coated coupons was conducted using the
guidelines in Section 8 of NACE RP-02-81 [11]. These standards recommend establishing a
grading system for visual evaluation of coating deterioration and suggest ASTM standards for
grading various types of coating deterioration. The ASTM standards consist of photographic
references representative of degrees of coating deterioration. The following inspections were
carried out and an optical microscope was used whenever recommended: (1) Rusting, ASTM
D610, (2) Blistering, ASTM D714, (3) Checking, ASTM D660, (4) Cracking, ASTM D 661,
(5) Flaking, ASTM D 772, and (6) Erosion, ASTM D 662.

The visual inspection results were recorded in a modified version of the form specified in
ASTM 1150-74. Miscellaneous defects and damages such as microscopic pinholes, mechanical
wear not related to erosion by fluid, and microscopic scratches were observed during inspection
at 10-diameter magnification under microscope. These were arbitrarily graded on a numerical
scale from 10 to 0, based on the approximate area affected.

Electrochemical Measurements. The coated coupons were immersed in a 0.5M NaCl
solution. Small coating damages at comers and edges on some of the coupons were repaired by
water resistant silicone sealant, prior to immersion. Their pen circuit potentials[ 12] were
measured with respect to a standard calomel electrode by means of EG&G Princeton Applied
Research Potentiostat/Galvanostat Model 273 interfaced with an Apple lIc computer for
automatic data acquisition and plotting using Parc M332 software. The potential variation during
the first 15 minutes after immersion was monitored and recorded every five seconds since a
rapid change in potential was expected to occur during this interval. Thereafter, potential
variation was monitored and recorded every 20-25 seconds for one hour. For coupons still
showing a fluctuating potential or a substantial rate of change of potential after one hour of
testing, potentials were monitored and recorded every five minutes for durations of 8-12 hours.
Finally the potentials were monitored and recorded every 24 hours for seven days and every 72-
100 hours for about 22 days. The daily potential measurements were supplemented with
determinations of coating resistance[j12] using a Beckman Model HD100 digital multimeter.

Results and Discussion

Visual Inspection and Gravimetric Analysis of Uncoated Coupons

The results of visual inspection and gravimetric analysis of uncoated coupons are
summarized in Table 2. The study showed unsuitability of metallic materials such as ductile iron
galvanized steel, brass and aluminium as structural materials in aerobic environment in the lift
station without adequate protective coating. Ductile iron and galvanized steel corroded by
generalized pitting; brass corroded by dezincification (dealloying) and pitting, and aluminium
corroded mainly by crevice corrosion.

Metallographic investigation of corroded ductile iron and galvanized steel coupons using
SEM and EDX techniques (Figures 1 and 2) showed that main corrosive species were sulfur
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containing compounds, most probably, H2 S and H2SO4. Two layers of corrosion products
were identified on the DI coupon (Figures la and Ib). The top layer (150 to 400 pAm thick)
generally had low sulfur content throughout the bulk of the layer (Figure le), except at few
locations along the outermost periphery, where sulfur content was relatively high (Figure If).
Very few spherical carbon particles (Figure la) were present embedded in the top layer
indicating corrosion reaction mechanism involve outward migration of iron atoms to react with
corrosive species at the surface. The EDX spectra showed the presence of sulfur, some silicon
and manganese in this layer (Figure If). The innermost corrosion layer (300 to 650 p thick)
exhibited the propagation of corrosion into ductile iron (Figures la, ld). The EDX spectra
showed the presence of relatively higher sulfur and silicon in this corrosion layer in addition to
some potassium, phosphorous and chloride (Figures Ig to li). The results indicate that
corrosion of DI in aerobic environment in the lift station occurred due to two major factors: (1)
sulfuric acid and (2) galvanic effect at iron/graphite interfaces in the ductile iron. Corrosion
starts at locations with relatively high cathodic/anodic ratio, ie., locations with high population of
graphite particles, and progresses deeper as pits along graphite spheres. Thus corrosion forms
200-300 jim deep and 50-400 pm wide pits (Figures la, Id).

Chloride ions might also have contributed to the corrosion of DI coupons. Chloride ions
are strong depassivating species for iron based alloys. They react with iron to produce chlorides
(ferrous and ferric) and ultimately oxides of iron. The corrosion products most probably
consisted mainly of ferric oxyhydroxide (Fe2OOH), ferric oxide (Fe2 0 3) at the outer layer and
magnetite and ferrous oxide (FeO) at the inner layer. Sulfur was most probably in the form of
iron sulfate (Fe2SO 4) and iron sulfide (FeS) in both corrosion layers. There was not enough
evidence, however, to show that phosphorous had significant contribution to corrosion of the DI
coupon in this case.

Corrosion of the GS coupons was mainly due to sulfur containing species and chloride
dissolved in the wastewater (Figure 2b). The top 20-to-25 Aim thick layer of the zinc coating
(Figure 2a) corroded producing probably various zinc compounds such as sulfide, sulfate of
chloride and oxide of zinc as corrosion products (Figure 2b). The corroded zinc layer developed
wide and deep cracks, and exposed the intact layer underneath (Figure 2d) to further corrosive
attack. The uncorroded zinc layer developed fine cracks throughout the whole thickness of the
coating as seen in the micrograph (Figure 2a).

Visual Inspection of Coated Coupons

The generic type, curing agents, percent volume of solids, surface preparation
requirements, number of coats, dry film thickness and finish color of each tested coating are
presented in Table 3. Visual assessment of the coatings using ASTM standard photographic
references are presented in Figure 3. A rating of zero indicates complete failure and ten
represents no failure. A close look at Figure 3 indicates that rusting is the most predominant type
of deterioration among these coatings. However, rusting has led to coating failure over the entire
coupon surface in only two cases: C3 and C4. These two coating systems have failed due to
severe corrosion under the coating film leading to blistering, cracking, and flaking of the film
over the entire surface [13] The other coating systems appear to be in far better condition
showing only minor deterioration at a few isolated locations. The results are summarized in
Table 4. Based on the visual assessment, the eight coatings can be rated as follows in descending
order of performance: C7>C2>C6>C1 >C5>C8>C3>C4.

Electrochemical Test Results of Coated Coupons

Electrochemical tests were conducted on six of the eight coupons. The two coupons not
included are those whose coatings had completely failed during field exposure (C3 and C4).
The tests resulted in short- and long-term data. The short-term data consist of potential vs. time
graphs showing (1) variation in potential during the first 15 minutes after immersion (2) the
variation in potential during the next one hour, and (3) the variation during longer periods
(between 2 and 12 hours, depending on the nature of the coating). The long-term data consist of
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graphs showing variation of potential and coating resistance with time for 29 days. The short-
term potential behavior of a coating is an aid to determining the presence of pinholes or defects.
These may be either original or developed during field exposure. Long-term test results are
expected to give an idea of the overall protective characteristics of the coating. The variation of
potential and coating resistance are summarized in Table 5. Long-term potential and resistance
variation of the coatings are shown in Figures 4-6. Based on these results, the six coatings are
rated as follows in descending order of performance: C2>C5>C7>C6>CI>C8.

Evaluation of Test Results for Coated Coupons

The results obtained from visual and electrochemical tests and other data are presented in
Table 6. The table does not include data on the two coatings which completely failed in the field
exposure and did not enter electrochemical testing. The table indicates that the two tests (visual
and electrochemical) yielded slightly different results. However, both of them rated C8 as the
poorest of the six coatings under consideration. This coating is a coal tar epoxy resin, which is
not recommended for wastewater service due to its limited resistance to H2 S and H2 SO4
exposure. In order to get an overall performance rating of the six coatings, based on both the
tests, a point system has been used. Each coating has been awarded points on a scale of I to 6,
depending on its performance rating in individual tests. The coating securing the highest points
is considered to be the best. The results are shown in Table 6. The last column of this table
indicates that C2 is the best of all the coatings and that C7 is the second best. Based on the
results of visual and electrochemical tests the coatings can thus be grouped as follows:

(a) Best C2 and C7
(b) Satisfactory C6 and C5
(c) Poor C1 and C8
(d) Rejected C3 and C4

CONCLUSIONS

I. Ductile iron, galvanized steel and brass coupons corroded severely by general and pitting
corrosion and/or selective leaching, and are unsuitable for such service without adequate coating.
The aluminium coupons showed crevice corrosion under sludge deposits, while the stainless
steel coupons developed very minor corrosion at crevices. The latter is the most corrosion
resistant metal in sewage environment. The PVC and GRP coupons also were unaffected in the
sewage environment.

2. The corrosion of the coupons was caused mainly by hydrogen sulfide, sulfuric acid and
chloride ion attack. Corrosion of the DI coupons progressed faster at locations of high
graphite/iron ratio. Although phosphorous was detected in the corrosion products, there was not
enough evidence to show that it took effective part in the corrosion reactions. The GS coupons
corroded by corrosion of the zinc layer first by hydrogen sulfide, sulfuric acid and chloride ions.
The corroding zinc layer cracked and exposed fresh zinc layer underneath to further corrosive
attack by the environment.

3. Visual and electrochemical assessment of performance of mild steel coupons coated with
eight different coatings from three well-known manufacturing companies showed that C2,
vinylester, and C7, a polyamine cured epoxy, coatings were the best performers in H2S and
H2SO 4 environment in sewage lift stations.
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Table 1. Uncoated corrosion coupons teasd in the lift station

Mateial Descripton In Use Altnative

1. Galvanized Cut from galvanized guide tube; Yes -
steel (I) 2x3 inches size

2. Galvanized Galvanized chain link, taken from Yes -
steel (IH) the chain used to lift the submersible

pumps

3. Ductile Iron Cut from ductile iron discharge pipe; Yes -

2x3 inches size

4. Polyvinyl Cut from PVC pipes used for inlet Yes -
Chloride (PVC) pipe to the lift station

5. AISI 316 SS Cut from commercially available SS - Yes
plate; 2x3 inches size

6. Aluminium Cut from commercially available - Yes
aluminium plate; 2x3 inches size

7. Brass Cut from commercially available - Yes
brass plate; 2x3 inches size

8. Glass fibre Cut from commercially available - Yes
reinforced GFRP pipe
plastic (GFRP)

- = Not applicable

Table 2. Summary of uncoated coupon test results

Coupon Description of Corrosion Description of
Corrosion rate MPY Deposits

Ductile Iron 40 milsdeeppits 17.5 1 mm thick. Looselight
brown top, black bottom

Galvanized 20-40 mils deep pits 14.5-19.4 <1/2 mm thick, Brown
Steel top layer. Black lower,

layer

Aluniniurn Thinning and 7 No deposits. Light
Grooving staining

Brass General and pitting 24.6 Some whitish deposits.
corrosion, and Thin film distributed in
selective leaching patches. golden and

brown coloration

AISI 316 SS Mild crevice 0.85 No deposits

PVC None 0 No deposits

GRP None -4.8 Weight gain due to water
absorption
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Table 6. Evaluation of coating test results

Coating Generic yisual insccion Electrochemical Total Overall
System Type Rating Points Rating Points Points Rating

Cl Vinyl ester 3 4th 2 5th 5 4th

C2 Vinyl ester 5 2nd 6 1st 11 1st

C5 Polyamide 2 5th 5 2nd 7 3rd
cured epoxy
coating

C6 Amine cured 4 3rd 3 4th 7 3rd
epoxy resin

C7 Polyamide 6 1st 4 3rd 10 2nd
cured epoxy

C8 Amine addut 1 6th 1 6th 2 5th
cured coal-tar
epoxy
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Abstract

The growth and transport in oxide films formed on (100) silicon (p-type) in
oxygen at 10 torr (1.33 kPa) at temperatures of 950 and 1050°C were studied using
the 18O/SIMS technique. Samples were oxidized sequentially, first in 160. and then
in"lSO1 for various times totalling up to 48 h to produce films in the thickness range
2-100 nm. Paralinear and parabolic oxidation kinetic behaviour, derived from the
SIMS data, were shown at 950 and 1050*C, respectively. Sputter profiles of both 1'40-
a-. i 16O-containing species (Si2O÷) showed the distribution of each within the thin
oxide films. The "0 is localized in the vicinity of the gas-oxide interface (so-called
surface region) and at the Si-SiO, interface (so-called interface region). The
concentration of "0 in both regions increases with increasing time of exposure to 1s42,
but the rate of increase of '0 in the interface region and its proportion relative to the
surface region are greater. The maximum in the SIMS profile of the 'O-containing
species in the surface region indicates that oxygen has diffused through the oxide
during oxidation. The SIMS data suggest that the inward diffusion probably occurs
along short circuit paths such as micropores extending to the Si-SiO2 interface.

Key terms: silicon, thermal oxide, kinetics, SIMS, oxygen transport

NRC No. 35737
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Introduction

Thermally formed silicon dioxide on Si has been studied for many years because of
its use in the fabrication of silicon-based devices. Current interest is being
maintained by industrial requirements for very thin dielectric SiO'2 films for
submicron-scale integrated circuits. In 1965 Deal and Grove' showed that the
oxidation growth kinetics in dry oxygen could be expressed by a linear-parabolic
equation for films thicker than about 30-50 nm. Since that time there have been
many attempts to model the oxidation behaviour for thicknesses >30 nm, where the
data deviate from the linear-parabolic relationship. There is still much discussion
regarding the most appropriate model to explain the kinetic behaviour2; there appears
to be no general agreement regarding further experimentation to resolve the issue.
More recently, transport mechanisms during thermal oxide growth have been studied
using ..O as a tracer. These studies" have shown that inward oxygen diffusion
occurs. The determination of the "'0 distribution within the oxide film also provided
valuable additional information on the oxidation mechanism. The present paper
deals with the oxidation of Si(100) over the oxide thickness range 2-100 nm at 950
and 1050°C and an oxygen pressure of 10 torr (1.33 kPa) using the "O/SIMS

technique' developed for metal-oxygen systems. Molecular species of the type M20O
rather than the usual 0- ions were profiled to elucidate the transport properties in
the oxide and to substantiate the oxide growth mechanism.

Experiment

Samples (approximately 3 cm2) were cut from a 4 inch double-sided polished wafer
of p-type, Si(100), resistivity 6-10 flcm (impurities >1 ppm by weight are: C 2, N 4,
O 34). They were etched for 1 min in 1% HF, rinsed with doubly-distilled water and
subsequently dried in a jet of Zero Gas compressed air and inserted immediately into
a high vacuum oxidation apparatus. The HF etch removes the native oxide
completely, leaving a stable, hydrogen-terminated surface'0"'. Oxidation experiments
were carried out for various times at 950 and 1050*C at a system pressure of 10 torr
(1.33 kPa). Prior to each experiment the reaction chamber was exposed to oxygen at
about 1 torr (133 Pa) Fe.' 15 min. All samples were heated to temperature in 02 and
allowed to cool in 0 at the end of the experiment; they were usually oxidized
sequentially, first in A802 (containing <3 ppm H20) and then in "O4 (nominally 97.0-
99.0% "80 and containing a few ,km H20). Oxidized samples were examined by
SIMS depth profiling to determine the oxygen distribution. The SIMS analyses were
performed as described previously', except that sputtering was done with 1 keV xenon
ions at 330 off the sample normal. SIMS profiles were obtained for all oxidized
samples and the results are presented as atomic concentration versus sputter time
in minutes. The profile for the species containing "60 is: "2'i60* (mass 72); the
corresponding profile for that containing 1"0 is: %Si20O (mass 74). The profile for
"28 i3 ' (mass 84) is a convenient indicatic-n of the Si-SiO2 interface, since there is no
Sis÷ signal from the oxide. The i 74 signal was corrected for the contribution of
the 0Si 28Sii60÷ and 29iS2

60 signals by subtracting 6.96% of the mass 72 peak. A
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suitable value for the sensitivity of the mass 84 signal was found to be 3% of the
mass 72 or mass 74 signals.

Results and Discussion

Kinetics

It was not possible to determine the oxidation kinetics by continuous oxygen uptake
measurements. Oxide film thicknesses were estimated instead from the mass 84
profile produced during SIMS analysis of each oxidized sample. The maximum in the
mass 84 was determined to be indicative of the position of the Si-SiO2 interface. The
rationale for using the mass 84 maxima is described in the Appendix. The film
thickness was calculated from the average sputter rate (nm/min), which was
determined by comparing oxide thicknesses of many samples oxidized at both 950 and
1050'C measured by transmission electron microscopy (TEM) with sputter times at
the mass 84 maximum. Figures I and 2 show the kinetic data thus obtained for 950
and 1050*C for a series of samples oxidized from a few minutes up to 48 h. Each
point on the graph represents a separate experiment. "Intermediate points" for each
experiment were determined from the SIMS data from the area under the mass 72
(3 Si2 '0O) profile. This area gives the percentage of the total oxide film present as
'10-oxide and thus the extent of oxidation at the changeover from '6O to '8O2. The
calculated sputter time at the gas change is approximately the same for any given
exposure time in 1602. Both the final and intermediate points for each experiment at
950°C are shown in Figure 1 (as a circle and a cross, respectively). The data points
from zero time to 12 h may be best fitted to a parabolic rate equation (solid line),
while the data from 20 h onwards show a good fit to a linear rate equation (dashed
line) as demonstrated by least squares fits to these data. The final and intermediate
points for the data at 1050*C are identified in Figure 2 (again as a circle and a cross,
respectively). In contrast to the 950°C data there is no obvious long term linear
region and the data at all times are best fitted to a parabolic rate relation as shown
by the solid line in Figure 2.

In many studies the Deal-Grove equation'

x 2 + Ax = B(t + t) (1)

where x is the oxide thickness, t is the oxidation time, t. is the initial oxidation time
corresponding to the initial oxidation thickness and B and (B/A) are the parabolic and
linear rate constants, respectively, has been used to describe the oxidation kinetics.
This equation can be used in its limited form for thinner films

x = (B/AXt + tQ) (2)
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to get the value of the linear rate constant, (B/A), from the kinetic data at 9500C
(dashed line in Figure 1). This equation is appropriate even if there is an initial
parabolic region. A value of 0.012 nm/min is obtained. An estimate from other data
by van der Meulen gives a value for the rate constant of 0.03 nm/minm. The oxidant
in this case, however, was a 1% 02/N. mixture at 1 atm (100 kPa) total pressure.
With regard to the initial data at 950*C, which conforms very closely to parabolic
behaviour, the Deal-Grove equation can be further simplified to the form

X2 = Bt (3)

where t. is essentially zero under the present sample preparation procedures. The
value of the parabolic rate constant, B, is found to be equal to 0.67 nm2/min (=- 0.11
A2/sec at 1 torr, where B is directly proportional to pressure'). This value is very
similar to those calculated by Adams et al."3 from a collection of published data
extrapolated to 953°C and 1 torr ranging from 0.08-0.25 k2/sec. Adams et al. found
that their data fitted closely to a parabolic rate law, apart from a short initial
deviation, for oxide thicknesses up to about 11 nm.

The value for B derived from the 1050°C kinetic data is 3.54 nm2/min. This value and
that calculated at 9500C above also agree closely with those extracted by Han and
Helms"' from fitting a parallel oxidation model to experimental growth rates from
various authors. In the case of the 1050°C data, there is no obvious linear region, but
as Han and Helms point out a linear region between two parabolic regions would be
of short duration at increasing temperature and decreasing pressure.

SIMS Data

Analysis of the SIMS profiles for samples oxidized only in 1802 permits the `0
content of the oxide films to be determined'5 . After allowing for the l60 content of the
"0s2 and for the fact that the HF pretreated surface is essentially oxide-free, there

remains a small amount of `s0. It is believed that this arises from exchange of 180

in the film with 160 from atmospheric water vapour during transfer to the SIMS
system1 '. The oxides produced at both 950 and 1050°C are very clean; they are
contaminated only with adventitious C on the surface as well as -0.4 at% N within
the bulk (as detected by XPS). The N impurity concentration is most likely due to
trace amounts within the oxygen gas (1602).

Examples of SIMS profiles for samples oxidized at both 950 and 10500C for short and
long times are shown in Figures 3a and b, respectively. In Figure 3a the sample was
oxidized at 950°C for 24 h in 1602 and 12 h in 180 to produce an oxide 39.1 nm thick.

In Figure 3b the sample was oxidized at 1050°C for 2 h in 1602 and 1 h in 1802 to
produce an oxide 26.7 nm thick. The Si2•0÷ SIMS profiles show that the "0O is
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concentrated in two distinct regions in the oxide film, namely, in the vicinity of the
O-SiO2 (so-called surface region') and Si-SiO 2 (so-called interface region') interfaces.
For relatively thin oxides grown over short times with proportionally large "02

exposure times, the two regions show some overlap. For thicker films and relatively
long oxidation times, however, the two "80 regions are well-separated. The
percentage of "'0 in the oxide at both 950 and 1050°C is similar for a given ratio of
oxidation time in 1602 to that in 1802, showing that the oxidation process does not
change with time.

The amount of ̀ 0o in the surface and interface regions increases with increasing time
of exposure to "02. This is shown in Figures 4a and b for samples oxidized at 950
and 1050°C for a fixed time in 1602 and increasing times in 1802. This observation is
in agreement with the results of Rochet et al.4 for oxidation pressures of 0.1 to 100
torr (0.0133 to 13.3 kPa) for oxide thicknesses of 5 to 260 nm grown at 930°C and
with those of Han and Helms7 at 1 atm pressure (100 kPa) and 1000°C for
thicknesses in the range 5-15 nm. Han and Helms determined that at this pressure
the surface peak contains about 7% of the total `0O concentration for 1 h in 1602 and
0.5 h in 1802 and an oxide thickness of 13.0 nm grown in 1802. The present results
show, however, that for similar exposure times the surface peak comprises about 32%
and 63% of the total `0 concentration at 950 and 1050°C for '8O-oxide film
thicknesses of 1.4 and 4.8 nm respectively. Rochet et al.' have determined, however,
that the percentage of `0o in the surface region increases with decreasing film
thickness and oxygen pressure and can reach 50% for 5 nm thick films at 10 torr
(1.33 kPa). The present data thus appear consistent with those in the literature.

In agreement with the data of Han and Helms7, Figure 4 shows that both the "0
surface and interface peaks increase with increasing oxidation time. The rate of
increase in the amount of 180 in the interface region is greater than that in the
surface region in both cases and the proportion of "0 in the interface region increases
with time. The inward movement of the profile maxima in the interface region
reflects the increase in oxide thickness with increasing time of exposure to 18O2 and
continuing oxide formation at this interface. The increase in the amount of "0
present in the surface region could be the result of the inward displacement of "0
within the network oxide. Rochet et al.' refer to this as a stepwise motion of network
oxygen atoms. Approximate values for the network oxygen diffusion coefficients may
be calculated from the surface region profiles shown in Figures 4a and b. The
average values for 950 and 10500C are found to be 2 x 10.9 and 4 x 10"8 cm2 sec"1,
which agree with those quoted by Han and Helms7. The transport process is
equivalent to an oxygen uptake in the oxide layer and is confirmed by the
intermediate points calculated earlier (Figures 1 and 2) corresponding to the
changeover from 1̀02 to '802 lying on the kinetic curve defined by the final data
points. If none of the 180 in this region was due to oxide formation then these
intermediate points would not fit on this curve.

The "sO profiles obtained using the '80/SIMS technique' for oxide films grown
sequentially in 1602 and 1802 can be used to distinguish between lattice and short-
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circuit diffusion"6. The form of the `80 profiles obtained in the present case, namely
localization at the 0 2-SiO2 and Si-SiO 2 interfaces, indicates that during oxidation
oxygen has migrated through the film by short circuit diffusion to form new oxide at
the Si-SiO 2 interface. These short circuit paths may be pores or channels extending
to the Si-SiO2 interface. Irene"'-` has postulated the existence of fine pores to explain
the kinetic growth behaviour of SiO•2 films at temperatures in the range 780 to 980°C
at 1 atm (100 kPa). Such micropores have been observed directly by TEM and have
been found to be of the order of 1 nm in diameter for 9 nm thick oxide films grown
in dry oxygen". Such pores could allow rapid transport of oxidant to the Si-SiO 2
interface, short circuiting the slower lattice diffusion, particularly at lower
temperatures.

Conclusions

The oxidation kinetics of Si(100) at 950°C in 10 torr (1.33 kPa) 02 are consistent with
linear oxide growth for oxide thicknesses exceeding about 20 nm. For thicknesses
from 2-20 nm, and for the entire thickness range at 105000, the kinetics conform
closely to a parabolic rate equation. SIMS analyses have confirmed that oxidation
occurs by oxygen transport through the growing oxide film. New oxide is formed in
the outer part of the film, but the predominant reaction is that of oxide formation at
the Si-SiO2 interface. The SIMS data also support the view that short circuit
diffusion via fine micropores in the oxide film predominates under the present
conditions.
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Appendix

The Si3÷ (mass 84) or Si4÷ (mass 112) intensity-depth profiles can be used to give an
indication of the position of the Si-Si0 2 interface, as the intensity rises abruptly when
the Si substrate has been reached. Four different points on the mass 84 and mass
112 profiles, namely, the mass 84 maximum, 50% of the mass 84 maximum, the mass
112 maximum and 50% of the mass 112 maximum, were selected as possible
indicators of the Si-Si0 2 interface. The sputter times for four samples oxidized at
95000 were determined at each of the four points and these values were plotted
against the oxide thickness of each sample as determined from XPS. Details of the
method used to calculate oxide thicknesses from XPS are given elsewhere'. The data
points for the mass 84 maximum from each sample showed the closest extrapolation
through zero thickness and this point on the mass 84 profiles was therefore taken as
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the most appropriate indication of the Si-SiO2 interface. Figure Al (short term)
shows a typical mass 84 profile (in count rate per second versus sputter time) in the
vicinity of the Si-SiO 2 interface for a sample oxidized for a total of 1.1 h at 950'C.
The sputter time at this maximum is converted to oxide thickness using the sputter
rate calculated from a comparison of sputter times at this point with oxide
thicknesses obtained from transmission electron micrographs of fracture sections of
samples oxidized for different times at both 950 and 1050*C.

For oxide thicknesses greater than about 25 nm at either 950 or 1050°C, there is no
clear maximum in the mass 84 profile as shown in Figure Al (long term) for a sample
oxidized for a total time of 36 h at 950°C. In such cases the position of the Si-SiO 2
interface is estimated as follows. The statistical average of the difference between
the sputter times at 85% of the Si2 1SO (mass 74) maximum (position P1, Figure A2)
prior to the mass 84 maximum and at the mass 84 maximum (position P2, Figure A2)
is determined from the SIMS data for short term experiments. (85% of the signal in
the region of an oxide-substrate interface has been found by experience to be a
position close to this interface for oxide-metal systems.) This difference value (P2 -
P1)is then added to the sputter time at 85% of the mass 74 maximum for the long
term experiments to give the estimated sputter time for the mass 84 maximum. The
value is 0.6 min (a = 0.4 min) for the 950N C data and 1.2 min (a = 0.6 min) for the
10500 C data.
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Abstract

The oxidation behaviour of TiAI-base intermetallics was investigated at 800°C in air
with main emphasis being placed on the effect of niobium additions on the scale
growth mechanisms. For this purpose titanium-aluminum alloys with various
additions of niobium were investigated during cyclic oxidation or exposure times up
to 3000h. The scale growth mechanisms during the early stages of oxidation were
studied by a two-stage oxidation technique using 180 tracer. The scales formed
during this oxidation process were analysed by SNMS. Nitrogen, which is known to
significantly inluence the oxidation behaviour of titanium aluminides, was found to
form nitrides at the metal/oxide interface. Niobium was incorporated predominantly
in the titanium dioxide and in the nitride-containing layer at the oxide/metal
interface. The positive effect of niobium on the oxidation resistance is believed to be
caused by a decreased oxygen vacancy concentration in the titanium dioxide due to
niobium doping of the rutile lattice. A stabilizing effect of niobium on the nitride-
containing layer might play an additional role.

Key terms: titanium aluminide, oxidation, 180-tracer, SNMS

Introduction

Intermetallic phases on the basis of y-TiAl are considered as construction materials
for cases where low density in combination with high mechanical strength is a major
design requirement 1. A drawback for the application of titanium aluminides in high
temperature components is their poor resistance against oxidation at temperatures
above 7000C Z3. A special property of TiAl-based intermetallics is that the oxidation
behaviour in air considerably differs from that in oxygen4,5. The mechanisms which
are responsible for this effect have however not yet been elucidated. In most cases
the presence of nitrogen in the surface oxide scales could not clearly be detected
by conventional light and electron optical analysis methods. Considerable effort has
been devoted to the improvement of the oxidation behaviour of TiAI-based
intermetallics by ternary and quaternary alloying additions. The literature data
concerning the effect of the various additions is somewhat controversial, but it
seems generally accepted that additions of the element niobium significantly
increase the oxidation resistance of intermetallics based on Y-TiAI 4,5,6,7. Several
mechanisms have been proposed for this effect, the exact mechanisms however,
are not yet clarified.
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In the present study, the formation and growth of oxide scales on y-TiAI is studied
at 800 C. Emphasis was placed on the effect of niobium additions on the early
stages of oxidation. For this purpose the oxide scales were analysed by secondary
neutral mass spectrometry (SNMS). This analysis technique was used to determine
the niobium distribution in the various oxide phases and to analyse the
incorporation of nitrogen in the corrosion scales, which appears to be extremely
difficult with conventional light and electron optical analysis methods.

Experimental

The following alloying compositions were studied in respect to their long time
oxidation resistance: Ti 50AI, Ti 48AI 2Nb, Ti 47.5AI 5Nb and Ti 45AI 1 ONb
(additions given in atomic %). The alloys were produced by induction melting in an
argon atmosphere.

Specimens 15 mm in diameter and 2 mm in thickness were prepared from the cast
ingots and then ground and polished to a 1 Vm diamond finish. The oxidation and
spalling kinetics were investigated in still air at 8000C for exposure times of 3000h.
During this exposure weight changes were determined in regular time intervals after
cooling of the specimens to room temperature. Specimens were examined before
and after oxidation using optical metallography, scanning electron microscopy
(SEM) with energy dispersive x-ray analysis (EDX), electron microprobe analysis
(EPMA) and x-ray diffraction (XRD).

To obtain more detailed information on the early stages of oxidation, specimens of
alloy Ti 47.5AI 5Nb were oxidized by a two stage oxidation method at 800*C. In this
technique the materials were first oxidized in air for 10 min, 0.5h, 2h, 5h or 24h, and
subsequently in a gas consisting of 16% of 160, 4% of 180 and 80% of 14 N for 20
min, 1 h, 4h, 1 Oh or 48h. The scales formed during this oxidation process were then
analysed by secondary neutral mass spectrometry (SNMS) (Leybold, INA3). The
primary energy of the Ar-plasma was 800 Volts. Details of the two-stage oxidation
technique 8 and the quantification methods used for the SNMS analyses have been
published elsewhere 9. The quantified oxygen tracer profiles were recalculated to
an 1O8 content of 20% in the second oxidation stage, i.e. the presented data show
the results which would have been obtained if the oxygen in the second oxidation
stage had been only 180 instead of an 180-enriched gas9. The SNMS results
obtained for Ti 50AI have been presented recently 10 and therefore the present
paper will only deal with the niobium-containing alloy.

Results

Effect of Niobium on Oxidation Behaviour

Figure 1 shows the oxidation behaviour of Ti 50AI and the three niobium-containing
alloys during oxidation at 8000C in air. The scale on the binary alloy showed
spallation even at the first interruption of the experiment for weight measurement
i.e. the scale growth which actually occurred in the period before the first
interruption for weight measurement was significantly larger than indicated by the
first data point in Figure 1. All niobium containing alloys showed lower growth rates
and a significantly better scale adherence. The scale growth rates decreased with
increasing alloy niobium content.

Figure 2 shows the cross section and the corresponding X-ray mappings of the
scale on Ti 47.5AI 5Nb after 3000h oxidation, measured by EPMA. These results, in
combination with XRD data illustrate that there is an almost continuous layer of
A120 3 near the oxide surface. On top of this a thin layer of TiO 2 is visible. In both
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layers no niobium seems to be present. Beneath the alumina-based layer, a mixed
scale has been formed with titania as the dominant phase. Niobium is present in
this layer especially near the scale/gas interface where again more alumina is
present. XRD revealed the presence of small amounts of TiN and Ti2AIN; these
phases however, could not be localized by EPMA or SEM/EDX.

Studies of Scale Formation by SNMS

Figure 3 shows an SNMS depth profile of the oxide layer on the alloy with 5% Nb
after two-stage oxidation for 10 min 120 min at 800*C. The results clearly show the
formation of an alumina-based scale at the surface and at the interface with the
alloy. Between these regions a titanium-rich scale is formed. At the scale / alloy
interface a nitrogen-rich layer has been formed which is rich in titanium. Niobium is
only present in the inner part of the scale. The 180-enrichment near the scale/alloy
interface (Figure 4) illustrates that during the second stage of oxidation the scale
has grown by short circuit oxygen diffusion 8; the enrichment near the scale/gas
interface might be caused by cation diffusion or oxygen lattice diffusion 8.

fter 0.5h / 1 h two stage oxidation aluminium oxide is still present at the scale
surface (Figure 5) whereas the aluminium peak in the inner part of the scale has
disappeared. The 180 is still enriched at the oxide surface (Figure 6) whereas at the
inner scale side it becomes more evenly distributed rather than forming a clear
peak. The nitrogen-rich layer is present near the scale/metal interface and the
niobium is distributed in a similar way as shown in figure 3. An interesting difference
is that the nitrogen enrichment and the dip in the aluminium profile coincide after 30
minutes exposure whereas after 1.5 h they are separated.

The scale depth profiles after 2h / 4h two-stage oxidation looked very similar to
those after 0.5h / lh. A clear change in the growth processes occurred however,
after longer oxidation times as illustrated in Figure 7. After a total of 15h the
formation of a titanium oxide became visible on top of the initially formed outer
alumina layer. The 180 profile (Fig. 8) showed a more pronounced peak at the outer
scale side than in the previous examples, apparently due to outward diffusion of
titanium. Again the niobium is only present in the titanium-rich oxide and nitride
layer, whereas in the outer alumina and titania, no niobium is detected, which is in
agreement with the EPMA analysis of the specimen which was oxidized for 3000h
(Figure 2). An interesting feature is that the niobium becomes enriched in the alloy
immediately beneath the nitrogen-rich layer (Figure 7). Very similar observations
with respect to element depth profiles and isotope distributions were made after two
stage oxidation for 24h / 48h.

Discussion and Conclusions

The long time experiments confirm that the niobium-containing titanium aluminides
possess considerably better oxidation resistance at 8000C than Ti 50AI (Figure 1).
The decrease in scale growth rates due to niobium additions is not due to a switch-
over from titania to alumina-based surface scales: as in the case of binary titanium
aluminides 2,7 the scales are multiphase titania / alumina based mixtures, but with a
significantly lower growth rate. SNMS analyses revealed, that in the early stages of
oxidation at 8000C, the alloy containing 5 At.-% niobium forms an alumina-based
surface scale (Figure 3). At this stage of oxidation the scale formation is very similar
to that of Ti 50AI 0 . Beneath the outer alumina scale, a layer rich in titanium nitride
is formed. Alumina formation leads to aluminium depletion and consequently to a
decrease in aluminium activity in the subsurface zone. The resulting increase in
oxygen activity causes the alumina to become unstable at the oxide/alloy interface
relative to titania 2 and therefore this latter oxide is formed (Figure 3). Initially this
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formation of titania beneath the alumina in turn leads to a relative increase in
aluminium activity and subsequently to formation of aluminium-rich oxide between
the titania and the nitrogen-containinq layer (Figure 3). On further exposure the
alumina and titania at the inner scale side become intermixed (Figure 4). According
to Becker et al. 11 titania has a significant solubility for alumina which increases with
decreasing oxygen partial pressure, i.e. under the prevailing conditions the solubility
wo•,'d be larger in the inner scale side than near the scale/gas interface.
CL. aquently the alumina layer which initially forms can at first coexist with the
titania which has been formed beneath it. As the scale thickens, the oxygen partial
pressure in the inner scale side decreases and therefore the solubility of alumina in
titania increases. This means that the alumina would be attacked at the interface
between the two oxides. By this means, the barrier function of the alumina is
deteriorated and titanium cations can diffuse outward (Figure 5).

The scale composition on Ti 47.5AI 5Nb in the early stages of oxidation is similar to
that on Ti 50AI 11 with the difference that niobium is clearly present in the titanium
oxide and nitride (Figures 5 and 7). In addition, the titania-rich scale on the niobium-
containing alloy grows much slower than in the case of Ti 50AI 7,10,11. An
explanation for this technologically important effect could be, that niobium
decreases the oxygen vacancy concentration in the rutile lattice due to its higher
valency compared to that of titanium. Consequently oxygen inward diffusion
decreases and so the scale growth is slower than in the case of Ti 50AI.

For this last mentioned alloy it was shown10 that, contrary to the niobium-containing
material, the initially-formed nitride becomes oxidized after longer times as soon as
the growth of titania becomes the dominating process in scale growth kinetics. In
the niobium-containing alloy the nitride layer remains intact due the slower ingress
of oxygen through the titania. The reason for the presence of the nitride-rich ayer
also after longer times in Ti 47.5AI 5Nb, in contrary to Ti 50AI 10, might also be due
to a stabilizing of the titanium nitride by incorporation of niobium. In that case the
nitride containing layer at the scale/metal interface of Ti 47.5AI 5Nb might also act
as a barrier layer which could be a further reason for the improved oxidation
resistance compared to Ti 50AI. Because of a lack of prevailing data for the effect of
niobium on the thermodynamic stability of titanium nitride, it cannot be determined
with certainty whether this effect really plays a significant role.

For a correct interpretation of the measured depth profiles it is important to note,
that in SNMS studies nitrogen is an element which is difficult to quantify 12.
Therefore it cannot be assumed that the maximum concentration of the nitrogen
peak at the scale/metal interface is really around 10 to 20 At.-% as measured in the
presented SNMS profiles (Fi ures 3, 5, 7). Recent results of detailed microstructural
studies using SEM and TEN? 13 indicate that the nitrogen-containing layer consists
of an alumina/nitride mixture. According to XRD-results a ternary nitride, Ti2AIN, is
present in addition to the binary TiN.

An interesting obsarvaY.ion is, that after longer exposure times niobium becomes
enriched in the alloy immediately at the interface with the nitride-rich layer (Figure
7). This may be caused by one of the following mechanisms:

- if aluminium and titanium are incorporated in the oxide scale to a larger extent
than niobium (compared with the relative concentrations in the alloy), the two
first-mentioned elements will be "depleted" in the alloy relative to niobium. This
would lead to an apparent niobium "enrichment" in the surface near diffusion
zone in the alloy.

- the SNMS profile in Figure 7 indicates that the niobium solubility in the titanium
nitride is higher than in the titanium oxide. After the initially formed niobium-
containing nitride starts to become oxidized, an excess amount of niobium will
be present. As niobium seems to have no solubility in the alumina (Figures 5
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and 7), it can either be oxidized or diffuse through the nitride zone into the
alloy. Apparently the oxygen partial pressure in the inner part of the scale is too
low for niobium to become oxidized and therefore it diffuses back into the alloy.
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Abstract

The high temperature (850-1 1000C) mechanism of oxidation of FeCrAl alloy (doped with Zr
and mischmetal) was studied in air (synthetic) and in oxygen. Kinetic measurements show that
the parabolic law is obeyed after several hours of oxidation ; the oxidation rate is modified at
950-1 100*C. Morphological changes are observed. At low temperature, the oxide surface is
covered with platelets (whiskers), whereas at high temperature small equiaxed crystals are
obtained. These results may be related to the oxide phases present. At low temperature a
tran;.zional alumina (likely 0 - A1203) grows, while at high temperature a-A1203 forms. These
phases are not produced initially ; during the first stage, y-A1203 is always observed but is
transformed at a rate which depends on the temperature. When longer oxidation runs (up to
120 hours) are performed at low temperature, the transformation of O-A1203 into cX-AI203
increases with time. All these results clearly demonstrate that a-Al20 3 is the stable phase. In
order to better understand the oxidation mechanism, oxidation experiments were performed in
1602/1802 and the scales subsequently analyzed by SIMS. The results show that the a-A1203
scales grow by inward transport of oxygen. In addition, stress measurements by X-ray
diffraction were performed : for very thin oxides, stresses were measured in the alloy
immediately beneath the scale. The data indicate that the tensile stress in the alloy decreases
regularly with oxidation temperature and that a change in preferred orientation in the alloy
occurs during oxidation runs up to 950"C.

Key terms: FeCrAl Alloys, Oxidation, Morphology, Structure, Diffusion, Stress measurement
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Introduction

Among the MCrAI alloys, the ferritic ones (Fe-based) have been and
continue to be extensively studied : protective scales (i.e a-A1203) are
generally developed on their surface during oxidation at high
temperature. However, various alumina phases may form, depending on
different parameters such as the temperature, the atmosphere, the
alloy composition or the duration of oxidation. The theoretical thermal
stability of these aluminas may be summarized as follows :

5000C 750MC 9000C 1000PC
Boehmite(y-AIO(OH)) ----- >y-A120 3 ----- >8-A1203 ----- >O-AI 203 ----- >a-A1203

The transition temperatures which are indicated above are approximate
and are dependent upon the experimental conditions.

A literature review was recently published by PRESCOTT and GRAHAM1,
which included different research works devoted to the identification
of various alumina phases grown on different alloys. The transition
aluminas (y, 8 or O-AI 2 0 3 ) are mainly observed at low temperature
(below 900 or 10000C) 2 "7 or during a transient stage at the beginning
of the oxidation reaction8 - 12 . At higher temperature microscopical
studies 7 , 1 2 , 13 have shown that the transformation of transition
aluminas into a-alumina is generally accompanied by a modification of
the oxide morphology . Transition aluminas are generally observed in
the form of whiskers whereas a-alumina is present as equiaxed small
crystals.

Considering the growth mechanism, it is generally assumed that
transition aluminas form by outward cation diffusion 14 . In contrast, a-
alumina generally forms by predominantly inward oxygen
diffusion 15 ,16, 1 7 .

In this paper we will report a study of the high temperature oxidation
of a FeCrAI ferritic alloy. Morphological observations and structural
analyses have been emphasized.

Experimental

The alloy which was used in this work was a ferritic steel, the main
alloying elements being chromium and aluminum. Its composition is
given in Table 1. Zirconium additions stabilize the alloy and prevent the
precipitation of chromium carbide. Cerium and lanthanum are
incorporated to improve the oxidation resistance, especially when
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temperature cycles are applied. Coupons (25x10 mm) were cut from
thin foils (50 gim thick). Before oxidation they were degreased in
trichloroethane, rinced in alcohol and dried. They then were put in an
alumina crucible and introduced into the furnace.

Oxidation experiments were made in air at 850, 900, 950, 1000, 1050
and 11000C. Oxidation times varied between a few minutes and 120
hours. Short oxidation runs (< 2 hours) were performed and the kinetics
recorded with a microbalance.

The scale morphology was observed by scanning electron microscopy
(SEM). The structure of the scales was analyzed by X-ray diffraction or
electron diffraction and scale composition was determined by X-ray
spectrometry.

Some particular experiments were performed to determine the
diffusion mechanism. For this, specimens were prior oxidized in 1602
and then in 1802. Secondary ion mass spectrometry (SIMS) was used to
allow the determination of the location of the 180 isotope and to
distinguish which diffusion mechanism is involved in the oxidation
process.

Results

Influence of Temperature

In order to establish the influence of temperature on the oxidation rate,
morphology and structure of the alloy, samples were oxidized in air for
24 hours in the temperature range 850-11000C. Morphological
observations of the oxide surface are reported in Figure 1. At 8500C, it
can be seen that the oxide scale is thin ; the grain boundaries of the
metallic substrate are still visible. The oxide surface is smooth and
mainly consists of very small crystals. Some platelets (also called
whiskers) may be observed. They are more developed at 9000C and at
that temperature cover the entire surface of the alloy. The grain
boundaries of the metal are not discernable which suggets that the
oxide scale is thicker than at 8500C. After oxidation at 9500C, a
modification of the scale surface is observed ; the oxide is mainly in
the form of small equiaxed crystals and only a small number of
whiskers is observed. The whiskers disappear completely after
oxidation at 10000C or at higher temperature and the size of the
equiaxed crystals increases. The oxides which formed were identified
by X-ray diffraction. At low temperature (:5 9000C) only a few
diffraction lines are observed (Table 2). They are more numerous at
higher temperature. It may be observed that the interplanar distance
2.732A, which is present at low temperatures, disappears at
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temperatures above 9500C. The comparison of these experimental data
with the values given in the ASTM files allows us to conclude that at
low temperature a transition alumina (0-A120 3 ) is formed on the alloys
whereas a-A120 3 is produced at higher temperatures. Both oxide
structures are observed at 9500C which is a transition temperature
(Fig.2).

In order to verify that only aluminum oxide is formed, some scales
were analyzed after dissolution of the alloy in a methanol - 10%
bromine solution. It was verified by X-ray spectrometry that aluminum
only is present (as metal) in the scale.

Influence of Oxidation Time

Taking into account the previous results, longer oxidation runs were
performed. The scales were characterized by using the same
observation and analysis techniques. It was clearly observed that if e-
AI 2 0 3 is present after 24 hours of oxidation, it is partially
transformed into a-A1203 by 48 hours. The transformation is
practically complete after 120 hours at 9000C.

The First Stages of Oxidation

Short oxidation runs were made at different temperatures. The kinetic
results (weight gain versus time) are reported in Figure 3.
Microscopical observations show clearly that the kinetic transition
occuring after a short time at 900 and 9500C corresponds to a
morphological change and to the beginning of the formation of
whiskers. Electron diffraction analysis after very short oxidation runs
(5 minutes) shows that y-alumina forms during the early stages of the
reaction, whatever the temperature.

Discussion

All the results show that the morphology and the structure of the
alumina which forms are strongly related and that two main
parameters must be taken in account : the reaction time and the
temperature. At the beginning of the reaction (_<5 minutes) a transition
alumina (y-A1203) is formed on the alloy. At low temperature (900-
9500C) it transforms more or less rapidly into another transition oxide,
O-AI 2 0 3 . That transformation is accompanied by a kinetic transition
(acceleration) and a morphological change of the scale (beginning of the
formation of whiskers). A second transformation from 0 into a-A12 03
occurs after 24 hours or more. At higher temperature (__ 10000 C), both
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structural transformations (y-> 0-> a-A1203) are very rapidly
completed (< 15 minutes).

Whiskers are observed on the surface only when the 0 phase is present.
All the results clearly show that a-A1203 is the only stable structure.
That phase is always obtained at long oxidation times. Experimental
results show that it is not observed at the lowest temperature (8500C)

this is probably because the transformation rate is very low. To
confirm the stability of the corundum structure, experiments were
performed as follows : specimens were oxidized for a short time (1
hour) at high temperature (11000C) to develop an a-A1203 scale. Then
the oxidation temperature was lowered in the range 850 to 9000C and
the reaction continued up to 24 hours. The a -> 0 transformation was
never observed, which indicates that, when it is formed, the corundum
phase is stable even at low temperature.

Oxidation mechanism

If one considers all the experimental results (oxidation kinetics, oxide
morphology and structure) which were obtained in this study, it may be
supposed that a change in the oxidation mechanism occurs between
900 and 10000C. As mentioned in the Introduction it was shown in
other systems that at low temperature cationic diffusion is the main
process whereas at higher temperature the reaction proceeds by oxygen
diffusion. In order to test this hypothesis, two-stage 1 8 0/SIMS
experiments were performed at 11000C. The specimens were first
oxidized in 1602 and then in 1802. After reaction, the oxide scales were
analysed by SIMS. The results showed that at 11000C 180 is
concentrated close to the internal interface of the oxide scale (Fig.4).
As the oxidation in 1802 was performed during the second stage of the
experiment, it means that inward diffusion of oxygen occured.

Stress Measurements

The last point which was considered in this work was to estimate the
mechanical state (and particularly the stress level) of the system. As
the scale thickness was too thin for reliable stress measurements to
be obtained, we evaluated the stresses in the alloy, close to the alloy-
oxide interface. The technique which was used was X-ray diffraction.
All the measurements were made at room temperature, on the non-
oxidized alloy and after oxidation for 24 hours at 900 and 11000C (1).
As can be seen (Table 3) the stresses are compressive in the non-
oxidized alloy. After oxidation at 9000C, the stress level measured in

(I) For these experiments, samples 1.2 mm thick were used.
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the alloy is practically equal to zero. This means that compressive
stresses developed in the scale. If one considers that growth stresses
are negligible (due to outward diffusion), the result is in good
agreement with the respective values of the expansion coefficients of
the metal and of the oxide. After oxidation at 11000C, tensile stresses
are measured in the metal, which means that compressive stresses,
higher than at 9000C, develop in the alumina scale. It may be concluded
that they are the result of the combination of compressive growth
stresses (due to inward oxygen diffusion and scale formation at the
internal interface) and of compressive stresses developed during
cooling.

Conclusions

In this work, on the high temperature oxidation of a FeCrAI ferritic
alloy, we have shown that the structure and the morphology of the
oxide which forms on the alloy are strongly related. They depend
simultaneously on the reaction temperature and time of oxidation. In
all cases y-A12 0 3 is observed after very short times (a few minutes).
After 24 hours, 0-alumina is identified at low temperature (_59000C),
whereas the a-phase is observed at high temperature (_10000C). This
latter oxide is in the form of small equiaxed grains; with the former,
platelets (whiskers) are seen on the surface. After longer oxidation
runs, the main oxide is a-A1203. All these results show clearly that a-
A12 03 is the most stable phase. Diffusion experiments show that at
11000C a-A1203 grows by oxygen inward diffusion.
Compressive residual stresses are always measured after oxidation
and cooling , which are higher at 11000C than at 9000C. This result
must be related to the diffusion processes which are different in the
different temperature domains.
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Table 1 : Composition of the alloy

Elmt C Si S P w Cr Ni Ti
wo% 0.025 0.56 0.001 0.0014 0.29 22.38 0.17 0.004
Elmt Al Cu Co Ce La N Zr
WO% 4.71 0.01 0.017 0.021 0.011 0.0023 0.23 _

Table 2 X-ray diffraction lines determined after 24 hours of oxidation

8500 C 900 0 C 9500 C 1 0000 C 11 000 C oxide
phase

- - 3.49 3.49 3.49 a
2.732 2.732 2.736 - -e

- - 2.55 2.55 2.55 a
2.393 2.393 2.37 2.37 2.37 a or 0

- - 2.09 2.09 2.09 a
- 1.74 1.74 1.74 a

- - 1.604 1.606 1.607 a
1.405 1.405 1.407 1.409 1.407 a or 0

- 1.377 1.375 1.375 a

Table 3 Stress level measured in the alloy before and after oxidation

Oxidation No oxidation 9000 C 11 000 C
conditions

Stress level -200 0 300
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Figure 1: Morphology of surface oxide formed after 24 hrs oxidation.
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Figure 4: SIMS analysis of samples oxidized in oxygen 16 then in oxygen 18;

Taper cross-section after oxidation at I 100*C.
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Abstract

Spin-polarized neutron reflectivity is employed to characterize the passive film on iron.
Thermal neutrons are used to probe the nuclear and magnetic scattering density profiles in
the film and substrate, and to establish parameters for the metal-oxide interface and the oxide
surface. Three surface film conditions are considered: the native oxide layer, the in-situ passive
layer, and the same passive layer ex-situ. Complementary data are obtained using x-ray
reflectivity in the ex-situ cases.

The thickness of the passive layer and the underlying iron layer, surface and interfacial
roughness, and magnetic properties are some of the parameters available through the neutron
reflectivity technique. Changes in scattering density due to removal of the passivated sample
from the in-situ environment may be detectable as well. Determination of the magnetic
characteristics of the passive film may be especially useful in determining the film composition
and structure. This project is funded by the National Science Foundation under grant number
DMR-9108368.

Key terms: spin-polarized neutron reflectivity, passivity, iron, in-situ

Introduction

The true nature of the passive film on metals and alloys has been a source of controversy since
the phenomenon was first observed. We hope to resolve some the characteristics of the passive
film on iron using spin-polarized neutron reflectivity. The neutron reflectivity technique allows
us to stud the passive film at the film surface and the film-metal interface, both in-situ and
ex-situ. Usingt is technique we obtain information regarding the characteristics of the passive
film: thickness, surface and interfacial roughness, and profiles of the nuclear and magnetic
scattering densities. We also employ x-ray reflectivity to complement and confirm the neutron
reflectivity data.
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The use of spin-polarized neutrons to probe the scattering densities of the passive layer allows
us to determine, for example, whether the film is ferromagnetic. If it can be shown that the
passive film on iroq is ferromagnetic, then the number of possible models for passivity would
be greatly reduced'. By collecting data on the native oxide, the in-situ passive film, and the
same film ex-situ, reflectivity can also be used to explore changes in films that are removed
from solution and dried after passivation.

The derivation for neutron reflectivity is similar to the conventional treatments of electro-
magnetic opticsl. D.es, riptions of neutron reflectivity theory and techniques are available
from several sources3-f. Interested readers are directed to these references.

Experiment

A neutron beam can travel through perfectly crystalline materials such as silicon with a
negligible amount of attenuation or small angle scattering. The samples and electrochemical
cell for our study were designed to take advantage of this fact, such that the attenuation and
increased background signal due to inelastic and incoherent scattering in an aqueous medium
are avoided.

The sample consists of a 12 nm layer of iron sputter-deposited onto a 10 cm-diameter single
crystal Si wafer. An earlier sample design1 used in this experiment had a 30 nm layer of
aluminum oxide followed by a 30 nm layer of iron sputter-deposited onto the Si substrate1 .
The aluminum oxide layer was intended to act as a barrier to protect the silicon wafer against
hydrogen diffusion during cathodic reduction. However, we have found that by keeping the
reduction time short, the barrier layer can be eliminated without ill effect. The effects due
to the altered sample configuration are discussed below.

The iron surface with its native oxide intact provided the starting point for our study. First
x-ray, then spin-polarized neutron reflectivity data were taken for this case. Next neutron
reflectivity was performed on the passivated surface in-situ. Finally, the sample was removed
from the cell, rinsed with purified water, and dried quickly in a stream of N2 gas in preparation
for the ex-situ passive film data collection, using first neutron, then x-ray techniques. The
native oxide and the ex-situ passive film were both exposed to the ambient environment for
the duration of the data collection, roughly 12 hours for each neutron reflectivity scan.

The sample was clamped to a polytetrafluoroethylene cup fitted with a Pt counter electrode
and a saturated calomel reference electrode (SCE) to form the body of a sealed electro-
chemical cell approximately 100 ml in volume. Our earlier cell 1 allowed the aqueous solution
to be exposed to air, which affected the passive film formation. Ex-situ data were collected
on the air-formed oxide, using the technique described below, before the cell was filled with
solution.

For the in-situ portion of the experiment, all potentials were measured versus SCE. The
solution was a pH 8.2 borate buffer. The solution was made oxygen-free by bubbling
water-saturated N2 gas through the holding vessel before transferring the solution to the cell.
After cathodically reducing the surface for seven minutes at -J.OV to remove the native oxide,
the system was stepped to a passivatingpotential of + 0.750VD. Neutron reflectivity data were
collected after the initial film growth phase was completed, as indicated by the leveling off of
the current density at a suitably low value (about 0.1 itA/cm2). Data collection continued
over a period of roughly 12 hours while the system was held under potentiostatic control.
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Data were taken on the BT-7 polarized neutron reflecloneler 7 at the NIST Research Reactor
in Gaithersburg, MD. The entire cell assembly was placed in the neutron beam on a rotating
stage. The axis of rotation was the vertical (z) axis, p)arallel to and centered on the face of
the sample. Thc bcam entered the Si ratfer edge-on (nearly normal incidence to the edge),
and was then reflected from the sample surface at glancin& angles. In this conifiguration the
in-situ experiment can easily be performcd without the noise and signal loss associated with
inelastic and incoherent scattering in water.

The entire cell was placed in a constant magnetic field of 225 G directed parallel to the sample
surface. The sample was then exposed to spin-polarized neutrons of wavelength 2.37 A. DAta
were collected by measuring the reflected beam intensity as a function of incident angle for
spin states both parallel and anti-parallel to the applied magnetic field during 0-20 scans in
the vicinity of the critical angle for total external reflection, 0c. Identical scans were performed
for each case discussed: the native oxide, the in-situ passive layer, and the ex-situ passive layer.
For a ferromagnetic material such as iron, differences in the total scattei ing densities are seen
by the two polarized spin states. Therefore, two reflectivity curves are produced to describe
each case.

In addition to the neutron reflectivity data collected on the cx-situ films, x-ray reflecti-ity scans
were also performed. Using a stationary anode machine pioducing x-rays of wavelength 1.54
A, the iron surface with its native oxide was examined to confirm layer st ruct ure. The identical
examination was performed again on the ex-situ passive layer after the neutron reflectivty
scans were completed. While x-rays and neutrons scatter from different atomic components,
the data sets can be handled in same fashion, resulting in complementary scattering density
profiles for the sample in the ex-situ cases. These data are especially helpful in confirming
layer thickness and mterfacial roughness parameters.

Results

Figure 1 shows the most recent data for the native oxide film, the electrochemically produced
in-situ passive film, and the rinsed and dried ex-situ passive film on the iron sample described
above. The data are given in terms of the momentum transfer Q versus the logarithm of the
reflected intensity. Q is related to the incident angle 0 by the expression

Q = 2kosinO, (I)

where ko is the incident wavevector magnitude. In all cases the sample was exposed to a
magnetic field of 225 G parallel to the plane of the surface. The two plots indicate the
reflectivities of neutrons polarized parallel to the applied magnetic field, or "spin-up" (part
(a)), and those polarized anti-parallel, or "spin-down' (part (b)). It can be seen immediately
that the air-formed oxjde originally on the surface differs from the passive film. In our pre-
viously reported work1 , no difference in the native oxide and the passive film was apparent.
This may be accounted for by the changes in both sample and electrochemical cell
configuration.
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Work in progress includes fitting a model to each of the reflectivity plots shown in Figure 1,
and to the x-ray reflectivity data (not shown). Each model is basecdon a scattering density
profile; total scattering density as a function of depth into the sample. The models are derived
using fitting programs developed by Ankner and Majkrzak8. Prev'ious modelljng attempts
based on the more complex sample config uration have been discussed elsewhere'. By starting
with a thinner iron layer, and removing the aluminum oxide barrier layer entirely, the overal
thickness of the sample was greatly reduced, and two interfaces were eliminated. Conse-
quently, the reflectivity patterns are less complex than those reported earlier. The data dis-
cussed here, obtained by neutron and x-ray reflectivity, should lead to reliable models for the
passive film on iron, both in-situ and ex-situ.

Conclusion

Spin-polarized neutron reflectivity appears to be a useful method for determining the nuclear
L.nd magnetic properties of the passive film on iron. X-ray reflectivity data can be used to
supplement some of the neutron reflectivity results. Knowing in particular the magnetic
properties of this film may help reduce the number of possible structure models.

A sufficiently large magnetic scattering density detectable in a sample polarized in a relatively
small magnetic field is an indication of ferromagnetism. Two iron oxides known to be fer-
romagnetic are magnetite (Fe304) and maghemite (y-Fe20 3 )9. If the film proves to he
ferromagnetic, it would support models calling for a single layer of Fe30 4 , or an
Fe3 0 4 /y-Fe2O3 bi-layerlO. There is some concern that what may appear as ferromagnetism
in a bulk oxide will instead become superparamavnetism in a thin film 1 1. If this is the case
for the passsive film on iron, it will be extremely difficult to apply a polarizing magnetic field
strong enough to observe any changes in magnetic scattering density.
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Abstract

Corrosion of iron in an anhydrous methanol solution of O.IM LiCO14 (( 150
ppm of water) was investigated by impedance and polarization measurements
and x-ray photoelectron spectroscopy (XPS). Under a dry argon atmosphere
(( 0.01 ppm 02 and < 50 ppm H20) in a dry box, an iron electrode was
abraded with alumina powder, rinsed with anhydrous methanol, and then
immersed in the methanol solution. The impedance of this electrode was
measured in the solution under the argon atmosphere with a frequency
response analyzer. The corrosion rate obtained from the impedance at the
open-circuit potential decreased with an increase in the immersion time,
suggesting the formation of a barrier layer on the surface. Results of
XPS measurements demonstrated that a precipitate of ferrous methoxide
forms on the iron surface.

Effects of complexing agents like 1,10-phenanthroline and 2,3-dimercapto-
1-propanol on the corrosion rate of iron in the anhydrous methanol
solution were studied by polarization measurement and XPS. Little effect
of the complexing agents on the cathodic hydrogen evolution was observed
in the polarization curves but the anodic iron dissolution was affected by
the formation of complexes through reactions with ferrous methoxide. When
a soluble complex in anhydrous methanol formed at the surface, the anodic
reaction was markedly stimulated. The absence of the methoxide layer on
the iron surface by the formation of the soluble complex was revealed by
XPS data. If an insoluble complex formed at the surface, a protective
layer of the complex on the surface suppressed the anodic and cathodic
processes of iron corrosion.

Key terms: iron corrosion, anhydrous methanol, impedance, polarization, x-
ray photoelectron spectroscopy, ferrous methoxide, complexing agents,
1,10-phenanthroline, 2,3-dimercapto-l-propanol
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I. Introduction

Most of the studies on corrosion of metals in nonaqueous solvents have
been associated with the effects of additives or contaminants like water,
acids, oxygen molecules, and chloride ion on active corrosion and
passivity of metals.' Many investigations on electrochemical corrosion of
iron and iron-based alloys in electrolytic methanol solutions have been
focused on the influence of the water content in the solutions on their
active corrosion 2 -5 and passivity.6-9 Water at less than 4bO ppm in a
methanol solution of O.IM LiCI0 4  is insufficient to assure stable
passivation of iron. 6  De Anna 7 has also described that iron is always
active in a 0.1K LiCIO4 -methanol solution containing water at < 500 ppm.
The corrosion process at a bare metal in an electrolytic anhydrous
methanol solution seems to be important in understanding corrosion and
passivity phenomena of metals in anhydrous nonaqueous media.

The authors have found that a passive film formed on an iron surface
during its preparation by abrasion and ultrasonic cleaning on exposure to
air is sufficient to protect iron from corrosion in an electrolytic
anhydrous methanol solution.' 0  All manipulations for preparing the
surface of an iron electrode must be carried out under an inert gas
atmosphere.

Since anhydrous methanol can react with most protic acids like
hydrochloric and carboxylic acids forming water, concentrations of the
acid and water may change with an increase of time, resulting in variation
of the corrosion rate. The corrosion rate of iron in an anhydrous
methanol solution of 0.05M formic acid plus O.1K LiC10 4 has been found to
decrease with an increase in the immersion time because of the formation
of methyl formate.'' Hence, protic acids which are not reactive with
methanol must be used as additives in anhydrous methanoi.

In this work, impedance measurements of an iron electrode prepared under a
dry argon atmosphere were performed in an anhydrous methanol solution of
O.1K LiCI0 4  containing less than 150 ppm of water. Polarization
measurements were carried out on the iron electrode in the methanol
solution with and without a complexing agent to stimulate or suppress the
corrosion of iron in anhydrous methanol. Layers formed on the iron
surface were analyzed by x-ray photoelectron spectroscopy (XPS).

II. Experimental

A. Katerlals

Anhydrous methanol was obtained as a reagent for high pressure liquid
chromatography (Merck, < 100 ppm of water) and used without further
purification. Analytical reagent grade LiCl0 4 used as an electrolyte was
desiccated with P20 and dissolved in anhydrous methanol at a concentra-
tion of O.IK under a dry argon atmosphere in a dry box (< 0.01 ppm of
oxygen and < 50 ppm of water). The electrolytic methanol solution was
stored in the presence of 4 1 molecular sieves in the dry box. The water
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content in the methanol solution, determined by the Karl-Fischer method,
was maintained below 150 ppm.

High grade reagents of complexing agents, ethylene diamine NH2CH2 CH2 NI2 ,
2,2'-bipyridine ,1,10-phenanthroline

SOH
acetylacetone CH3 COCH2 COCH 3 , catechol OH , 2,3-dimercapto-l-propanol

SHCH 2 CH(SH)CH2 OH were used after drying in a desiccator. They react with
ferrous ion to form stable complexes but do not with anhydrous methanol.

A cross section of an iron rod (99.99Z, Johnson Katthey Chemicals, 5 mm#)
mounted in a Teflon holder was used as an electrode. After abrasion of
the electrode surface with emery papers in air, the surface was polished
with 1 urn alumina abrasive in the dry box filled with dry argon gas. The
electrode was rinsed with anhydrous methanol and immediately immersed in
the electrolyte methanol solution for the electrochemical measurements.
All procedures were performed in the dry box.

A disk of iron (99.99Z, Japan Lamp Industries, 10 mm#) for XPS measurement
was fixed at the end of a Teflon holder with a thermoshrinkable Teflon
tube. The disk was abraded with emery papers and 1 uun alumina powder,
rinsed with methanol in air or under the argon atmosphere in the dry box.

B. Preparation of Ferrous Kethoxide

Ferrous methoxide Fe(OCHs)z was prepared by the reaction of lithium
methoxide with ferrous chloride in anhydrous methanol under a nitrogen
atmosphere as'2

2LiOCH3  + FeCI 2 ---. Fe(OCH3) 2  + 2LiCI (0)

A green crystal of the product was washed with anhydrous methanol under a
nitrogen atmosphere and dried in vacuo. The product was identified by
FTIR spectroscopy. This compound was susceptible not only to hydrolysis
but also to oxidation with oxygen forming a brown solid of ferric
methoxide. This result implies that all procedures in electrochemical and
analytical measurements in this study must be performed under an inert gas
atmosphere to avoid contact with air. Ferrous methoxide gradually
decomposed at an elevated temperature forming a black solid.

C. Impedance Measurements

The impedance of the iron electrode in the anhydrous methanol solution of
O.1K LiCI0 4 was measured at the open-circuit potential E., under the argon
atmosphere in the dry box with a platinum counter electrode and a
Ag/AgCI(methanol) reference electrode connected to a potentiostat, a
frequency response analyzer, and a computer. Sine wave voltages (5 mV
rms) between 10 kHz and 100 mHz were superimposed on the potential. The
measurement was controlled with the aid of computer programs.' 3
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D. Polarization Heasurements

Polarization curves of the iron electrode were measured in an anhydrous
methanol solution of 0.11 LiCIO4 without and with complexing agents at 25T
under the argon atmosphere in the dry box. The potential was referred to
a Ag/AgCl(methanol) electrode. After immersion of the iron electrode in
the solution for 1 h, the potential was changed stepwise every 60 s by 10
mV starting from Eo,. The cathodic and anodic curves were obtained
separately. Several runs were made for each of the curves.

E. XPS Measurements

The iron disk was immersed in an anhydrous methanol plus 0.11 LiClO4

solution without or with the complexing agent at 25t for 5 h under the
argon atmosphere in the dry box. The disk was taken off the Teflon holder
and rinsed with anhydrous methanol in the dry box and then dried in vacuo
overnight. The disk was mounted on a sample holder and fixed in a
subchamber of an XPS spectrometer under an argon or nitrogen atmosphere
using the dry box and a dry bag.

X-ray photoelectron spectra of the disk surface were measured using a JEOL
JPS-90SX spectrometer with Mg K. radiation as the x-ray source.
Components of interest on the iron surface were Fe and 0. The binding
energies were referred to the C (Is,/2) binding energy of a contaminant
carbon at 284.b eV and the resolution of binding energy was 0.05 eV.
Depth profiles of Fe and 0 were obtained by ion bombardment with an Art
gun. The spectrum of 0 (is[/ 2 ) for ferrous methoxide was also recorded on
the spectrometer using a disk prepared by molding with electrically
conducting acetylene black.

III. Results and Discussion

A. Corrosion of Iron in an Anhydrous Methanol Solution of 0.1M LiC1O4

Figure 1(a) shows x-ray photoelectron spectra of Fe (2p) and 0 (Is) for
the iron surface prepared by abrasion and cleaning in air and then
immersed in the methanol solution under the argon atmosphere in the dry
box. Depth profiles of the spectra were also shown with the sputtering
time t,. Peaks of oxidized and metallic iron appeared at about 711 and
706.9 eV of the binding energies in the spectra of Fe ( 2 p3/2). Peaks of 0
(1s5/2) emerged at 530.5 and 531.4 eV, suggesting the formation of ferric
oxyhydroxide or oxide at the surface of the iron electrode prepared in
air. 1 4  Since this oxyhydroxide or oxide on the iron surface has been
proved to act as a passive film to prevent iron corrosion in the anhydrous
methanol solution,' 0 the surface of the iron electrode must be prepared
under an inert gas atmosphere.

Figure 1(b) illustrates depth profiles of the Fe (2p3/2) and 0 (OsI/2 )
spectra for the surface of the iron disk prepared by abrasion and rinsing
with methanol under the argon atmosphere in the dry box and then immersed
in the anhydrous methanol solution under the same atmosphere. A weak peak
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of oxidized iron, probably ferrous ion appeared at t, = 0 and 2 s. Two
peaks of 0 (151/2) emerged at about 532 and 530.5 eV in the region of t.
up to 30 s. The spectra of 0 (1s 1 / 2 ) will be discussed in detail later.

In order to investigate the corrosion rate of bare iron in the anhydrous
methanol solution, the impedance was measured of the iron electrode in the
solution under the argon atmosphere at E... Assuming a simple equivalent
circuit, parallel capacitor-resistor combination at the electrode
interface, the charge transfer resistance was obtained from the impedance
modulus at the maximum phase angle in the Bode diagram. 15 An example of
the Bode diagram for iron in the anhydrous methanol solution is shown in
Figure 2. Since the faradaic conductance Kr, which is the reciprocal of
the charge transfer resistance, is proportional to the corrosion rate at
E.,, the values of Kf were plotted against the immersion time ti in Figure
3. The figure shows the occurrence of iron corrosion in the electrolytic
anhyarous methanol solution. Though the Kt values were scattered at the
initial stage of the immersion, the corrosion rate decreased with an
increase of ti. Retardation of the rate suggested that the iron surface
was covered with a protective layer of corrosion product sparingly soluble
in anhydrous methanol.

B. Formation of Ferrous Methoxide on the Iron Surface

Ferrous or ferric methoxide has been presumed to form on the iron surface
in anhydrous methanol (( 100 ppm of water) under a nitrogen or oxygen
atmosphere. 5  Farina et al. 6 have assumed the formation of FeOCH3 ÷ in the
process of iron corrosion in an acidified methanol solution containing 200
ppm of water. Ferrous methoxide may play an important role in the process
of iron corrosion in anhydrous methanol solutions. The corrosion product
was identified by comparing an x-ray photoelectron spectrum of 0 (s8/,2)

for the product formed on the surface in the anhydrous methanol solution
with that of synthesized ferrous methoxide.

Figure 4(a) to (c) exhibit detailed x-ray photoelectron spectra of 0
(1s1/2) shown in Figure I(a) and (b) at t, = 2 s and a spectrum of 0
(1s,,/) for ferrous methoxide, respectively. A peak of ferrous methoxide
appeared at 532.0 eV. Since the binding energy of this peak was higher
than 531.4 and 530.5 eV, binding energies of peaks in the spectrum of
ferric oxyhydroxide formed during the preparation of the surface in air,
as shown in (a) and (c), a covalent-like bond may form between oxygen and
iron atoms in the methoxide. The peak at 532.0 eV shown in (c) was
apparently distinguishable from the peak at 531.4 eV in (a), judging from
the reproducibility and the resolution of the binding energies.

As shown in Figure 4(b), the spectrum of 0 (isI/ 2 ) for the iron surface
which was prepared by abrasion and rinsing with methanol under the argon
atmosphere and then immersed in the anhydrous methanol solution under the
same atmosphere revealed a peak at 532.0 eV and a shoulder at 530.5 eV.
The former peak was assigned tc that for atomic oxygen of the methoxide
and the latter to that for oxide ion. It was concluded that ferrous
methoxide forms on the bare iron surface in the anhydrous methanol
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solution of O.IK LiCl0 4. Because ferrous methoxide is sparingly soluble
in anhydrous methanol, a barrier layer of the deposited methoxide formed
on the iron surface which protects the surface against corrosion in
methanol, resulting in the decrease of the corrosion rate with an increase
of the immersion time, as shown in Figure 3.

A shoulder in the spectrum of 0 (is8/2) for ferrous methoxide appeared at
530.5 eV as shown in Figure 4(c), being suggestive of the ferrous oxide
formation in the mOf,-iuAide. To elucidate a decomposition reaction of
ferrous methoxide to form the oxide, the methoxide was heated at 100t
under a reduced pressure at 13.2 Pa (10-1 mmHg) and any evolved gas was
collected through a trap chilled with liquid nitrogen. The trapped gas
was analyzed by gas chromatography. The retention time of the evolved gas
agreed with that of an authentic sample of dimethyl ether. A green
crystal of the methoxide changed to a black solid during this experiment.
Hence, ferrous methoxide decomposes gradually forming ferrous oxide and
dimethyl ether as

Fe(OCH3 )2  ..... FeO + CHsOCHs (2)

The presence of ferrous oxide observed in Figure 4(b) may be attributed to
the methoxide decomposition.

If electrochemical processes of iron corrosion occur in the anhydrous
methanol solution of 0.1M LiClO4, cathodic, hydrogen evolution and anodic,
iron dissolution reactions can be considered,

CH3 OH ± CH30- + H+ (3)
2H1 + 2e- ----- ' H2  (4)
Fe - Fe 2 + + 2e- (5)

Methoxide ions and ferro, q ion reacted immediately to form a precipitate

of ferrous methoxide as

2CH3 0- + Fe 2  ----- Fe(OCHs)z (6)

The layer of the deposited methoxide on the surface suppresses the
cathodic and anodic reactions, resulting in the low corrosion rate.

C. Iron Corrosion with Complexing Agents in Anhydrous Methanol

Figure 5 shows polarization curves of the iron electrode in anhydrous
methanol solutions of 0.1M LiCI0 4 without and with IXI0"4M of ethylene
diamine, 2,2'-bipyridine, and 1,10-phenanthroline under the argon
atmosphere. The curves of the electrode in the methanol solutions
containing catechol, acetylacetone and 2,3-dimercapto-l-propanol at
1X10"4 M are also shown in Figure 6. They react with ferrous ion to form
stable complexes in aqueous solutions." 6  Because these curves were not
re!;roducible, several runs were made for each of the anodic and cathodic
curves and averages of the curves are shown in the figures. Since the
anodic Tafel lines could not be defined in some cases, no accurate
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corrosion current densities were obtained by Tafel extrapolation.
Nevertheless, these curves provided useful informataions for elucidating
the processes of iron corrosion in an electrolytic methanol solution.

Well defined Tafel regions were exhibited in all cathodic curves. Most of
the cathodic Tafel lines in the presence and absence of the complexing
agents were fairly close to each other except the line for catechol. The
values of the cathodic Tafel slope were markedly high, 0.59 V/decade on
average, as compared with those for iron in aqueous and nonaqueous
solutions of protic acids, suggesting a different mechanism for the
cathodic process of iron corrosion in the methanol solutions from that of
the hydrogen evolution reaction in protic acid solutions. Although
dissociation constants of acetylacetone (pK. in water = 8.93), catechol
(9.19), and 2,3-dimercapto-l-propanol (8.58) in anhydrous methanol must be
higher than the value of methanol (16.71)'7, the cathodic reaction was
unlikely associated with protons afforded by the dissociation of these
compounds except catechol. Direct reduction of methanol may take place at
the iron surface under no influence of protons released from complexing
agents, as

2CH3 OH + 2e- ---- 2CH 3 0- + H2  (7)

The complexing agent in the anhydrous methanol solution affects the anodic
polarization curve to a greater extent than the cathodic one. 2,3-
Dimercapto-1-propanol remarkably accelerated the anodic process, probably
forming a ferrous complex at the surface. Because this complex was
dissolved into the methanol solution, it was considered that the anodic
reaction was markedly stimulated by the addition of the complexing agent.
Catechol formed a layer of dark red complex deposit on the surface, being
rather protective against iron corrosion in methanol, as shown in Figure
6. The anodic process of iron corrosion in the methanol solution
containing ]XI0-4M of aprotic complexing agents was stimulated in the
order, ethylene diamine < 2,2'-bipyridine < 1,10-phenanthroline. Since
this order agrees with that of the stability constants for Fe 2 + complexes
of these agents in aqueous solutions (pK = 9.72, 17.2, and 21.0,
respectively 6 ), the stimulation of anodic process with the complexing
agent is associated with the stability of complex formation. Because the
complexing agents except catechol accelerated the anodic process of. iron
corrosion in the methanol solutions of the agents, soluble complexes were
formed by the reaction of ferrous methoxide with complexing agents, L for
example, as

Fe(OCH3) 2 + nL ..... [FeL.12+ + 2CHsO- (8)

and ferrous ion was removed away from the surface, resulting in stimula-
tion of the anodic process expressed by Equations (5), (6), and (8). In
fact, x-ray photoelectron spectra for the iron surface previously treated
with 2,3-dimercapto-1-propanol in the anhydrous methanol solution showed
the presence of the ferrous complex and oxide only at the outermost layer
of the surface within the sputtering time t, < 5 s, as shown in Figure 7.
Since peaks of the methoxide and oxide in the spectra of 0 (isI/ 2 ) for the
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iron surface immersed in the methanol solution without the complexing
agent appeared even at t, = 30 s, as shown in Figure 1(b), it was
concluded that ferrous methoxide was dissolved into the solution from the
surface by the formation of the complex.

IV. Conclusions

Ferrous methoxide forms as the corrosion product of iron in an anhydrous
methanol solution of 0.1M LiCIO4 under an argon atmosphere. Because the
methoxide, which is sparingly soluble in anhydrous methanol, precipitates
on the iron surface forming a barrier layer, the corrosion rate decreases
with an increase of the immersion time. Polarization curves of an iron
electrode in the electrolytic anhydrous methanol solution containing
complexing agents which form stable complexes with ferrous ion revealed
that the agents affect the anodic iron dissolution process to more extent
than the cathodic hydrogen evolution reaction. If soluble complexes form
at the surface by reactions of the methoxide with the agents, the anodic
process is stimulated. The formation of a complex insoluble in anhydrous
methanol results in suppression of the anodic and cathodic processes.
Direct reduction of methanol at the iron surface to form a hydrogen
molecule and methoxide ion was proposed as the cathodic reaction. The
methoxide ion combines with the ferrous ion afforded by the anodic
process, forming ferrous methoxide.
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Abstract

Corrosion and passivation of electroplated iron thin film in
pH 6.48 boric acid-sodium borate solution were investigated by
using the quartz crystal microbalance (QCM) technique combined
with Auger electron spectroscopy (AES) for a better under-
standing of the corrosion of metal thin films. Moreover,the
differences in corrosion behavior between iron thin films and
bulk iron were examined.

The passivation potential of iron thin films was higher than
that of bulk iron. Bulk iron was more easily passivated than
iron thin films. No impurities were detected in iron thin film
within the detection limit of AES. The differences In corro-
sion behavior between thin film and bulk. therefore, were
attributed to a difference in structure.

The significant dissolution of iron preceded the formation of
the passive film for passivation of iron thin films. The pre-
dominant process of passivation of iron thin films was the
anodic deposition of ferrous ions once dissolved, which was
supported by Auger results revealing the presence of signifi-
cant amounts of boron in the passive film.

The anodic current of iron dissolution and cathodic current of
hydrogen evolution could be separately obtained as a function
of electrode potential from the mass change of iron thin films
measured during galvanostatic polarization near the corrosion
potential.

Key terms: quartz crystal microbalance (QCM). in situ gravime-
try, iron thin films, corrosion, passivation

Introduction

In spite of many new, ex situ, surface-analytical methods such
as x-ray photoelectron spectroscopy (XPS), Auger electron
spectroscopy (AES). secondary ion mass spectroscopy (SIMS),
and so on, detailed knowledge of the corrosion process in
aqueous solution is still lacking. The quartz crystal micro-
balance (QCM) technique is capable of detecting small mass
changes in the range of nanograms per centimeter squared from
resonant frequency changes of quartz crysta1,ý,_qcent applica-
tion of the QCM technique to aqueous systems"' has succeed-
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ed in performing in situ gravimetry under controlled electro-
chemical conditions. The simultaneous measurements of mass
change and electric charge would provide a better understand-
ing of corrosion processes of metals In aqueous systems. The
application of QCM, however, is limited to the corrosion of
thin films and the corrosion behavior of metal thin films
will not be always similar to those of bulk metals.

In this study, the corrosion and passivation of iron thin
films were investigated using the QCM technique combined with
AES for better understanding of the corrosion processes of
iron. Moreoverthe differences in corrosion behavior between
thin films and bulk iron were examined.

Experimental

A QCM sensor head(5Milz, AT-cut quartz crystal) with an oscil-
lator circuit (TPS 500, Maxtek, Inc.) was used in this experi-
ment. Gold electrodes were evaporated on both sides of the
quartz crystal in the sensor Pead.The geometrical surface area
of the, electrode was 0.50 cm . According to Sauerbrey's equa-
tion • , the mas• senfitivity of this quartz oscillator is
1.77 x 10- g cm-1 Hzl . The Iron thin films with a thickness
of about 200 nm were electroplated on one side of the gold
electrodes on the quartz crystal. The electroplating was per-
formed In 0.9 M FeSO (Nil )OS446"H20 under a constant cathodic
current density of 2 x V 2-• A cm-2 for 110 s. The current
efficiency for iron film formation obtained from a comparison
between mass change of the QCM and cathodic charge was about
30%.

Figure 1 shows the block diagram of the electrochemical QCM
system. The sensor head was mounted in an electrochemical
cell, using a Teflon holder and clamps. The gold electrode
covered with the iron thin film on one side of the crystal was
grounded and used as a working electrode. The electrolyte
solution employed for this study was boric acid-sodium borate
solution of pH 6.48 which was deaerated with ultrapure nitro-
gen gas before and during experiments. The iron thin film
immersed in pH 6.48 solution was cathodlcally reduced under a
constant current density of ic= 5 x 10-6 A cm- 2 for 10 s to
remove an air-formed oxide film. After cathodic reduction, the
solution was renewed and the iron thin film was polarized
potentiodynamically, potentiostatically or galvanostatically.

The changes in resonant frequency of the quartz crystal due to
mass change during polarization were monitored with a frequen-
cy counter and recorded on a personal computer. Simultaneous-
ly, the changes in current or potential were recorded on the
same computer. Iron plates with a purity of 99.9% were used
for comparison with the iron thin film and were polarized
under the same experimental conditions. The depth-profiling
by AES combined with argon ion-etching was performed for the
iron thin film electroplated on the gold plate in place of the
evaporated gold of the quartz oscillator.

Results and Discussion
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Cyclic Voltammogram and Gravimetric Curves of Iron Thin Films
- Figure 2 shows the cyclic voltammogram (upper) and gravimet-
ric curve (lower) of an iron thin film in pH 6.48 solution.The
potential scan (10 mV s- ) started in the anodic direction
from the potential of natural immersion and reversed to the
cathodic direction at 1.5 V (SHE). The cyclic scan was per-
formed several times between - 0.8 V and 1.5 V (SHE). For
comparison, the cyclic voltammogram of bulk iron is shown in
Fig.3. The cyclic voltammogram of the iron thin film is dif-
ferent from that of bulk iron. The potential at maximum disso-
lution current for iron thin film shifts by 0.3 V to the noble
direction in comparison with that for bulk iron.The passivity
maintaining current of the iron thin film is higher than that
of bulk iron.The corrosion behavior would depend on the
impurity level and the structure of iron. Auger depth pro-
files of iron thin films as received indicated that no impu-
rities such as sulfur, nitrogen, carbon and oxygen were
present in the film within the detection limit of AES. The
differences in corrosion behavior between iron thin film and
bulk iron, therefore, will be attributed to a difference in
structure, because metal thin films electroplated are amor-
phous or micro-crystalline in comparison with the large crys-
tal size of bulk metals.

The gravimetric curve in Fig.2 provides the fine features of
corrosion of iron thin films, responding to the cyclic voltam-
mogram. The mass decrease is predominant in the active
dissolution range, whereas a slight mass gain is observed in
the active-passive transition region. The mass decrease ap-
pears again in the cathodic reduction current peak of 2 the
passive film. The net mass decrease of 6.6x0 g cm- is
finally observed for each cycle.

Potentiostatic Polarization of Iron Thin Films - Figure 4
shows the anodic current vs. time curve (upper) and mass
change vs. time curve (lower) for iron thin films subjected to
potentiostatic oxidation at various potentials. The anodic
current vs. time curve for bulk iron subjected to the same
conditions is also shown in Fig.5. It is seen from comparison
of Fig.4 (upper) and Fig.5 that the iron thin film is still
active at 0 V (SHE) where the bulk iron becomes passive. In
addition, in the passive region, the anodic current for bulk
iron is higher than that for iron thin films at the initial
stage but decreases exponentially with time. In contrast with
bulk iron, the anodic current for for iron thin film decreases
gradually with time, after reaching a plateau. The above
results indicate that the iron thin film is passivated slowly
in comparison with bulk iron.

It is seen from the mass change vs. time curve in Fig.4 that
the mass of theiron thin film decreases with time until the
anodic current passes through the plateau region. After the
plateau of anodic current,the mass increases and attains a
saturation value depending on the applied potential. The mass
change vs. time curve, therefore, reveals that a significant
dissolution of iron precedes the passive film formation of the
iron thin film.
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Figure 6 shows the quantitative relation between mass change,
Am, and anodic charge, q required for passivation. The
values of slopes, Am/Aqa o1 the linear region in the curves
are given In Fig.6. Assuming the possible corrosion and
passivation processes of iron, the values ofAm/Aq can be
theoretically derived for the respective processes as Follows.

Fe = Fe2+(aq) + 2e (1) Am/Aqa= -2.9 x 10-7 (g C- 1 )
Fe + 2H 0 - FeOOH + 3H1 + 3e (2) Am/Aqa= 1.1 x 10-7 (g C- 1 )
Fe2÷(aqý + 2H 2 0 = FeOOH + 3H÷ + e (3) -

Am/Aqa= 9.2 x 10-7 (g C- 1 )

The reaction (1) represents the dissolution of ferrous ions
front metallic iron. The two possible reactions (2) and (3)
will be proposed for the formation of the passive film, FeOOH.
Reaction (2) means the direct formation of the passive film,
whereas reaction (3) represents the indirect formation of the
passive film due to anodic deposition of f rrous 1 ons once
dissolved. The slope, Am/Aqa= -1.9 x 10- (g C ) of the
initial mass decrease in Fig.6 deviat s significantly from the
theoretical slope, Am/Aqa= -2.9 x 10- (g C- ) of the reaction
(1), suggesting that the reaction (2) proceeds simultaneougly
with the reaction (1). According to Kanazawa and Gordon ",
the resonant frequency of QCM in a liquid phase is influenced
by the density and viscosity of the solution. This deviation
may be alternatively explained in terms of the change in
density or viscosity of the solution near the electrode sur-
face due to the enrichment of ferrous ions which will result
from the slow process of diffusion of ferrous ions into the
bulk solution.

The slope, Am/Aqa of the mass increase at the litter sjage
exceeds the theoretical slope, Am/Aqa= 1.1 x 10- (g C-)o
the reaction (2). Particularly, the slope, Am/Aq 9.0 x 10
(g C 1 ) at 0.2 V (SHE) is verl close to the theoretical
slope, Am/Aqa= 9.2 x 10-' (g C- ) of reaction (3). Reaction
(3), therefore, will be mainly contributing to the mass in-
crease in the latter stage. The Auger depth profile of passive
film formed at 0.8 V (SHE)on iron thin films indicated that a
significant amount of boron was presenI)in the outer layer of
the passive film. The recent QCM study ) on anodic deposition
of ferrous Ions in pH 6.48 boric acid-sodium borate solution
suggested that the composition of deposited films was close to
the equimolar mixture of FeOOH and Fe(OH) B(OH) . The maximum
Auger peak--to-peak height ratio, B(179 eV)7Fe(651 eV)= 0.30 in
the passive film on the iron thin film exceeded the maximum
value of B(179 eV)/F0651 eV)= 0.26 in the deposited film
previously reported , supporting strongly that reaction
(3)is the predominant process for passivation of iron thin
films.

Active Dissolution of Iron Thin Films - Figure 7 shows the
relation between mass change, Am and anodic charge, q for
iron thin films subjected to active dissolution at 0 V (SHE)
and -0.2 V (SHE). The slopes of the linear relation in Fig. 7
deviate from the theoretical slope of reaction (1). The devia-
tion may result from the deposition of ferrous hydroxide due
to the enrichment of ferrous ions near the electrode surface
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as explained before. The net reaction of ferrous hydroxide

formation is represented as follows.

Fe + 2H20 = Fe(OH) 2 + 2H+ + 2e (4) Am/Aqa= 1.8 x 10-l 7 (g C- 1 )

Provided that reactions (1) and (4)take place simultaneously
in the active region of iron thin films, about a 20 % contri-
bution of reaction (4) can be calculated from the slopes of
the linear lines in Fig.7. However, the possibility of the
resonant frequency change of QCM resulting from a change in
viscosity or density of solution near the electrode surface
due to enrichment of ferrous ions can not be excluded as an
altern.tivc explanation.

Figures 8 and 9 show the mass change vs. time and potential
-s. time curves for iron thin films polarized galvanostatical-
ly in the anodic and cathodic directions near the corrosion
potential, respectively. In Fig.8, the mass decreases linearly
with time and the slope of the line increases with increasing
anodic current. On the other hand, in Fig.9, the mass de-
creases linearly with time but the slope of the line decreases
with increasing cathodic current. The following hydrogen
evolution reaction (5) coupled with the reaction (1) takes
place on the iron thin film when it is polarized near the
corrosion potential.

2H20 + 2e = 112 + 20H- (5)

The net galvanostatic current, I_, therefore.i, equal to the
difference between the anodic curent of reaction (1). ia and
cathodic current of reaction (5), i, i.e., ig = 'a - ic. At
the slight polarization of the iron thin film from the corro-
sion potential, reaction (4) or the possibility of resonant
frequency change of QCM due to the enrichment of ferrous ions
can be neglected because the dissolution of ferrous ions is
small. Thus, the anodic current of reaction (1), ia can be
calculated as a function of the electrode potential from the
linear slope of mass change in Figs.8 and 9. Furthermore, the
cathodic current of reaction (5), ic can be calculated from
the relation of ic = ia - 1g.

The values of iC and i thus calculated are plotted versus
electrode potential in Fig.10. The corrosion current, c, of
iron thin films at t e corrosion potential, Ecor obtained from
Fig.10 is 9.0 x 10-. • cm- wtich was rather small compared
with 1 = 1.8 x 10-1 A cm- of bulk iron obtained from
extrapolation of the Tafel slope to the corrosion potential.

Conclusions

The following conclusions are drawn from in situ gravimetry
of corrosion and passivation of electroplated iron thin films
in pH 6.48 boric acid-sodium borate solution.

l.The passivation potential of an iron thin film is higher
than that of bulk iron. Bulk iron is more easily passivated
than the iron thin film. The difference in passivation between
iron thin films and bulk iron is attributed to a difference
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In structure.

2. A significant dissolution of iron precedes the passive film
formation for the passivation of iron thin films. The anodic
deposition of ferrous ions once dissolved from an iron thin
film Is the predominant process of passivation, which is
strongly supported by Auger results showing the presence of
significant amount of boron in passive films formed on iron
thin films.

3. The possibility of deposition of ferrous hydroxide due to
the enrichment of ferrous ions near the electrode surface is
suggested for iron thin films subjected to active dissolution.
Alternatively, it is also suggested that the enrichment of
ferrous ions near the electrode influences the resonant fre-
quency of QCM.

4.The measurement of mass change during galvanostatic polari-
zation of iron thin films near the corrosion potential has
succeeded in obtaining separately the anodic current of iron
dissolution and the cathodic current of hydrogen evolution as
a function of electrode potential.
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Abstract

A high alloyed austenitic stainless steel (20Crl8Ni6.1MoO.2N) was exposed to 0.1 M HCI + 0.4 M NaCl at 22 0 C
and at 650C. Polarisation of the steel shows that it is passivated at room temperature in the potential range -
200mV to 900mV (SCE). At 650C the current fluctuates showing that initiation and repassivation of pits occur.
ESCA analysis of the steel polarised to -100 mV and 500 mV (SCE) shows that the composition and thickness of
the passive film is dependent on the potential and the temperature of the electrolyte. The thicknesses of the passive
films formed at room temperature at the potentials -100mV and 50OmV (SCE) are 12 A and 17 A, respectively.
The films formed at 650C are 13 A and 19 A at corresponding potentials.

The passive film consists of an inner oxide layer and an outer hydroxide layer. Chromium in its three valence state
is enriched in both phases. The cation content of Cr 3+ in the inner oxide formed at room temperature at -
100mV(SCE) is 55 at.%. At the higher potential the Cr 3+ content has decreased to 40 at.%/. At 650C the Cr3+
content in the inner oxide layer is about 45 at.% at both potentials. Molybdenum is slightly enriched in the
outermost layer in its four and six valence states. The Ni contents are very low in the films formed at both
temperatures. Nitride is formed at the interface between the metal and the oxide phases. The alloying elements Ni
and Mo are enriched in the metal phase under the passive film. It is suggested that the repassivation properties of
the steel is enhanced due to the enrichment of these elements.

Key terms: ESCA, stainless steel, passivation, hydrochloric acid, elevated temperature

Introduction

High alloyed, so called superaustenitic, stainless steels have been developed during the last decades. The
development has gone from the classic AISI 304 and 316 containing I8CrSNi and 18Cr8Ni2.7Mo, respectively to
alloys of the type 20Crl8Ni6. lMoO.2N (UNS S31254). The driving force for the development of the steels have
been the search for material with improved resistance to localised corrosion in environments containing halogen
ions. Measures of the resistance to these environments are the pitting potential and the critical pitting temperature
(the temperature for initiation of pitting at 400mV (SCE)). For example, the pitting temperatures of AISI 316 and
UNS S31254 exposed to IM NaCI, pH I are 450C and 900C, respectively (1). Thus, the corrosion properties of the
high alloyed steels are superior to the standard materials. The influence of the alloying elements on the corrosion
properties of austenitic stainless steels has so far not been clarified. It is very useful to point out some observations,
which can be obtained from exposure of a series of alloys to hydrochloric acid: the polarisation diagrams show
almost the same current in the passive range; the composition and the thickness of the passive films are almost the
same. However, sensitivity to pitting corrosion is markedly different between the alloys. At room temperature the
high alloyed steels are passivated without pitting in the whole potential range between their active dissolution and
transpassive regions while the low alloyed steels are attacked at low potentials close to the active dissolution
region.
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Surface analysis techniques, ESCA, Auger and SIMS have shown that the passive film formed on the surface of
stainless steels exposed to acids has a duplex structure. It consists of an inner barrier oxide film and an outer
hydroxide film (2-23). Chromium is markedly enriched in the passive film. The Ni- content in the film is low. The
outer hydroxide layer consists mainly of Cr- and Mo- hydroxide (8,12,13). The inner barrier layer consists mainly
of Fe and Cr oxide containing dissolved Mo in its four valence state (5,8, 12).

ESCA analysis of stainless steels performed after polarisation to potentials in the active and passive regions shows
that the measured Fe-content in the metal phase is lower than the composition of the alloy. Iron is selectively
dissolved (2-8,12,13) and thereby found in the solution (14). Molybdenum and Ni are enriched in the metal phase
underneath the oxide (2-8,13-17). It has been proposed (3-4,18,19) that during active dissolution and passivation
of stainless steel a thin layer of an intermetallic compound is formed in the outermost layer of the metal phase.
The electrochemical and corrosion properties of the steel is thereby influenced. The enrichment of the alloying
elements on the surface lower the dissolution rate and enhance passivation of the alloy. The resistance to localised
corrosion is increased because the enrichment of the alloying elements facilitate repassivation. It has also been
proposed that Mo in the steel raises the electric field and so the dissolution occurs earlier in the repassivation
process. Thus the onset of passivity is accelerated and hence the resistance to chloride induced pitting is improved
(20).

The present work is a study of the surface composition of the passive film formed on the surface of a high alloyed
stainless steel during exposure to hydrochloric acid at 22 0 C and 650 C. Attention is directed to the distribution of
the elements in the passive film.

Experiuemal

The composition of the steel (Avesta 254 SMO) is: wt.%, 20Crl8Ni6. lMoO.4Si0.4MnO.7CuO.2N0.020C-bal.Fe.
The samples were polarised in deaerated 0.1 M HCI + 0.4 M NaCI at room temperature and at 650 C. The
exposures were performed in an electrochemical cell directly connected to the ESCA-instrument. After
polarisation of the sample it was moved to the analyser without exposure to air. The cell, made of glass and
Teflon, allows the electrolyte to be heated to almost 100 oC. The potential was measured with a Calomel reference
electrode located outside the cell at room temperature. All potentials in this paper are referred to the Calomel
electrode. The cell is designed in a way that crevice corrosion is avoided.

The samples were pre-treated by grinding on emery paper down to 600 mesh and then by diamond-paste polishing
down to I ^um, followed by ultrasonic cleaning in ethanol. The electrolyte was deaerated by Ar-bubbling for 2 hours
before exposure of the sample. The sample was activated at the cathodic potential -700mV for 10 min before
polarisation. The samples for ESCA-analyses were prepared by stepping the potential from the activation potential
to the potentials of interest, -100mV and 500mV. The exposure time was 10 min. The polarisation was interrupted
by pouring isopropyl alcohol through the cell. After rinsing the sample in methyl alcohol it was moved to the
ESCA-instrument.

The ESCA-instrument (P1il 5500) was operated with its monochromised Al KcL X-ray radiation. The pass energy
of the analyser was 23.5 eV. The samples were analysed at the take-off angles 300, 450 and 800. The take-off
angle is defined as the angle between the surface and the entrance to the spectrometer. The solid angle of electron
acceptance was the lowest possible.

Results

Figure 1 shows polarisation diagrams recorded from the steel exposed to 0.1 M HCI + 0.4 M NaCi in the cell
connected to the ESCA-instrument. The sweeping rate was 2 mV/s and the temperatures of the electrolyte were
22 0 C and 650 C. It appears from the figure that at room temperature the steel is passivated in the range -200mV to
900mV. The latter potential is the beginning of the transpassive range. The passive current is about 10 pA/cm2 .
The figure shows the characteristic active passive transition at both temperatures. The passivation currents are 60
iA/cm2 and 100 A/Cm 2 at room temperature and at 650 C, respectively. The passivation potential at room

temperature is about 8OmV higher than the passivation potential at 650 C. It appears from Fig. lb. that the current
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fluctuates in the potential region between -100 mV and 900 mV. The minimum current in this range is about the
same as the passive current obtained at room temperature. Thus, at 650C the surface is activated and repassivated.
Scanning electron microscopy analysis of the surface after polarisation shows that pits are uniformly distributed
over the surface. The fluctuation of the current and the presence of deep pits after polarisation to high potentials
indicate that the majority of the pits have passed through the three states: initiation, propagation and
repassivation. The Tafel slope of the cathodic reaction is 140mV/decade for both exposure temperatures. The
hydrogen reaction at 650C is one order of magnitude larger than at 220 C.

The samples for ESCA-analyses were prepared by stepping the potential from the activation potential to -100 mV
or 500 mV. The current versus time is illustrated in Fig.2. The steel was polarised to 500 mV at 650 C. In this case
the current fluctuates due to initiation of pitting. The fact that the current decay shows that the pits are
repassivated. The pits are very small and uniformly distributed over the surface. The polarisation stopped after
exposure for 10 min in order to avoid uncontrolled growths of pits.

Figure 3 shows an ESCA survey scan recorded after polarisation of the sample to -100mV for 10 min at 22 0 C. It
appears from the spectrum that photoelectron signals and Auger-electron signals from Ni, Fe, Cr, Mo, 0, C, N and
Cl are detected. In spite of the fact that the sample was polarised in a NaCl- containing solution Na is not detected.
The binding energy (BE) of Na Is is 1072 eV. Thus, the salt has been removed during rinsing of the sample.
Chloride, on the other hand, is present in the oxide products formed on the surface during passivation.

ESCA-spectra recorded from narrow energy regions after polarisation of the steel at 650 C to -100mV and 500mV
are illustrated in Fig.4a and Fig.4b, respectively. The dotted curves represent the sum of the deconvoluted peaks. It
appears that both the oxide and the metallic states of Fe, Cr and Mo are detected. Nickel is present in the spectra
mainly in its metallic state. The signal from Ni-oxide recorded at -l00mV is very low. Nickel-hydroxide is
detected after polansation to 500mV. The oxide states of the other elements are: Fe is present in its di- and tri-
valence states; the Cr-signal is divided into two signals representing Cr3 + in oxide and hydroxide (6,7)- Mo occurs
in its four and six valence states (6, 7). The oxygen signals are splitted into three peaks representing O4', OH- and
H2 0. The amount of Fe-oxide formed is higher at the higher potential. The Cr-and the O-spectra show that the
hydroxide state of these elements dominate at the low potential. It will be shown that the oxide products formed on
the surface consists of a duplex layer; an inner oxide layer and an outer hydroxide layer. The interpretation of
nitrogen is very difficult for Mo-alloyed steels because the only available N-signal, N Is, overlap the Mo 3 P3/2
signal. The two N-signals shown in the spectra represent nitrogen in nitride (BE=397.5 eV)and ammonium
(BE=400.1 eV), respectively. The figure shows a higher nitride-signal from the sample polarised to the higher
potential compared to the low potential. This finding may indicate that the formation of nitride depends on the
potential. The N(H 4 N+)- peak is found even on the surface of non- N- containing steels. The nitrogen source is
probably NO- 3 and/or NO 2 present as impurities in the water. It is suggested that ammonium is formed during
polarisation to low potentials during preparation of the sample. The recorded intensities of the metallic state of Mo
is about the same. Signals representing C1'- ions occur in the spectra. As pointed out above, Na+- signals were not
detected. The Cl 2p signals are separated into their Cl 2pl/2 and Cl 2 P3/2 peaks. The recorded signals show that
Cl-- ions exist in two different states because two pares of signals are detected. The low intensity high binding
energy component of CI', CI'(HB), represents Ci" bound to N in H4 NCI. The intensity ratio between CI"
(HB)/N(H 4 N+) are approximately constant for all angles.

Angle dependent FSCA-analyses have been performed after polarisations. Figure 5 illustrates the signals Cr
2 P3/2, Ols, N Is and Mo 3 P3/2 recorded at the take-off angles 300, 450 and 800 after polarisation to 500mV at
65 0 C. It appears that the intensity ratios Cr3 +(hy)/Cr3 +(ox) and O2 "(hy)/O2"(ox) increase with decreasing take-
off-angle. This is a proof for the statement above that the reaction products consists of an inner oxide layer and an
outer hydroxide layer. The angle dependent intensities of the peaks from the N Is, Mo 3 P3/2 region shows that
Mo is present in the outer hydroxide layer and that Mo4 (ox) is present in the inner oxide layer due to the fact
that the intensity ratio Mo6 +/Mo4 + increases with decreasing take-off angle. It also appears that N(H4 N+) is
present in the outermost surface layer, because the intensity ratio N(H4 N+)/Mo6 + is independent of the take-off
angle. Further, it appears that nitride is formed at the metal/oxide interface; the intensity ratio N(nitride)/Mo6 +
increases with the take-off angle. Formation of nitride at the oxide/metal interface has been reported earlier (18).
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The thickness and the composition ofthe films can be calculated using the formulas (48):

i D i Y i A i nae sin- 04 L s i n

meC me me me -a -a(2
1i =aDi Yi AiO sin~e - • -n (2)

si 4 , nOx , e4 smi O

Whene liOx and lime are the measured intensities of element i in the oxide, ox, and the metal, me, phase,
respectively. D is the atomic density of the element, Y the relative photoelectron yield factor, X is the attenuation
length of the photoelectrons, aO and ac the thicknesses of the passive film and contamination layer, respectively.

The thickness of the oxide is obtained by dividing Eqns. I and 2:

Ox OXao me me me
ox + Ii Di Aj Yi (3)

a = sinOh{+ me ox at o(
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The compositions of the two phases are:

OX me
OW Di me Di

S- o - Wme (4)
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The potential dependence of the passive fim-thickness is shown in Figs. 6a and 6b after passivation at 22 0 C and
650 C, respectively. It appears that the thickness of the film increases with the potential and the temperature. The
hydroxide layer is about 6 A thick and its thickness is almost independent of the potential and temperature. At the
low potential, -100mV, the steel is passivated without pitting corrosion. At this potential the thicknesses of the
oxide barrier phases formed at 22 0 C and at 650 C are 6 A and 7 A, respectively. Polarisations to 500mV at the two
temperatures give 11 A and 13 A thick inner oxide layers.

The concentration obtained from the measured intensities taking into account the total thickness of the film, the
electron yield factors, the take-off angle and the attenuation lengths is called "integrated concentration". It does
not take into account the fact that the species are present in two different phases. On the other hand, the integrated
concentration is one way to present the recorded intensities in a normalised manner. Figure 7 shows the integrated
concentrations of the reaction products as function of take-off angle. The oxide products were formed on the
surface of the steel during polarisation to the two potentials and the two temperatures.

It appears from the figure that the integrated concentrations of OH', Cr3 +(hy), Mo6 + and Mo4 +(hy) decrease with
increasing take-off angle. For the species 02-, Cr 3 +(ox), Feox (Fe2++Fe3 +) and Mo4 + the concentrations increase
with the angle. Thereby, the first group of the elements are located in the outer region of the passive film and the
latter group of the elements in the inner part of the reaction products. In the case of CI" the tendency is not clear. It
seems that the integrated concentration is independent of the take-off angle. This indicates that CI'- ions are
distributed throughout the oxide and the hydroxide layers. However, it has to be mentioned that the separation of
the signals in their elementary states is very difficult due to the complexity of the spectra: the contribution of the
oxygen signal representing oxygen bound to carbon in the contamination layer has to be removed (7); Ni-Auger
signals overlap Fe 2p (not shown in Fig.4.) and its contribution has to be taken into consideration; the Mo 3d
signal consists of overlapping spin-orbital peaks.
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Figure 8 shows the concentrations of the cations in the hydroxide and in the oxide as function of potential and
temperature. It appears that the Cr 3+ is the dominating cation species in the hydroxide at both potentials and
temperatures. The Crd-content of the hydroxide products formed at room temperature is about 80 at.% and
almost independent of the potential. At 650C the Cr +-contents are slightly lower at - lOOmV and about the same,
80 at.1/6, at 500mV. The remainder cations in the hydroxide are mainly Mo4 + and Mo6 +. At the low potential the
total Mo4 + and Mo6 + -contents at room tern rature and at 650C are 20 at.% and 30 at.!/6, respectively. The Fgs.
8a and 8c indicate that the Mo4 + and Mo - contents decrease with the potential. Determination of the NiL+-
content is uncertain. However, the Figs.8a and 8c indicate a small amount of Ni2 +-ions in the hydroxide layer at
500mV.

The barrier layer consists mainly of Fe- and Cr-oxides. The Figs. 8b and 8d show that the Cr3 +-concentration
decreases with the potential at both temperatures at the same time as the FeOX-content increases. At room
temperature the sum of Cr 3 + and FeOx is about 90 at.%. Molybdenum in its four valence state and Ni2 + occur in
the inner oxide layer formed at -1OOmV. At room temperature the contents of Mo4 + and Ni2 + are about 5 at.% for
each of the elements. At 650C the cation contents of these elements are slightly higher. Further, it appears from
Fig.8 that at both temperatures the contents of Mo4 + and Ni2 + in the oxide decreases with the potential. At 500
mV the concentrations of these elements are low.

Discussion

In this study a high alloyed stainless steel was polarised at room temperature and at 650C to -1OOmV and 500mV
for 10 min in 0.1 M HCI + 0.4 M NaCI. The steel is passivated at room temperature at both potentials and at 650 C
at -100mV. The potentiostatic recording at 650C and 500mV shows that initiation and repassivation of pits occur.
The combination of high potential and high temperature was chosen in order to make it possible to analyse the
composition and the thickness of the passive film during breakdown. The pits formed can be observed in a
microscope, but they are small and cover only a fraction of the surface. The contribution to the ESCA-signals from
the pitted areas can therefore be neglected.

The analysis shows that the thickness of the passive film increases with both the temperature and the potential. At
room temperature the overall thicknesses of the surface products formed at -100mV and at 500mV are 12 A and
17 A, respectively. The corresponding values at 650C are 14 A and 19 A.

The passive film consists of an inner barrier film of oxide and an outer film of hydroxide. Formation of the
hydroxide is one of the first step in the passivation process. It is suggested that the hydroxide layer does not
contribute to the limitation of the current. In stead it is the properties of the inner oxide layer which give the
characteristic limitation of the current in the passive state. The inner oxide layer is formed by deprotonation of the
hydroxide layer. The thickness of the hydroxide layers is found to be 6 A. In a previous study (8) of the same
material polarised at room temperature to the same potentials the composition and the thickness of the barrier
layer was found to be the same as in this study. However, the thickness of the hydroxide layer was estimated to be
4.2±i A in that study (8) compared to 6 ± 1 A found in this study.

The hydroxide layer consists mainly of Cr(OH) 3. The Cr3 +- content in the hydroxide layer is significantly higher
at room temperature than at 65 oc. It was not possible to clarify any potential dependance. The standard
deviations from the three measurements performed at each set of parameters are larger than the variation of the
average values. Nickel can only be detected at the high potential, 500 mV, in the hydroxide layer. The Ni-
spectrum shows a characteristic Ni 2 +- hydroxide signal which make it possible to separate Ni 2 +-hydroxide from
Ni2 - oxide. The angle dependent ESCA- analysis of the samples polarised to -100 mV indicates that Mo4 + and
Mo6 +are present in the outer hydroxide layer. At 500 mV, Fig. 7, the contents of these species are about 1 at.%
(integrated), which make it difficult to see any clear angle dependence. The analysis indicates that Fe2 + and Fe3 +
are present in the oxide. However, the angle dependent ESCA-technique is in fact a relatively crude method for
determination of the distribution of the elements in the oxide products. It can not be excluded that even Fe2 + and
Fe3 + species are present to a low extent in the hydroxide because iron as well as the other alloying elements are
dissolved through the hydroxide layer.
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The enrichment of Cr(OH) 3 and dissolution of Fe-hydroxides on the surface is unexpected from thermodynamic
point of view because the solubility of Cr(OH) 3 is larger than the solubility of Fe-hydroxides in acids (21). Thus,
formation of Cr(OH) 3 on the surface must be due to reaction kinetic factors; it is known (22) that Cr 3 +- complexes
react very slowly and thereby the Cr(OH)3 layer can be maintained on the surface.

The cation content of Cr 3 +- ions in the barrier oxide layer is about 50 at.% at - 100 mV. It is slightly higher at
room temperature than at 650 C. Taking into account the difference in oxide thickness it is found that the total
amount of Cr 3 +-ions in the oxide becomes the same at the two temperatures. The FeOx-concentration is about
40at.% at the low potential. Polarisation to the higher potential decreases the Cr3 + concentration so that Feo"
becomes the dominating cation species in the oxide. The Ni2 + and Mo4 +concentrations depend on the
temper',ure and the potential. At 500 mV the contents of Mo4 + and Ni2 + are very low at both temperatures, while
at the lower potential the contents of these elements are in the range 4 to 8 at.%. The concentrations of both
elements are slightly higher at 650 C than at 22 °C. The content of Mo4+ at the low potential is about twice as
high as the Mo content of the alloy.

This study confirm earlier results (2-7) that the contents of the alloying elements, Mo and Ni, in the passive film
decrease with the potential. As demonstrated the concentrations of these elements in the barrier layer is very low.
Molybdenum and Ni are found in the outer hydroxide layer. It has been suggested (18) that Mo6 + - ions form
molybdate in the outer layer and causes deprotonation of the hydroxide layer. In this study the Mo 6 +
concentrations and the hydroxide thicknesses are almost the same for all potentials and temperatures. Thereby,
these results neither support nor contradict the model (18). However, it has been stated (13) that the
hydroxide/oxide ratio increases with Mo6 + present in the hydroxide layer.

The passivation properties of stainless steels depends on the composition of the alloy, the chemical stability of the
passive film, the driving force and the diffusibility of the alloying elements through the film. It is suggested that
pure Cr2 0 3 should give the best protection against break down of the passive state. Pure chromium is passivated
by formation of a layer of Cr 20 3 (23), which is thinner than the thickness of the passive film formed on stainless
steel. The increased thickness of the film formed on stainless steel is due to the fact that lower valence species than
the dominating three valence ions of Cr and Fe are present. The presence of Fe2 + and Ni 2 + ions will be
accompanied by vacancies and thereby the ionic mobility will increase. It has been proposed (7) that the point
defects are cancelled by the presence of higher valence ions such as Mo 4 + in the barrier layer. Thus, the more
defect free oxide will be less able to dissolve the metal.

The role of the alloying elements Mo and Ni on the corrosion properties of stainless steel is not very easy to
understand from the composition of the passive film. At the highest potential and temperature where pitting is
initiated but repassivation occurs the content of the alloying elements in the passive film is low. Thus, this finding
indicates that the role of the alloying elements Mo and Ni is another than formation of a stable passive film.
Earlier works have shown (3-7) that Fe is selectively dissolved and that the alloying elements (Cr, Ni and Mo) are
enriched on the surface in their metallic states during active dissolution. It has been suggested that the enriched
surface layer lower the dissolution rate and enhance the passivation of the alloy. A support for the idea can be
obtained from polarisation diagrams recorded from series of alloys polarised in acid solutions (5-7,24). The
polarisation diagrams show that the current in the passive range is almost independent of the alloy composition.
The passivation current, the maximum current at the active passive transition, on the other hand is markedly
dependent on the alloy composition. The Mo- containing alloys show at least one order of magnitude lower current
than the non- Mo containing alloys. Initiation of pitting gives a surface state which is similar to active dissolution
apart from the fact that the potential is higher. It is suggested that repassivation is stimulated by the anodically
segregated alloying elements. The enrichment of the alloying elements under the passive film is indicated even in
this study. However, it has not explicitly been shown in, because the surface is covered with a relatively thick film
which make the interpretation not straight forward.
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Concluions

* The superaustenitic stainless steel, UNS S3 1254, is passivated at room temperature in 0.1 M HCO + 0.4
M NaCI. At 65 °C initiation and repassivation of pitting occur.

0 The thickness of the passive film formed at 22 °C at -100 mV and at 500 mV (SCE) are 12 A and 17 A,
respectively. The corresponding values at 65 °C are 14 A and 19 A.

• The passive film consists of an inner barrier oxide film and an outer hydroxide film.
* The outer hydroxide layer is 6 A thick and its thickness is independent of the potential and

temperature.
* The inner oxide barrier consists mainly of Cr and Fe-oxides. At -100 mV (SCE) Mo4 + and Ni 2 + are

present. The cation contents of these elements are in the range 4 at.% to 8 at.0/.. At 500 mV (SCE) the
contents of Ni2 + and Mo4 + are lower than at -100 mV(SCE).

• The Cr 3 + content of the inner barrier film decreases with the potential. The loss of Cr3 +-ions is
compensated with Fe2 + and Fe3 +-ions.

0 The hydroxide layer consists mainly of Cr(OH) 3. The other cations present are Mo6 +, Mo4 + and Ni 2 +

but their concentrations are low.
* It is proposed that the alloying elements are enriched on the surface of the pits during their activation and

thereby repassivation is enhancod.
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Abstract

X-ray Photoelectron Spectroscopy (XPS) was used to investigate the chemical composition and the chemical states
of the passive film formed on austenitic stainless steels (Fe-19Cr-IONi (at.%)) which have been implanted with
molybdenum (Mo'. 100 keV. 2.5x10 16 at./cm2).
Prior to passivation the implanted alloy was characterized by RBS (Rutherford Backscattering Spectroscopy))and XPS.
Alloys with well-defined surface concentrations of molybdenum were prepared by ion sputtering the implanted alloy
in the preparation chamber of the spectrometer. to a fixed point in the implantation profile. The samples were then
transferred without air exposure to a glove box with inert gas in which the electrochemical measurements were
performed. After passivation. return transfer ofthc passivated samples was done with the same transfer device to avoid
exposure to air.
In 0.5 M HSO. the anodic dissolution current density decreases with increasing Mo content on the alloy surface.
Surface analysis by XPS showed that the surface is enriched with molybdenum in the Mo4 chemical state. The current
density in the passive state is similar for both the non-implanted and the implanted alloys. Surface analysis by XPS
showed that the passive film has a bilayer structure (inner oxide and outer hydroxide) and that the hydroxide layer
present on the surface of the passive film is markedly enriched with molybdenum in the Moe chemical state. The XPS
measurements indicate that the presence of molybdenum favors the formation of chromium hydroxide at the expense
of chromium oxide. A significant enrichment of the alloyed (Cr.Ni) and implanted (Mo) elcments was also obsen ,a
in the metallic phase under the passive film. The possible mechanisms of the effect of molybdenum on the corrosion
resistance of stainless steels are discussed in the light of the obtained surface analytical results.

Key terms: passivity, stainless steel. molybdenum, ion implantation. XPS.

Introduction

Molybdenum is known for its beneficial effect on the corrosion resistance of stainless steels. Several surface
analysis studies have been carried out to understand the exact role of this element in the passivation and corrosion
mechanisms of Fe-Cr-Ni alloys (1-5). The relatively low concentration of molybdenum in these alloys makes the
molybdenum XPS signal difficult to analyse in a quantitative manner and thus the results remain somewhat
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ambiguous. To overcome this difficulty, a purc polycrstalline austenitic stainless steel has been implanted with

molybdenum ions. This technique allowVed us to obtain significant moly bdenum concentrations in the alloy and thus

to enhance the effects of Mo. The molybdenum-implanted stainless steels used in this study have already been

characterized in a previous work (6) using XPS and RBS. In this work. electrochemical measurements have been

carried out in 0.5M H2SO4 and surface analyses by XPS have been done after polarization in the active and in the

passive regions in order to relate the electrochemical behaviour with the chemical composition of the surface films.

Experimental Procedure and Reference Data for Quantitative Analysis

The implanted alloy is a 304 type austenitic stainless steel supplied by UGINE (F). The alloy composition is given

in Table I. Discs of 10 mm diameter Were prepared by spark machining. After mechanical polishing, finished with

0.5 mun diamond paste. the samples were implanted with molybdenum at UNIREC (F). The implantation conditions

are reported in Table 2. RBS measurements have been performed in the Van de Graff accelerator of the Groupe de

Physique des Solides - Universitd Paris VII.

XPS studies have been performed %%ith a VG ESCALAB MARK i1 spodtnmeter using the Mg KcX-rmy source (hv = 1253.6eV).

The pass energy as 20 eV for the high resolution spcra ofFe 2pI_2. Cr 2p,.. Ni 2p2. Mo 3d.O Is. C Is and S 2p and 50 eV for

the surv'y spectra. The X-ray power was 300 Watts. The references for the reported binding energies are: Au 4f,,2 at

83.8 eV and Cu 2p,:, at 932.7 eV. Angle-resolved measurements were performed at take-offangles 0=45' and 0=900

(angle of the sample surface wvith the direction of the analyser). Depth profiles were obtained by sputtering the surface

with argon ions. Two ion guns were used. The sputtering conditions for the preparation of the samples before

passivation were 4kV. pAr=-Io. mbar and a current density of 12 IA cm-2 using a VG AG21 ion gun mounted in

the preparation chamber attached to the spectrometer. A VG AG60 ion gun mounted in the analysis chamber was

used for sputter depth profiling of the passive films. under the following conditions: 2.5 - 3 kV. pAr = 10-5 mbar and

a current densin of I pA cm--. Prior to the electrochemical measurements. the samples were cleaned by ion sputtering

in the preparation chamber of the spectrometer as described above and analysed by XPS. They were then transferred

without exposure to air, using a special transfer vessel, into a glove box under inert gas where the electrochemical

experiments were carried out.The electrochemical cell was composed of a saturated sulfate reference electrode, a Pt

counter electrode and a working electrode. A PAR model 273 potentiostat interfaced to an IBM PC computer was

used. The electrolyte was 0.5M H_,SO, prepared %w ith ultra-pure water and pure sulphuric acid. After electrochemical

treatments, the samples; were extracted from the solution under potential. rinsed in ultra-purewater. dried in nitrogen

gas and then transferred back to the spectrometer without exposure to air. Angle-resolved XPS analysis coupled with

sputter depth profiling were then carried out. The experimental procedure is summarized in Figure 1.

The data processing of the high resolution spectra of Fe2p. Cr2p. Ni2p. Moed. Ols and S2p allowed us to identify

the elements and their valence states in the passive films. ;he data processing is based on reference data acquired

with reference materials. Oxides of the pure metals have been prepared in the preparation chamber of the

spectrometer and analysed in order to characterize the different oxidation states of the alloyed elements. The

parameters derived from a previous work (6). from this work and from literature data (2,7) were used for curve fitting

of the XPS spectra. After background subtraction (iterative Shirley method), the spectra are fitted w-ith Gaussian-

Lorentzian curves using the reference parameters. The experimental photoelectron yield ratios were obtained from

the measured intensities (peak area in counts eV s- ) for the pure metals (ion-etched) and the oxides prepared in the

preparation chamber of the XPS spectrometer. The values of the attenuation lengths of the electrons in the metals

and in the oxides were calculated with the Scah and Dench formula (8).

The molybdenum chemistry is very complex and several studies have been performed by XPS to identify the various
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oxides which could be found in passive films (7.9-11). In ihis %ork. %%c have synthcsizcd and characterized MoO,
and MoO3 and studicd thc influence of sputtering on the oxidation state of the molybdeatum oxides. A pure
molybdenum single crystal (( 111) face) %%as mounted on a heatable sample holder and cleaned by ion sputtering prior
to oxidation. MoO, was prepared using the follow ing oxidation conditions: p(O,)=l-O mbar. T=600* C, t=60 min.
MoO 3 was prepared on the single crystal surface under the following conditions: p(O)=1 bar, T=600' C, t=5 min.
The spectra arc shown in Figure 2. The spectra of Figure 2b were analysed with t•o doublets assigned to the species
Mo'* (ox) and Mo'-(hyd) (ox--oxide and hyd=hydroxide), according to the corresponding Ols signals (02: and OH). It
is well known that ion bombardment has a reducing effect on oxides (12). Ion sputtering of the oxides prepared in this
work (MoO 2 and MoO, ) confirmed that the composition of the sputtered oxides is markedly modified. It is thus
necessary to take such effects into consideration when studying Mo-containing passive films. The Mo 3d spectra of
the passivated ion implanted alloy could all be fitted with the above chemical states, thus other Mo oxides which have
been detected in other works (Mo2,, MoO ) (10) were not considered here.

The quantification procedure used in this work is summarized in Figure 3. From angle-resolved analyses
coupled with depth profiling it is possible to conceive a qualitative model of the analysed film. From this model the
equations relating 'he unknown concentrations and thicknesses and the theoretical XPS intensity ratios can be
expressed. It is then possible to search for the set of values which give the best agreement between theoretical and
measured XPS intensities. These calculations have been computerized. For each analysed film, it is thus possible
to propose a model and calculate the corresponding concentrations of the detected compounds and the thicknesses
of the layers constituting the model, as well as the enrichment of alloying elements under the passive film.

Results

Characterization of the implanted alloy.
XPS and RBS spectroscopies % ere used to characterize the alloy after Mo implantation. The XPS sputtering depth
profile is shown in Figure 4. The molybdenum concentration was calculated using the equation [1]. based on the
hypothesis that selective sputtering can be neglected:

D '=/+ Ir•° 2ýL Y11. + " C" YM +-i .Y '__(o . lr .XoY l ~ , a,.lo -.,

1\100 "e , I+ l'•Cr YCr IMoX 1 YNiJ

where D\,,, is the molybdenum concentration (at.%). XM is the attenuation length of the electrons emitted by the
element M in the alloy. Y1 is the experimental electronic yield of the element M and IM is the XPS intensity of the
element M (peak area in counts eV s- after background subtraction using a non-linear Shirley method).
The molybdenum concentration at the beginning of the profile is - 4 at% Mo. This is due to the simultaneous
sputtering occuring during the implantation of Mo. Then the concentration increases up to 9-10 at%. Comparing
the position ofthe maximum in the profile with the RBS results enabled us to convert the sputtering time into a depth
scale. In a previous work (6) the concentration at the maximum of the profile was derived from the RBS analysis,
using TRIM 89 and RUMP programs.A value of 6-7 at% was obtained and the depth corresponding to the maximum
in the implantation profile was found to be 210 A below the surface. A more accurate RUMP simulation performed
in the present work showed that the concentration at the maximum of the profile is - 8 at% and the maximum is
at - 150 A below the surface. The comparison of the XPS and RBS data revealed a small difference. The XPS profile
is asymmetric and exhibits a tail at increasing depth.This may be due to a small enrichment of Mo during ion
sputtering due to the different sputter yields of Mo with respect to Fe. Cr and Ni. The Mo concentration finally slowly
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approaches the Mo concentration of the non-implanted alloy. The Mo concentration is significantly higher than the

Mo concentration of the non-implanted allo %%ithin a depth of- 600-700 A. A y -+ aX phase transformation induced

by the implantation of molybdenum has been observed by TEM (13) on samples prepared under identical conditions.

Knowing the implantation profiles, samples with well-defined surface concentrations of molybdenum were

prepared. prior to the electrochemical measurements. by argon ion-etching the implanted alloy for a fixed time, and

the surface was analysed to determine the molybdenum concentration at the surface.

Electrochemical behaviour.
Potentiodvnamic experiments. Potentiodynamic curves have been recorded for the non-implanted 304 stainless steel and

for the implanted alloys with different initial surface concentrations of molybdenum( from 3 to 9.5 at %).
After transfer of the sample from the spectrometer to the electrochemical glove box. the corrosion potential was

checked during I min. before the beginning of the experiment Theeleciocricalpotential scans (I mV/s) were carried

out from -140 to +1260 mV/SHE. The i-E plots arc reported in Figure 5 and the main electrochemical data are

summarized in Table 3. It is observed in Figure 5a that the corrosion potential is shifted towards higher potentials

when molybdenum is present on the initial surface. The activation peak disappears for the Mo-implanted alloy.

Similar effccts have already been observed for molybdenum-containing Fe-Cr-Ni alloys (1-6). In the 100-500 mV/

SHE potential region. an oxidation or dissolution process occurs for the Mo-containing stainless steel. The extent

ofthis feature depends on the initial surface concentration of molybdenum as shown by Figure 5b. The high potential

region of passivity is similar for both the non-implanted and the implanted alloys with however a slightly higher

residual current density for the implanted alloys. These results indicate that the implantation of Mo has no beneficial

effect on the protective character of the passive film in 0.5 M HSO4.

Surface Analysis Results.
For the study of the passive films.the potential was stepped to +740 mV/SHE (which is in the passive region for all

analysed samples)and the samples were polarized for 60 min. Surface analyses were also performed after polarization

at active potentials which were in the range -80 to -30mV/SHE depending on the i-E curve of the particular alloy.

For the XPS analysis, the sample was removed from the cell under potential, rinsed in ultra-pure water. dried in

nitrogen and transferred to the spectrometer without exposure to ambient air.

Influence of the implantation of inolvbdenuin on the composition of the passive film formed on the 304 stainless

steel.The XPS spectra obtained for the passivated non-implanted alloy and for the implanted alloys are shown in

Figures 6 and 7. respectively. Similar chemical species are found in the films on both the non-implanted and the

implanted alloys. Oxidized iron is found in the passive film though in smaller quantities than chromium oxide. No

significant signal ftom nickel oxide is found afier passnation in agreement with oher works (1-3,5,6): the weak Ni' signal

observed in the Ni 2p .,'2 region is emitted by Ni in the alloy.The Cr 2p,,, region indicates a marked enrichment of

this element in the passive films for the implanted as well as for the non-implanted alloys. As regards the chemical

states, oxidized chromium is found to be mainly in the +3 oxidation state. The chromium signal was resolved into

chromium oxide Crlx-), (Cr20 type. binding energy: 576.6 eV) and chromium hydroxide Cr'*-a' (Cr(OH), type.

binding energy: 577.2 eV). The comparison of the XPS spectra of Cr 2p for the non-implanted alloy and the Mo-

implanted alloy reveals that the relative amount of Cr hydroxides with respect to Cr oxides is higher for the Mo-

implanted alloy. Oxidized molybdenum is detected in the analysed passive film for the Mo-implanted alloys.The

molibdenuisignal hasbeen srsohed (Fqigre 7b) the nmeallic form (NM Aedintheal-)anddumt i&seo des: M&

(MOO, type). Mo'-w"d, ( MoO(OH), type ) and Mo- 1'- (MoO, t~pe). The curve fitting ofthe molbdenun spectrum shows
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that molybdenum is mainly present in the passive film in the form of Moe-1°. A small amount of MoW - is also
detected. The oxygen signal clearly reveals the presence of the oxide (U-) and hydroxide (OH-) forms. A third peak
is present at higher binding energy. corresponding to oxvgen in H,O and SO2-.
The angle-dependent XPS (AD-XPS) experiments. which constitute a non-destructive method. provide reliable
information on the in-depth localization ofchemical species and allow us to validateor invalidatea multilayer model.
The AD-XPS measurements are shown in Figure 7 for the implanted alloy. The Cr 3"* 4dl/Cr-'-1 ratio is enhanced
in the angular analysis at the low take-off angle (45°). This reveals the layered structure of the passive film : the
chromium hydroxide is found to be in the outer part of the passive film (enhanced signal at 450) whereas chromium
oxide is in the inner part.The 0 1s signal which has a OH- component partly related to Cr-•bhyd) shows the same
tendency. Sputtering depth profiles have been recorded and are shown in Figure 8 for the non-implanted alloy and
for the implanted alloy with an initial surface concentration of 8 at.%Mo. Chromium hydroxide appears tobe located
in the outer part of the passive film, which confirms the findings of the AD-XPS measurements. The increasing
signals of the oxide states of iron and chromium oxides with sputtering indicate that the inner layer is composed of
oxides of these elements, with an enrichment of chromium oxide near the film/alloy interface. The sharp decrease
of the Mo6* signal observed after the first ion sputtering indicates that Mo6 is located in the outer part of the passive
film. The total signal from oxidized molybdenum (Mol* 6 in Figure 8) decreases rapidly during ion sputtering which
also supports the preceding conclusion. even if some reduction of Moe' maybe caused by sputtering. Depth profiling
measurements thus confirm the bilayer structure of the passive film, and they show that Mo' is in the outer part of
the film on the passivated implanted alloy.

In conclusion of this part. the bilayer structure of the film and the chromium enrichment are observed on both the
non-implanted and the implanted alloys. However. the ratio of Cr 3 1YO/Cr" 1 'I is enhanced on the implanted alloy.
molybdenum is detected in the passive film of the implanted alloy in the form of Mo- and is essentially localized
in the outer part of the film.

Comparison of the surface films formed on the molybdenum implanted 304 stainless steel in the active and the
passive states. XPS spectra obtained after polarization ofthe molybdenum-implanted alloy in the active region (-30 mV/
SHE) foran initial concentration of- 7 at/o Mo are shown in Fig.9. As described above, no passivation peak was observed
for the implanted alloys. We thus define here the active domain as the potential region situated just above the
corrosion potential (-60 mV/SHE), and below the potential region in which an oxidation process is observed for
the implanted alloys (100-500 mV/SHE). The detected chemical states of chromium are similar to those detected
after passivation: the Cr2p signal shows that Cr"'- and CrU1h1d1 are the main components. The presence of Cr3`1x
may be due to oxidation of the samples during transfer, but also to the fact that chromium is passive at such poter~tials.
The Ni 2p signal shows traces of Ni hydroxide, which were not observed in the passive state. The major difference
between the surface composition in the active state and in the passive state is observed in the Mo signal reported in
Fig.9b. which reveals that in the active state the molybdenum is essentiall., in the form of Mo-"'-. Angle-dependent
XPS analyses have been carried out to obtain further information on the in-depth distribution of the different species.
The angle-dependent analyses for the Cr 2p3/2. Mo 3d5/2.3/2 and 0 Is are also showin in Fig.9. As expected. the
signals of the oxidized elements are enhanced with respect to those of the metals at low take-off angle. In sharp
contrast with what was observed for the passive films. the Cr' 111du/Cr`'- ratio does not var in the same way. This
result is confirmed by the 02- and OH contributions in the 0 Is signal % hich are not affected by the take-off angle.
This clearly proves that there is no bilaicr structure at this potential. The surface film is a single layer containing
the various species.
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,Afodelsofthesurfacefihmsandquanmitati he.urlaceanalvsi*.. On the basisof the results reportedabove. the proposed
models for the analysed films are show n in Figure 10. The method for determining the thicknesses and concentrations
has been reported previously (6).
On both the non-implanted and implanted alloy s (Figures 1 0a and lOb. respectively) the passive films have a bilayer

structure with an outer hydroxide layer and an inner oxidc layer. In both cases, the oxide layer is enriched in

chromium oxide near the metal-film interface. On the implanted alloy, it is noticed that the outer chromium

hydroxide layer is thicker than on the non-implanted allo). Molixbdenum is localized in the outer part of the

hydroxide layer. The amount of Mo cations in the hydroxide layer is high (43%), but with respect to the entire passive

film it is only 7%.
The alloy is enriched, underneath the passive film. in the alloyed and implanted elements Cr. Ni and Mo. This
phenomenon is associated with the preferential dissolution of Fe.
The model proposed for the films formed in the active region on the implanted alloy is shomn in Figure 10c. On the basis
ofthe angle-resolved XPS the existence ofa bilayer structure can be ruled out. The surface film formed at this potential

is constituted of a single layer with different species: chromium oxide and hydroxide are found. as well as iron and
molybdenum oxides. This surface film is thinner than the passive film formed at higher potential. The oxidation state

of the molybdenum cations on the surface is essentially +4. The molybdenum cations are found in larger quantity

than in the passive film and are distributed in the entire film. It is to be noted that the Fe concentration calculated

for the modified layers of the alloy under the film formed in the active potential region is higher than after passivation.

This shoavs that further selective dissolution of iron takes place during the formation of the passive film.

Discussion

Ion implantation can be used to prepare materials on which the effects on passivation and resistance to corrosion

of elements such as molybdenum (6.14) or nitrogen (15) can be investigated.
The clectrochemical study of the a lloys with implanted molybdenum shows that the presence of Mo in the alloy lowers

the dissolution rate in the active region.
In the active domain, the angle-dependent analyses (as %%ell as the ion sputtering depth profiles) show that the surface
film has not a layered structure but consistsofdifferent oxidized species. mixed ina single layer. The surface analyses

performed after polarization in the active region revealed the presence ofFe-" -" and Cr3% On the surface of the Mo-

implanted alloy. molybdenum is found to be in the +4 oxidation state. Mo 4'-(-,. which may be produced by the

following reaction: Mo + 2 HO -4 MoO, + 4 H" + 4 e. The Mo-f:d) XPS signal recorded for the film formed in

the active region may be due to the hydroxylation of MoO,.
In the passive state. the films formed on all samples have a bilayer structure. with an outer layer of hydroxide and

an inner layer of oxide. The passivation process of these alloys is characterized by a single layer-to-bilayer transition.

The passive film is enriched in oxidized chromium. The valence states observed for chromium are Cr'"' and Cr3+'*.
The Cr'dd1/Cr3-.. ratio is enhanced on Mo-implanted samples with respect to the passive films formed on the non-
implanted 3C4 stainless steel. This finding does not support the view that mol)bdenum would favor the formation

of chromium oxide (3). Chromium is not found in the +6 oxidation state. Chromium has been found in the +6
oxidation state when an iron-chromium alloy %aspolarized in the transpassive region (16). Our analysisof te XPS
spectra is based on reference spectra and reference data obtained on synthesized compounds. Based on that orwk the

resolution of the Cr 2p ., region does not show the presence ofCr"'". which is consistent with the fact that the samples
have not been polarized in the transpassive region. In the passive film. the implanted Mo is found in the +6 oxidation
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state. This supports the view that the oxidation process found in the 1100,500] mV/SHE is associated with the
transition Mo4a -+ Moe.

The binding energies of the XPS signals of Me-' in MOO2- and in MoO3 are very close. As proposed in other
papers (3). the following reaction may produce Moo 4 -- : MoO (OH), + 4 OH --+ MoO 4

2- + 3 H2O + 2 e-. The low pH (0.3)
of the solution is expected to favour the condensation of MoO,2- anions into polyanions such as Mo..O . Such big
molecules are not likely to be incorporated in the passive film and. if they exist, would rather be on the surface of
the passive film. However, the 0 Is XPS signal should then display a spectrum with a much higher O peak. which
is not observed. As regards MoO 3 it is difficult to conceive that it could be mixed with the hydroxide layer. We propose
that Moe cations are incorporated in the chromium hydroxide top layer, and that they enhance the hydroxylation
of the surface, as shown schematically in Fig. 11. It is to be noted that our results show that the presence of Moe
in the passive film has no beneficial effect in sulphuric acid.

The obser ed enrichment under the passive film of the alloyed (Cr, Ni) and implanted (Mo) elements is caused
by the preferential dissolution of Fe. This phenomenon has already been observed for Mo-containing austenitic
stainless steels (2). The composition of the metallic side of the passive film/alloy interface is important for the
repassivation behaviour of the alloy, a crucial aspect in resistance to pitting.
A new finding of this work is the accumulation of molybdenum in the +4 valence state on the alloy surface during
the pre-passivation stage and the Mo4 ' -- Moe transition taking place during passivation.A fraction of the Mo6
formed during this reaction remains in the passive film and part of it is dissolved.
There are direct implications ofthe above results on the effectsofmolybdenum on resistance to pitting in chloride solutions.
The incorporation of Mo ions in the outer hydroxide could modify the initial stage of the interactions between CI-
ions and the passive film. One effect (w.ith beneficial consequences on pit initiation) could be the trapping of Cl- ions
caused by the presence of strongly charged cations. ,o Mo•e ions are found in the inner oxide. so that the implanted
molybdenum probably has no effect on the properties of the oxide layer itself. Molybdenum is enriched under the
passive film, which will diminish the dissolution rate in the case of passive film breakdown. It is also suggested that
the observed accumulation of Mo4 + prior to passivation and the existence of a Mo4

1 --> Moe transition leading to
partial release of Mo+ during passivation may have a significant effect on the repassivation kinetics of the Mo-
implanted material in the presence of CI-. These ideas are now being tested by investigating by electrochemistry and
XPS the behaviour of the Mo-implanted alloy in Cl-- containing solution.

Conclusions

Molybdenum-implanted austenitic stainless steels have been studied by electrochemistry and XPS. Prior to
the clectrochemical experiments, the implantation profile has been characterized by RBS and XPS and surfaces with
well-defined Mo concentrations have been prepared by ion sputtering the implanted alloy in the preparation chamber
of the spectrometer. The effects of the implanted molhbdenum on the electrochemical behaviour of the alloy in 0.5M
H,SO have been investigated. The surface films have been analysed by angle-dependent XPS and by sputter depth
profiling. The major conclusions are the following:
(i) The implanted molybdenum strongly modifies the electrochemical behaviour of the alloy. The dissolution rate
is lowered by the implanted molybdenum: the active peak observed on the non implanted alloy is suppressed. a new
anodic feature appears in the I 100.5(xI mV/SHE potential region. The residual current density is slightly higher
than for the non-implanted alloy. shoiu ing that the implanted Mo has no beneficial cLzct on passivity in chloride-
free acid solution.
ii) At low anodic potential, molybdenum is found tobe enriched on the surface inthe +4 valence state. The passivation
procý.ss of the implanted alloy is characterizd by a Mol" to Moe transition, with both Moe partial dissolution and
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incorporation in the film, accompanied by- further selective dissolution of iron.
(iii) The passive film has a bilayer structure and the outer hydroxide layer is enhanced on the implanted alloy.
(iv) A marked enrichment of the alloyed (Cr. Ni) and implanted (Mo) elements is observed in the alloy near the aleoyl
passive film interface, due to the preferential dissolution of Fe.
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Table 1 Chemical analhsis of the austcnitic stainless steel before implantation.

Element Fe Cr Ni Mn Si Cu Mo C N P S

Concentration 72.01 17.38 8.28 1.43 0.49 0.15 0.14 0.05 0.04 0.03 0.0025
(wt.%)

Table 2 " Ion implantation conditions

Implanted ion Dose Energy Residual pressure Temperature

Mo, 2.5 10"' atcm" 100 keV 10- Toff Room temp.

Table 3 : Electrochemical data for the different studied materials

Corrosion potential Passivation potential Current density Residual current
S ample (mV/SHE) (mV/SHE)* max (tA/cm 2) density (pA/cm2)

304 SS 1100 1 9 4

Mo-impl.(3atMo) 60

Mo-impl.(7at%Mo) 60 8

Mo-impl.(9.Sat%Mo) - 60

*: potential measured at the maximum of the activation peak. ** current density measured at the maximum of
the activation peak. * minimum measured current density in the passive state.
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Figure I - Experimental procedure for ilic coupled XPS and clcc~roclicmnic.1 studies of the niol% bdcnunt-i mplantcd
stainless steels.
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Figure 3 -Procedure for quantitative XPS analysis of passive films.
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Figure 4 - XPS depth profile of molybdenum in thc implanted austcnitic stainless steel.
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Figure 5 - Potentiodynamic curves: a) comparison between the non-implanted alloy and the Mo-implanted alloy and
b) influence of increasing Mo concentration for the Mo-implanted alloys (0.5 M H2SO4, I mV sec-").
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Figure 6 - XPS spectra of Fe 2p3. Cr 2 p3, Ni 2p3,,. [Mo3d. S 2s] and Ols after passivation of the non-implanted
alloy (0.5 M H2SO4, 740 mV/SHE, 60 min).
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Figure 7 - Angle-dependent XPS spercua of a) Fe 2p312' Cr 2pm. Ni 2p3,and 01Is and b) Mo 3d, after PaSsivaiiou Of
the Mo-implanted alloy. Take-off angles:43'0 and 900.
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Figure 9 - Angle-dependent XPS spectra (take-off angles: 450 and 900) of a) Fe 2 P3 2' Cr 2P3,.2 Ni 2p3, 01 s and b)
Mo 3d. after polarization of the Mo-implanted alloy at -30 mV/SHE (initial surface concentration of Mo:7 atq).
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Figure l() - Models of thc surfacc films wvith the calculatecd compositions and thicknesses for a) thc passivatcd non-
implantcd alloy. b) thc passix'ated implanted ailoyx and c) thc implanted alloy\ polarized in the actiic region.
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Figure I I - Schematic ,iew of the incorporation of the Moe in the outer layer of the passive film formed on the
molybdenum implanted stainless steels.
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Abstract
The influence of ternary alloying elements on the composition of passive films and on
the pitting corrosion resistance of iron-chromium alloys was investigated with model
alloys of the type Fe-25Cr-X (X = 6 at% of Mo, V, Si). Passive films formed in sulfate
solution in the presence or absence of chloride were characterized by XPS and AES.

All ternary alloying elements increased the pitting potential compared with the
corresponding binary alloy. Films formed in chloride containing sulfate solution
contained both electrolyte anions. On the other hand, if films were first formed in sulfate
then exposed to chloride the iatter ion was not found in the passive films, independently
of the ternary alloying element present.

Intioduction
It is well known that certain alloying elements added to iron-chromium or iron-
chromium-nickel alloys improve their resistance to pitting corrosion [ 1-17]. Molybdenum
is the best known such alloying element but tungsten, silicon and vanadium have also
been reported to have a beneficial effect [1,3,5,7,10,17]. In principle, the ternary
alloying elements can influence the pitting behavior in different ways: by stabilizing the
passive film towards breakdown, by favoring repassivation of formed pit nuclei, by
slowing pit growth or by neutralizing the deleterious effect of non metallic impurities,
notably sulfur. The present paper deals with the influence of ternary alloying elements on
the composition and the stability of passive films.

Surface analysis methods, in particular XPS and AES have been used for a number of
years for the study of passive films on metals and alloys. It has been found that
molybdenum is incorporated into the passive film of ferritic and austenitic stainless steels
[7,8,10]. The extent of molybdenum incorporation in Fe-Cr alloys depends on the
chromium content and on applied potential [8]. In order to compare the behavior of
different ternary elements it is therefore important to keep these two parameters constant
In addition, because the sensitivity of XPS and AES for these elements is relatively low it
is advisable to use alloys of high ternary alloying element content. In the present study
results are presented which were obtained with high purity ferritic model alloys of the
type Fe-25Cr-X where X is Mo, V, Si, Nb added in a quantity of 6 at%. The cation ratio
and the anion concentration were determined at different emission angles for passive
films formed in the presence and absence of chloride.

Experimental
The chemical composition of the alloys is given in Table 1. They were furnished by
Materials Research, Toulouse, France in the form of 30 mm long rods of 40 mm
diameter. They were used in the as received condition without further heat treatment.
Metallographic analysis revealed that the alloys containing Mo, V, or Si, respectively,
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were single phase, and had an equiaxed grain structure. The Fe-Cr-Nb alloy, on the other
hand, had a dendritic two-phase structure. Its behavior has been discussed elsewhere in
detail [18].

Table 1: Composition of Fe-25Cr-X alloy
Alloy Fe Cr X Fe Cr X

%w %w %w %at %at %at

Fe-23Cr 76.6 23.1 - 75.5 4.5 -
Fe-25Cr-6V 69.2 24.8 6.0 67.6 26.0 6.4
Fe-25Cr- 11Nb 63.9 24.5 11.5 65.8 27.1 7.1
Fe-25Cr- 11Mo 63.9 25.1 11.0 65.7 27.7 6.6
Fe-25Cr-3Si 72.0 25.11 2.8 68.8 25.8 5.4
Fe-3lCr 71.4 28.6 - 69.9 30.1 -

Electrochemical experiments were performed at 25 0 C in deaerated solutions using a
rotating disk electrode at a constant rotation rate of 3000 rpm. A platinum counter
electrode and a mercury sulfate reference electrode were used together with a
Schlumberger 1286 potentiostat. For polarization measurements not involving surface
analysis the 0.1 cm 2 disk electrodes were imbedded in epoxy. For experiments involving
surface analysis a meniscus was formed allowing the rotating disk to be used without
insulation. The disk electrodes were polished mechanically with 600 finish abrasive
paper.

Film formation was carried out by anodic polarization at a constant potential of 0.5 V
(she) for 60 minutes. Two types of electrolytes were used. Electrolyte A is a solution of
0.1 M H2SO4 + 0.4 M Na2SO4. Electrolyte B is a sulfate solution containing chloride of
the composition 0.1 M H2SO4 + 0.4 M Na2SO4 + 0.12 M NaCl. In some experiments
films were formed in solution A for 60 minutes, then chloride was added in such an
amount that the composition corresponded to that of solution B, and the samples were
exposed for an additional 30 minutes. This type of procedure will be called solution A+.
After film formation or film exposure, respectively, the electrodes were removed from the
electrolyte under the applied potential. They were rinsed, dried and then introduced into
the UHV system for analysis..

Surface analysis was performed with a Perkin Elmer 5500 ESCA system including a
hemispherical analyzer with Omnifocus lens and a fast entry lock. An Al Ka X-ray
source was employed for XPS. Analysis was carried out at three emission angles:
20±40, 45±40 and 65±40 with respect to the surface normal. Data acquisition and
evaluation of XPS spectra were performed with Perkin Elmer software (version 3.0 D)
and elemental area sensitivity factors from the Perkin Elmer data base (Table 2). The
background was subtracted using the Shirley method and peak fitting was carried out
using asymmetric Gauss-Lorentz functions described elsewhere in detail [191.

A simple model was used for the interpretation of XPS data. It assumes the presence of a
surface contamination layer one to two monolayers thick, containing essentially
hydroxide species, water and carbon. The actual passive oxide film lies underneath. The
composition of the metallic substrate is uniform within the escape depth of the analyzed
photoelectrons, but its composition may differ from that of the bulk alloy. For the
calculation of the electron escape depth as a function of emission angle the mean free path
values shown in table 2, calculated after Seah and Dench [201 were employed. All XPS
data reported in this paper are the average of two independent experiments.
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Table 2 XPS prmtrPeak Energy window Sensitivity factor Free mean path

Fe 2p3/2, 2p1/2 700-740 1.97 1.63
Cr 2p3/2, 2p1/2 570-600 1.58 1.77
V 2p3/2,2pl/2 505-530 1.41 1.82
Mo 3d5/2, 3d3/2 220-242 2.01 2.07
Si 2p 95-115 0.34 2.18
Cl 2p 193-210 0.89 2.1
Ols 525-540 0.71 1.81
C Is 275-290 0.30 2.03
S 2p 158-174 0.67 2.12

Results
Polarization behavior

Potentiodynamic polarization curves were measured with different alloys in 0.1 M HCI +
0.9M NaCI at 250. It followed from these data that the alloying elements Mo, V and Si
improved the pitting resistance [21]. Indeed, the ternary alloys did not exhibit a pitting
potential under the conditions of the experiments. Increasing the chromium content of the
alloys had a similar effect. Polarization experiments in 2 M HCI at 500 C indicated that
under these conditions the Fe-Cr-Mo alloy were most, the Fe-31Cr and Fe-Cr-V alloys
least resistant towards pitting. In the solution B employed for surface analysis
measurements none of the alloys exhibited a pitting potential during potentiodynamic
polarization. All films were formed in the passive potential range at a constant potential of
0.50 V(she). Under these conditions the current-time behavior on a log-log plot exhibited
a linear decrease [191. No significant difference in the current-time behavior was
observed between solutions A and B.

Film thickness
The thickness of the passive films formed on different alloys was estimated from AES
profiles by taking the 50% value of the oxygen amplitude. The sputter rate was calibrated
with Ta205 films and multiplied by 0.8 [22]. Results shown in Fig. 1 suggest that the
observed thickness is not significantly affected by the alloying elements added.
Differences in film thickness between solutions A and B are within the error limits.

Cation fraction
Fig. 2 summarizes the XPS results for the cation fraction of Mo, Si and V in the passive
films of the respective alloys, formed in the electrolytes A and B, respectively. The data
were obtained at three emission angles with respect to the surface normal (200, 450,
650). The figure indicates that under the conditions of the experiment all three elements
are incorporated into the film. The V fraction corresponds approximately to that of the
alloy (broken line), while that of Mn and Si is higher. The data are in qualitative
agreement with AES measurements of Goetz et al [10]. It must be mentioned, however,
that the absolute values of the cation ratios depend on the value of the sensitivity factors
used, the precision of which may be limited. The observed variations of the cation ratio
with emission angle are probably within the error limits of such measurements. No
systematic differences between films formed in solutions A and B, respectively, are
observed.

Fig.3 shows the relative chromium content of the films. Compared with the alloy (broken
lines) all films are strongly enriched in chromium. The highest chromium content is
observed for the films formed on Fe-31 Cr (Fe-Cr-Cr in the figure), but the difference
with respect to the Fe-25Cr is small. The data for binary alloys are in qualitative
agreement with those of Asami [23], although the absolute values are slightly lower.
Compared with the binary alloys, films formed on Fe-Cr-Mo and on Fe-Cr-Si alloys
contain rather less chromium. The beneficial effect of ternary alloying elements for
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corrosion resistance, therefore, can not be explained by a mechanism which postulates
that they stimulate chromium segregation in the passive film. For Fe-Cr-Mo a
consistently higher Cr signal is observed at large emission angle, i.e. when the relative
contribution of the outer surface layers of the film is maximum. On the other hand, no
systematic effect of emission angle is observed for the other alloys.

The relative iron content of the passive films determined by angle resolved XPS is shown
in Fig.4. No attempt was made to quantitatively resolve Fe2 + and Fe 3+ states. The iron
content of the passive films formed on Fe-Cr and on Fe-Cr-Mo is of comparable
magnitude. On Fe-Cr-Mo the iron oxide appears to be located preferentially in the inner
part of the films, while on the other alloys no systematic trends are observed. Because the
shape of the Fe2p3/2,2pl/2 peak is relatively complex the peak fitting is subject to more
uncertainty than for other elements. The observed iron oxide contents of films formed on
Fe-Cr-Si, Fe-Cr-V and Fe-Cr-Cr respectively are comparable. This suggests that the
beneficial action of Mo, V, and Si for pitting is not due a decreased iron content of the
passive film.

Incorporation of electrolyte anions
Both, AES profiles and XPS measurements indicated that sulfate and chloride are
incorporated in the passive films during film growth. According to the data of Fig.5
sulfate is present at a concentration of 2- 4 at%. Generally, although not in all cases, the
sulfate signal is most pronounced at high emission angles, indicating that sulfate is
located mostly in the outer part of the film. AES measurements reported elsewhere [21]
confirm this observation. They also showed that the sulfate was indeed located in the film
rather than at the surface. No systematic difference between solutions A and B is
observed with respect to sulfate content of the passive films. Chloride is found in the
films formed in solution B (Fig.6). The apparent chloride concentration is 0.8-1.6 %,
independent of emission angle. Because of the low signal intensity the spectra for
chloride were quite noisy [191. This masks possible differences due to a variation of
emission angle. AES profiles indicate that chloride is located within the outer part of the
passive film [211.

Additional experiments were performed by first forming the films in solution A for 60
minutes, then adding chloride in an amount that the resulting electrolyte composition
corresponded to that of solution B. After 30 minutes exposure, the films were removed
from the electrolyte in the usual manner and analyzed by XPS. For all alloys no chloride
was detected in the films prepared in this manner. This confirms previous observations
with Fe-Cr [24] which indicated that chloride ions are incorporated in passive films only
during growth, but not into films already formed.

Two phase alloys
A dendritic Fe-Cr-Nb alloy was investigated by scanning Auger microscopy (SAM). It
was found that the dendritic phase was enriched with chromium, while essentially all of
the niobium was located in the interdendritic eutectic. The passive film reflected the phase
composition underneath, i.e. the film covering the electrode surface was not of
homogenous composition. In spite of this fact the pitting resistance of the alloy was better
than that of the comparable Fe-Cr binary alloy. This indicates that on one hand niobium
improved the pitting resistance of the interdendritic eutectic. On the other hand, phase
segregation led to chromium enrichment of the dendritic phase and improved its pitting
corrosion resistance. The described results have been presented in detail elsewhere [ 18].

Conclusions
The present study of passive films formed on Fe-Cr-X alloys leads to the following
conclusions:

The ternary elements Mo, V and Si do not affect the apparent thickness of passive films

formed in the presence of sulfate and of chloride.
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The ternary alloy elements Mo, V and Si are incorporated into the passive film.

Chloride ions are incorporated into films grown in chloride environments, but not into
films grown in sulfate and subsequently exposed to chloride. The amount of chloride
found in the films is not significantly affected by the ternary alloying elements Mo, V and
Si.

Angle resolved XPS under present conditions provided only limited information on the
depth distribution of different film constituents.
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solutions A and B respectively.
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Abstract

The passive film on sputter-deposited thin film Fe and Fe-26Cr electrodes has been examined using in
situ X-ray Absorption Near Edge Spectroscopy (XANES). During the x-ray spectroscopic measurements,
samples were maintained under potentiostatic control in pH 8.4 borate buffer. The passive film on both
Fe and Fe-26Cr is formed from the metal without any detectable losses due to dissolution. Cathodic
reduction leads to a loss of Fe from the film in both cases, but substantially less Fe is lost in the case of
Fe-26Cr. Transpassive dissolution of Cr from Fe-26Cr only occurred on the second potential cycle after
the film had been enriched in Cr due to the reductive dissolution of Fe. Simultaneous collection of both
the Fe and Cr x-ray absorption edges provides quantitative information on the relative amounts of
material lost during passivation and reduction.

Introduction

The chemistry of p~assive films formed on pure metals and alloys in aqueous electrolytes is the subject
of much experimental investigation. Surface analytical work has been carried out using e.g. Auger, X-
ray Photoelectron Spectroscopy (XPS) and Secondary Ion Mass Spectroscopy (SIMS), leading to a greater
understanding of the composition of passive films. However, these measurements must be made ex situ
in UHV and it has been demonstrated1 that the passive film on Fe-Cr alloys is not stable when removed
from an aqueous environment for ex situ examination. Thus, an in situ technique is to be preferred,
particularly if it can yield detailed information about the composition and valence states of elements in
the film. These requirements are met by in situ X-ray Absorption Spectroscopy24. In the present work,
X-ray Absorption Near Edge Structure (XANES) has been used to study the passive films on Fe and
Fe-26Cr.

Experimental

The experimental setup for in situ XANES measurements has been described previously3 and is shown
in Figure 1. The design of the cell ensured good potential control of the sample at all times. Potentials
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are quoted with respect to a saturated mercurous sulfate reference electrode (-0.4V(SCE)). The
electrolyte was a pH 8.4 borate buffer. The solution was deaerated throughout the experiments by
bubbling with nitrogen which also ensured that all dissolution products were removed from the vicinity
of the electrode. The samples consisted of a 6;&m Mylar film onto which - IOOA of Nb or Ta were
sputtered to provide electrical contact. 20 or 40A of the alloy under investigation (Fe or Fe-26Cr) was
then deposited on top of the conducting layer. Measurements were made at Beamline X19A at the
National Synchrotron Light Source. Data were collected in fluorescence geometry using a 13-element
solid state detector (Canberra).

A set of absorption edges of standard compounds of known valency were measured in transmission
geometry. The compounds were ground finely and sealed in adhesive Kapton tape. Absorption edges
of metallic chromium and iron were collected from thin metal foils, also measured in transmission

Results and Discussion

A series edges of Cr and Fe standard compounds is shown in Figures 2 and 3 respectively. In general
the absorption edge moves to higher energy as the oxidation state of the metal increases. The spectra of
Fe and Cr both show relatively flat features after the edge, where the spectra for Fe30 4, Fe20 3 and
Cr2O3 show a sharp peak. The 6-valent Cr shows a distinctive pre-edge peak. These characteristics can
be used to easily visualize the changes in oxidation state in a sample containing a particular element in
more than one valence state.

Figure 4 shows a series of spectra collected at the iron K edge from a 40A film of iron polarized
cyclically in a borate buffer. It should be noted that the edges are not normalized so changes in the edge
height represent quantitative changes in the amount of iron present. The initial curve was collected after
cathodic reduction of the air-formed oxide film at -1.5V. The edge position and flat top to the edge is
characteristic of metallic iron. On stepping the potential to -0.4V and then to +0.4V, the edge position
shifts to higher energies and the top of the edge begins to sharpen into a peak (both are characteristic of
oxides). The height of the edge at the right hand side of the figure does not change indicating that in the
solution used (a borate buffer), oxidation of iron proceeds by a solid state reaction without any detectable
dissolution. Reduction of the passive film on stepping the potential back to -1.5V results in a spectrum
identical in shape to the first one, but the drop in the edge height indicates the dissolution of a significant
amount of iron. Spectra from the next cycle show that this process is repeatable a second time.
Subsequent cycles do not show such clear behavior, probably due to a loss of integrity of the very thi.
film. The loss of material during reduction suggests that the 3-valent oxide is reduced to the soluble 2-
valent state which dissolved away leaving a bare metal surface. If this reductive dissolution process were
100% efficient, then it should be possible to reconstruct the XANES signal originating from the oxide
alone by subtracting curve (d) from curve (c). The result of this subtraction is shown as 0). Its shape
is characteristic of 3-valent iron oxides (2) but the negative deviation in the curve around 7120 eV
indicates that Fe in the metallic state has been gained upon cathodic reduction. Approximate fitting of
this curve indicates that the ratio of reductive dissolution to solid state reduction is in the region of 2:1.

The total amount of metal lost in each potential cycle is listed in Table 1. It is calculated on the
following basis: it is assumed that the height of the Fe K edge for the as-deposited sample (which has a
very thin air-formed oxide film), not shown, corresponds to 40A of iron. If, for example, the edge
height drops by 20%, this corresponds to a loss of iron equivalent to 8A of metal. From Table 1, it
appears that each potential cycle for pure iron involves the loss of approximately 7A.

A similar set of experiments was carried out for thin films of Fe-26Cr. One of the advantages of using
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a multi-element solid state detector is that different detector elements can be used to collect fluorescence
data from different chemical elements. Thus iron and chromium K edges can be collected by scanning
over both edges in a single spectrum whilst different detector elements collect Fe K. and Cr K.
fluorescent photons. Figure 5(a) shows details of the Fe edge in a polarization experiment on Fe-26Cr.
The results are qualitatively similar to those found for pure iron: metallic Fe present at -1 .5V undergoes

oxidation at -0.4V and +0.4V without any loss of material, then undergoes significant dissolution as the
sample is reduced back to -1.5V. This behavior is repeated on a second potential cycle (not shown).
However, the amount of iron lost in each cycle is - 2A, considerably less than the - 7A lost in the case
of pure iron.

The chromium K edge, measured during the same two potential cycles, is shown in Figure 5(b). Whilst
the data are noisy due to the low concentration of chromium and the diminished number of detector
elements used, it is clear that the data fall into two bands. All the spectra are roughly similar in shape,
but there is a significant loss of chromium indicated by a drop in the edge height during the second
potential cycle when the potential is raised into the transpassive region (increased from -0.4V to +0.4V).
Concurrent monitoring of the iron and chromium edges demonstrates the interplay between the two
elements in the film: on the first potential cycle, both elements are oxidized into the film. However,
chromium is not present in the film in a sufficient concentration for significant transpassive dissolution
to take place. During reduction of the oxide at the end of the first potential cycle, iron is lost by
reductive dissolution leading to enrichment of chromium in the passive film. On the second potential
cycle, the chromium is now no longer protected by the iron and is present in a sufficient concentration
for transpassive dissolution to occur. This model is consistent with similar work carried out on AICr
alloys 5. 1- the presence of a protective alumina layer, chromium is trapped in the film but if the alumina
dissolves, then transpassive dissolution of chromium can take place.

Cyclic voltammograms of the thin film Fe and Fe-26Cr electrodes were similar to those for bulk
electrodes (after the second cycle in the case of Fe-26Cr) indicating that the electrochemistry is not
affected by the thinness of the sample.

In situ x-ray absorption spectroscopy is thus a powerful technique for studying alloy passivation. In
addition to providing in situ valency information, the approach allows sensitive measurement of the
quantity of material lost from the alloy through dissolution or passivation. In principle, it is possible to
determine which components of an alloy undergo selective dissolution, which are enriched in the passive
film, and which are enriched under the film in the metallic state.

Conclusions

I. Formation of the passive film on both iron and Fe-26Cr proceeds without any metal dissolution.
2. Cathodic reduction of the passive film on iron leads to the loss of the equivalent of - 7A of metal

in dissolution. The ratio of reductive dissolution to solid state reduction is approximately in the
region of 2: 1.

3. Cathodic reduction of the passive film on Fe-26Cr leads to the loss of only - 2A of iron.
4. Transpassive dissolution of chromium from Fe-26Cr can only take place on the second potential

cycle once iron in the film has undergone reductive dissolution leading to enrichment of chromium
in the passive film.

5. In situ x-ray absorption spectroscopy of passive films on thin film electrodes is an excellent
technique for obtaining quantitative data on valency and dissolution during alloy passivation.
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Table 1. Amount of metal lost during potential cycling measured from the edge height and
converted into an equivalent thickness of pure metal.

edge measured sample sample thickness cycle metal lost

/A /A
±1

Fe Fe 40 1 8

2 6

3 2

Fe 20 1 7

2 2

Fe-26Cr 40 1 2

2 2

Fe-26Cr 20 1 1

2 3

Cr Fe-26Cr 40 1 0

2 2

Fe-26Cr 20 1 0

2 > 3t

Fe-26Cr 40 1" 3

2 2

*Sample was "activated" by stepping to +0.SV and back down to -1.5V.

tSample sat in the transpassive region for several hours due to problems with the synchrotron.
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Abstract

The local photoelectrochemical properties of passivated surfaces of AISI 304
stainless steel were investigated by a laser spot scanning (LSS) technique which
allows the resolution of the photocurrent response in a Am range. It was found that
local variations in the photocurrent in several respects reflect the pitting corrosion
behaviour of the investigated material.
At sites where an increased photocurrent is measured often a subsequent pit growth
can be observed in an aggressive environment. On smooth sample surfaces high
local photocurrents are mainly associated with inclusions present in the bulk of the
commercial steel. With increasing surface roughness not only much larger variations
in the photoresponse occur but also a much higher number of metastable pitting
events can be detected. A statistical analysis of the results indicates that the
distribution of the photocurrents and the pit initiation activity are strongly related.
Therefore laser-spot imaging of passive films on stainless steels can be used to
detect the distribution of potential pitting sites.
The laser-spot scanning technique can not only be employed as a surface
characterization tool, but it can further be used to cause surface modifications. An
example of passive film modification by the focussed laser light is presented which
led to an improved corrosion resistance of the passive film. It could be shown that the
improved corrosion resistance in acidic solutions after laser-spot mapping of the
surface is probably due to a laser-induced oxide growth.

Key terms: photoelectrochemistry, laser-spot images, photocurrent, electronic
properties, semiconductor, stainless steel, passive film, pitting corrosion

Introduction

Photoelectrochemistry has been succesfully applied as an in-situ technique for the
characterization of passive films. Generally it probes the opto-electronic properties of
the surface film which is of great importance for the corrosion behaviour of materials. It
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has been shown that the photoresponse is sensitive to the structural properties and
the chemical composition of the film.

Rece;•' photoelectrochemical investigations indicated that passive films on various
stainless steels behave like an n-type semiconductor with a highly defective nature [1-
12]. In several respects it was possible to evaluate concepts which relate the
corrosion behaviour of the materials - particularly their resistance against pitting
corrosion - with results obtained from photoelectrochemical measurements.

Most of the recent work in this field has been carried out by experimental
arrangements in which the measured photocurrent characterizes an average
behaviour of samples with a large area (typically some mam 2). Since the breakdown of
passivity in an aggressive environment - e.g. in Cl--containing solutions - takes place
at "weak" sites of the surface, knowledge of the local variation of the photoresponse
can be of great significance for the understanding of the initiation mechanism of
pitting corrosion.

Therefore in the past few years several investigators used focussed LASER beams to
reveal differences in the photoactivity depending on the particular surface location
[12-24]. In the present study a laser-spot scanning technique (LSS) has been used to
create photocurrent maps of passivated stainless steel surfaces. A special aim of this
work is to show correlations between inhomogeneiteies in the local
photoelectrochemical behaviour of stainless steels and their suscepbility to pitting
corrosion.

Experimental

The photoelectrochemical and electrochenr ical investigations were carried out on foils
of an AISI 304 stainless steel (C: 0.048, Cr: 18.1, Ni: 8.6, Mn: 1.3, S: 0.004). Except
where otherwise denoted the samples were mechanically polished with grit 4000 SiC
emery paper and diamond paste (1 jim) and rinsed with distilled water and ethanol. All
solutions were prepared from reagent grade chemicals and distilled water. The
solutions were deaerated with N2 prior to and during the measurements.

The experimental set-up for the measurement of local photocurrents is represented in
Fig. 1. The samples which were embedded in three-component acrylic resin (Triof ix,
Struers) were placed 2.00 mm from the glass-window (Suprasil II) of the
electrochemical cell. A platinum gauze as a counter electrode and the Haber-Luggin
capillar of a saturated calomel electrode (SCE) were mounted into the cell in order to
allow potentiostatic control (Jaissle 1002 T-NC) of the sample.

Photocurrents were generated by focussing the chopped (f = 30 Hz) light of a HeCd-
LASER (•, = 325 nm, P - 4moW, Omnichrome) onto tl'e working electrode at a fixed
potential. This UV-type LASER was chosen, since passive films on stainless steels
show generally considerable absorption only at X, < 400nm.
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In all experiments the lock-in technique was applied to separate the photocurrents from
the passive currents. For this the current output of the potentiostat was connected to the
signal channel of the lock-in amplifier (EG&G 5210) and the trigger signal of the
chopper (EG&G 9479) was fed to the reference input of the lock-in amplifier.

To obtain a surface map of the local photocurrents the cell was mounted on a xyz-stage
(Newport 462XYZ) controlled via an interface card (Newport PMC300) by an IBM-PC.

The diameter of the LASER-spot could be measured by replacing the sample by a
sharp blade and moving it out of the LASER beam in front of an optical power meter
(Newport 835). In a dl/dx-plot, where I represents the light intensity and x the position, a
Gaussian-type of curve was obtained. The half-width of this curve was defined as size
of the LASER-spot.

Potentiodynamic polarization curves were registered with Schlumberger Solartron ECI
1286 controlled by a microcomputer using a traditional 3-electrode set-up and a sweep
rate of lmV/5s.

Results and Discussion

A. Detection of potential pitting sites

In Fig. 2a the local photocurrent distribution and in Fig.2b corresponding photocurrent
contour map of a Laser-scanning experiment of the 304 stainless steel passivated for
20 min at 300 mV SCE in 0.05M H2 SO4 and subsequently measured at -450 mV
SCE are shown. After the scanning experiment NaCI solution was added to the
electrolyte to establish a chloride concentration of 0.5M and a polarization curve (Fig.
3) was recorded - with a stable pitting process occurring at 120 mV SCE. The
polarization curve was stopped at 300 mV SCE and the sample surface was
examined microscopically. In Fig. 2c the same surface region is shown where
previously the photocurrent mapping was performed. By comparing Fig. 2b and Fig.
2c it is obvious that pits were formed at surface locations which exhibit an enlarged
photocurrent.

In order to evaluate possible reasons for a local increase of the photocurrents further
photoelectrochemical investigations were carried out combined with a metallographic
examination of the sample. Fig. 4 shows the photocurrent map (4a) of the 304 steel
passivated at 300 mV SCE in 1M Na2SO 4 solution for 1 h and the corresponding
photograph (4b) of the same surface area. It is very clearly evident that the distribution
of inclusions on the steel surface coincides with the distribution of high local
photocurrents. It has to be mentioned that in this experiment a surface region has
been examined which was particurlarly rich in inclusions - typically a significantly
lower density of inclusions and hence much lower variations of the photocurrent were
observed.

Combining the above findings it can be concluded that local photoelectrochemistry
can be used to detect sites of inclusions in the bulk material. These sites represent a
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"weak" spot of the steel surface at which - in an aggresive environment - the
occurence of pitting corrosion is favoured

These results are in good agreement with literature in which it has been shown that
several types of inclusions or precipitates in the bulk material may act as initiation
sites for pitting corrosion [25,26].

B. Effect of surface pre-treatment on lasor-scans and pit Initiation

Fig. 5a-c show the local resolution of the photocurrent response for an AISI 304 in 1 M
Na 2SO4 at 300 mV SCE pretreated to a different surface finish. It is clearly to be seen
that the sample with the roughest surface (SiC 320) shows the strongest variations in
the photoresponse followed by SiC 1000 and the polished sample, at which only
weak inhomogeneities in the photoresponse occur.

In order to gain statistically relevant information about the distribution of these
inhomogeneities, 4 to 6 images with the same resolution at different locations were
acquired for 2-3 samples for each surface pretreatment. In Fig. 6 the results of these
runs are compiled in a probability plot.

It is obvious that most of the results belong to one normal distribution which does not
differ strongly for the three treatments. This distribution can be attributed to either the
experimental noise or irregularities associated with the investigated material.

The deviations from the straight behaviour at the high end of the plot are unlikely to
be due to "noise" and are of a distinct nature for the different treatments. By applying
a simple separation method after Preston [271, it was possible to subtract the =noise=
distribution from the data sets. The remaining data-points were summed in order to
obtain a measure of the overall effect of each treatment. In Fig. 7 this integrated
Nexcess= photocurrent is given as a function of the surface treatments.

In Fig. 8 the number of metastable pitting events occurring during 24h of passivation
in a 0.1M NaCI solution is shown as a function of the surface treatment. The smoother
the surface, the less transients can be detected. It can be seen that on a very smooth
surface the pitting rate can be reduced by a factor of 10. A comparison of this result
with Fig. 7 shows a very similar behaviour in both plots.

Until now the origin of the effect of the surface pre-treatment on the local distribution of
the photocurrents and on the localized corrosion susceptibility has not been
conclusively clarified.
Preliminary results obtained by scanning tunneling microscopy and spectroscopy
indicate that passive films formed on rough electrode surfaces show strong local
variations in their electronic properties [28]. Particurlarly in the valleys of the grinding
traces a significantly lower band-gap energy of the films was determined from
tunneling spectra [28]. Hence such local differences could explain the variations in
the magnitude of the photocurrents. It has been shown [101 that low band-gap
energies and high photocurrents are often combined with a passive film structure,
which is less resistant against pitting corrosion. Hence it could be concluded that sites
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of high photocurrent indicate the presence of a weak spot in the passive film which
exhibits a reduced resistance against metastable pitting.

At present it is not possible to completely exclude that above findings in the
photocurrent measurements are associated with multiple reflections of the laser beam
at particularly uneven surface sites and on the other hand that pit initiation is favoured
at these sites.

C. Passive film modification by the focussed laser beam

Fig.9 shows a photograph of a 304 stainless steel surface passivated for 20 min at
300 mV SCE in a 0.05M H2SO4 solution twice laser-scanned at -450 mV SCE at the
same location and exposed to the acidic solution for 3 days at -450 mV SCE. The
value of -450 mV SCE for the potential corresponds approximately to the open-circuit
potential of this sample when actively corroding. From the photograph it can be seen
that the steel suffered from a uniform corrosion attack except of a square of 450 x 450
Igm in the center of the sample. This square is located where the sample was exposed
to focussed laser light during the laser scans.

To evaluate possible reasons for the improved corrosion resistance of the irradiated
area the effect of the increased local temperature has to be considered since
relatively high local energy-densities can occur in focussed laser beam experiments.
In order to estimate the temperature increase AT in the laser affected zone and by
assuming a Gaussian temperature distribution the following equation (1) can be used
[291:

AT(t) = A.P-r arctanL
2K f"/2 per2  (1)

with A=e"Xad and P'= P/r2n

where a).: absorption coefficient of respective wavelength
d: thickness of the absorption layer
P: Power of the incident light
r: radius of the laser spot
c: specific heat
K: thermal conductivity
p: density

In equation (1) the arctan-term only contributes in a neglectible manner for t > 10-3 S

(and p and c within a reasonable range) since thermal equilibrium is established very
rapidly.
For the experiment this means that changes in the chopper frequency (within physical
limits) do not significantly influence the increase of temperature (i.e. AT is the same as
if a continuous radiation was used).
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Employing reasonable values for the parameters aj(Fe203) -2-107 m-1 at 325 nm
[30-32]; d =3 nm; K =40 W/mK (average for steels [33]) and from the experiment P = 3
mW; r = 5 A±m; an increase of the temperature AT = 2.8K results. According to eq. (1)
AT varies directly proportional to P, r and K and therefore changes in the local
temperature for other parameters can easily be calculated.

From the estimation of AT = 2.8K it can be concluded that the improved corrosion
resistance is probably not due to processes associated with an increased local
temperature. More likely is a laser-induced oxide growth which can occur either by
direct participation of photogenerated electrons or holes in the mechanism or
indirectly by a changed potential distribution in the illuminated oxide [34].

Conclusions

1. Laser-spot imaging of passive films can be used as a tool for detecting potential
pit nucleation sites. On smooth surfaces high local photocurrents are often
associated with inclusions present in the bulk of the commercial steels and these
sites are particularly suscepible to pitting corrosion.

2. Mechanical surface pre-treatment influences the distribution of the
photocurrents. With increasing surface roughness larger variations in the
photoresponse occur. Further, a much higher number of metastable pitting
events can be detected by increasing surface roughness. It could be shown that
the distribution of the photocurrents and the pit initiation activity are strongly
related.

3. Scanning of a passive surface with a laser-spot can induce a modification of the
passive film which can lead to an improved corrosion resistance of the material.
This beneficial effect is probably due to a laser-induced oxide growth.
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Effect of Rinsing on Analytical Results for Passivity of
Amorphous Iron-Chromium-Metalloid Alloys

K. Hashimoto, S. Kato, B. M. Im, E. Akiyama, H. Habazaki, A. Kawashima
and K. Asami
Institute for Materials Research,
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Sendai, 980 Japan

Abstract

Electrochemical and XPS studies of the passivation behavior of amorphous
Fe-Cr-Mo-13P-7C alloys in deaerated stagnant 1 M HCI and in agitated 9 M
H2So 4 open to air revealed that the difference in periods of preliminary air-
exposure of the specimen polished in cyclohexane affects the passivation behavior.
It was also found that whether washing and drying after passivation was done
without air exposure or during air exposure affects largely the analytical results
of ihe passive film.

Key terms: Amorphous alloys, XPS analysis, passivity

Introduction

Amorphous chromium-containing metal-metalloid alloys are well known
to have extremely high corrosion resistance in chloride-containing strong acids'.
In particular, the addition of molybdenum to amorphous Fe-Cr alloys containing
phosphorus is quite effective in improving the corrosion resistance and hence
some amorphous Fe-Cr-Mo-P-C alloys passivate spontaneously even in 12 M
HC12. Beneficial effects of molybdenum and phosphorus in enhancing the
corrosion resistance of amorphous chromium-containing alloys are not well
understood. Electrodepositede5 and melt-spuns. 8 amorphous Ni-P alloys possess
higher corrosion resistance than nickel metal in acidic solutions, although the
amorphous Ni-P alloys are not passive in acidic solutions. Diegle et al.9 performed
XPS analysis of the surface films without exposure of the specimens after
polarization and observed elemental phosphorus on the Ni-P alloy surface. Some
of the present authors" proposed from the kinetic and XPS data that the preferential
dissolution of nickel occurred from the amorphous Ni-P alloy with a consequent
formation of an elemental phosphorus surface layer acting as the diffusion
barrier for nickel dissolution. The formation of the elemental phosphorus layer
on amorphous alloys containing both chromium and phosphorus in strong acids
gives rise not only to a decrease in the anodic dissolution current but also to
enhancement of cathodic oxygen and hydrogen reduction'1' 12. This leads to
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ennoblement of the open circuit potential to the passive region of chromium and
to the formation of a passive chromium oxyhydroxide film. Nevertheless, it is
quite difficult to identify the elemental phosphorus layer by ex situ analysis of
the surface after corrosion, because of air oxidation of the elemental phosphorus
layer.

(-' the other hand, the role of molybdenum in enhancing the corrosion
resistan" of chromium-bearing alloys is widely investigated. It has been revealed
from XPS and electrochemical studies13'3 4 that molybdenum is passive, forming
Mo4÷ oxide film in the active region of chromium-bearing alloys, and a decrease
of the anodic dissolution current with a consequent enhancement of passivation
based on the formation of a passive hydrated chromium oxyhydroxide film.
However, rinsing and drying the specimen in air after immersion or polarization
of the alloys in that potential region give the analytical result of a high ratio of
Mo6/Mo4 ÷ in the surface films because of oxidation of Moe÷ in the films to
Moe by air exposure"'.

In this manner, the analytical results of the surface is often affected by
post-treatment conditions such as rinsing and drying. On the other hand, the
corrosion behavior itself is affected by pre-treatment of alloys before corrosion
experiments. The present work reports interesting results obtained as a result of
pre- and post-treatments of alloy specimens where the roles of chromium,
molybdenum and phosphorus in enhancing the corrosion resistance have been
studied.

Experimental Procedures

Fe-Cr-Mo-13at%P-7at%C alloy ingots were prepared by high frequency
induction melting of laboratory-made iron phosphide and iron carbide, and
commercial molybdenum, chromium and iron under an argon atmosphere. From
these ingots amorphous alloy ribbons of about 1 mm in width and 20-30 mm in
thickness were prepared by the rotating wheel method. Prior to electrochemical
measurements and surface analysis, the amorphous alloy ribbons were polished
in cyclohexane with silicon carbide paper up to No.1000, degreased in acetone
and dried in air. The electrochemical measurements and surface analysis were
performed on specimens immediately after drying and after standing in air for
24-40 h.

Electrochemical rieasurements for amorphous Fe-8Cr-Mo-13P-7C alloys
were carried out in deaerated I M HCI solution at 30°C. The solution was
deaerated previously by bubbling oxygen-free nitrogen and was introduced into
an electrolytic cell without air exposure. Before the cell was filled with the
electrolyte the specimen was installed in the cell and the cell was purged with
oxygen-free nitrogen. Polarization of the specimen was started when the
potentiostatically polarized specimen was immersed instantaneously in the
solution or was wet by the solution due to elevation of the solution level. The

3941



polarization potential chosen was -0.1 V(SCE) which is close to the lowest
potential for passivation of chromium in order to detect the beneficial effect of
molybdenum. Polarization was completed by the removal of the electrolyte,
and the specimen was rinsed with oxygen-free water without exposure to air.
The specimen was sealed in nitrogen in the upper part of the cell which was
separated from the main part of the cell. The sealed upper part of the cell with
the specimen was transferred into a glove box and was opened for drying the
specimen in an argon atmosphere and for mounting the specimen on the specimen
holder for XPS analysis. The specimen holder was installed into a transfer
vessel of the X-ray photoelectron spectrometer in the glove box, and then the
specimen was installed in the spectrometer without air exposure. After X-ray
photoelectron spectra were measured the specimen was exposed to air for 1 h
and the X-ray photoelectron spectra were measured once again for the air-exposed
specimen. XPS analysis was also performed for the specimen rinsed with water
in air and dried in air after polarization in the deaerated solution.

Another corrosion test was conducted for amorphous Fe-8Cr-13P-7C alloy
specimens in 9 M 1-2S04. Since, even when the solution was open to air,
prolonged immersion induced slight corrosion for spontaneously passive ribbon-
shaped specimen due to an insufficient oxygen supply to the specimen surface,
the solution in a kjerdahl flask open to air was agitated by mechanical shaking.
After the corrosion test for prescribed time intervals, the kjerdahl flask was
purged with oxygen-free nitrogen and the specimen was washed with deaerated
water several times by decantation in oxygen-free nitrogen. The sealed kjerdahl
flask with the specimen was transferred into the glove box in which the specimen
was dried in argon and mounted on the specimen holder for XPS analysis.
After the corrosion test some specimens for XPS analysis were rinsed with
water in air and dried in air.

X-ray photoelectron spectra were mostly measured by a SHIMADZU
ESCA-850 electron spectrometer with Mg K excitation. For some specimens
rinsed in air a SSI SSX-100 electron spectrometer with Al K excitation was
used. The composition and thickness of the surface film and the composition of
the underlying alloy surface just below the surface film were quantitatively
determined from the integrated intensities of spectral peaks'". Photo-ionization
cross sections used were summarized elsewhere"6 .

Results and Discussion

Effects of Pre-Treatment
Figure 1 shows potentiodynamic polarization curves of amorphous Fe-

8Cr-Mo-13P-7C alloys measured in deaerated 1 M HCI at 30°C. An increase in
molybdenum content decreases the current density in both the active and passive
regions, and decreases the cathodic current density. Because the decrease in
anodic current density is larger than the decrease in cathodic current density, the
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addition of 6 at% molybdenum results in spontaneous passivation. Figure 2"'
shows the change in concentration of chromic ion in the passive films formed
on amorphous alloys. The specimens were exposed to air for more than 24 h
after polishing in cyclohexane before polarization, and were rinsed with water
in air. Chromic ions in the surface film formed on the Fe-8Cr-13P-7C alloy at
-0.1 V(SCE) increase with polarization time. By contrast, the passive film
formed on the Fe-8Cr-7Mo-13P-7C alloy is quite stable, and hence no appreciable
change occurs in the film composition during prolonged polarization. The
concentration of chromic ions in the air-formed oxide films on both the alloys is
almost the same as that of chromium in the bulk alloys. However, this is the
case for the specimens exposed to air for prolonged time after polishing in
cyclohexane.

Figure 3 shows the cationic fraction of chromium in the air-formed surface
films and passive films on the amorphous Fe-8Cr-13P-7C alloy specimens.
Chromic ions are concentrated in the air-formed film just after polishing in
cyclohexane. The concentration of chromium in the underlying alloy surface
for the specimen just after polishing in cyclohexane was almost the same as that
in the bulk alloy. Accordingly, the enrichment of chromic ion in the air-formed
film just after polishing in cyclohexane seems to be due to selective dissolution
of iron in cyclohexane. The exposure of the specimen to air for 40 h after
polishing resulted in film thickening and a decrease in the film chromium
content due to preferential oxidation of iron. Hence the ratio of chromium to
iron in the film after prolonged air exposure becomes almost the same as that in
the bulk alloy. On the other hand, when the specimen just after polishing in
cyclohexane and drying was polarized for I h at -0.1 V(SCE) in deaerated 1 M
HCI, chromic ions are concentrated to about 57% in the passive film being
accompanied by preferential dissolution of iron. This chromium concentration
in the film is almost the same as that in the film formed on the specimen by
polarization for 5 h shown in Figure 2, the specimen being exposed to air for a
long time before polarization for 5 h. When the specimen exposed to air for 40
h after polishing in cyclohexane was polarized for 1 h at -0.1 V(SCE) in deaerated
1 M HCI, chromium enrichment in the film also occurs but the concentration of
chromic ions in the film is lower than that in the film on the specimen polarized
immediately after polishing. It can, therefore, be said that the gradual increase
in chromic ion concentration in the film on the amorphous Fe-8Cr-13P-7C alloy
specimen with time shown in Figure 2 occurred because polarization was done
after prolonged air-exposure, but when the specimen was polarized immediately
after polishing in cyclohexane the chromic ion concentration in the film reached
the maximum value by polarization within 1 h. This means that the ageing of
the air-formed oxide film through prolonged air-exposure prevents rapid
dissolution of alloy constituents unnecessary for passivation during polarization
in I M HCI and hence prevents rapid enrichment of chromic ions in the passive
film.
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Figure 4 shows the change in current density of amorphous Fe-8Cr-Mo-
13P-7C alloys polarized at -0.1 V(SCE) in 1 M HCI. After an initial current
increase due to breakdown of the air-formed films the anodic current density
reaches a maximum value and then decreases sharply, because breakdown of
the air-formed film is immediately followed by passive film formation. Increasing
alloy molybdenum content decreases the amount of charge passed for the onset
of passivation.

Figure 5 shows the ionic fractions in the films formed on the amorphous
Fe-8Cr-13P-7C and Fe-8Cr-6Mo-13P-7C alloys polarized in 1 M HCI just after
polishing in cyclohexane. Polarization in the passive region results in chromium
enrichment in the films on both alloys. The maximum concentration of chromium
in the films on the Fe-8Cr-13P-7C and Fe-8Cr-6Mo-13P-7C alloys is attained
after polarization for about 300 and 120 s, respectively. The maximum
concentration of chromic ions is almost the same on both alloys. It can, therefore,
be said that the molybdenum addition enhances passivation through prevention
of dissolution of chromic ions in the air-formed film. As can be seen from a
comparison of Figures 2 and 5, the reproducibility of analytical data for the
specimens just after polishing is not high. This is attributable to a scatter in the
degree of ageing of the air-formed oxide films before polarization. However,
the ageing of the air-formed film somewhat increases the stability of the film,
and slows down the preferential dissolution of unnecessary elements from the
alloy surface. Accordingly, prolonged polarization is required for the formation
of stable passive films enriched in chromic ions when the specimens are previously
exposed to air for a long period of time after polishing.

Effects of Post-Treatments
Figure 6 shows Fe 2p spectra of the specimens after polarization for 5 h.

Because of prolonged polarization, passivity seems well established. The Fe 2p
spectrum (a) for the specimen without air exposure shows a sharp Fe 2p peak
for the metallic state of iron but the oxidized signal is very weak. However, air
exposure of the same specimen for 1 h after XPS measurements resulted in
oxidation of iron showing the Fe 2p3fl peak of oxidized iron at about 710 eV (b).
When the specimen was washed with water in air and dried in air, the strong Fe
2p3,, peak of oxidized iron appears (c). The oxide components of Mo 3d spectra
for these specimens are shown in Figure 7. The spectrum for the specimen
without air exposure consists mostly of that for Mo4÷. Air exposure of the same
specimen for 1 h after XPS measurements resulted in the formation of Mo' due
to oxidation of Mo"4 showing the Mo 3d 3, peak of oxidized molybdenum at
about 236 eV. When the specimen was washed with water in air and dried in
air, the intensity of the Mo6 3d 32 peak appears clearly.

Figure 8 shows schematically ionic fractions in the films. Polarization
was carried out for the specimens immediately after polishing in cyclohexane.
When the specimen whose X-ray photoelectron spectra were measured without
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air exposure after polarization was exposed to air for I h, preferential oxidation
of iron occurs with a consequent film thickening of about 10%. This indicates
that the passive film formed by prolonged polarization for 5 h at a low potential
in the passive region is not completely stable after being dried without air
exposure. On the other hand, when the specimen polarized for 5 h was rinsed
with water in air and dried in air, the film with a higher concentration of iron
and a lower concentration of phosphorus in comparison with the two films
mentioned above was formed without film thickening. Accordingly, phosphorus
was dissolved during rinsing and iron was oxidized. Consequently, the passive
film formed by prolonged polarization for 5 h at a low potential in the passive
region is not completely stable when the specimen is washed before being dried
in an inert atmosphere.

When passivation occurs in more aggressive solutions than 1 M HCl the
passive film becomes more stable. When the amorphous Fe-8Cr-13P-7C alloy
was immersed in agitated 9 M '- 2S0 4 open to air, corrosive dissolution of the
alloy occurred in the initial period of immersion, and the alloy became stable
after immersion for 30 min. Figure 9 shows the change in the open circuit
potential during immersion in agitated 9 M H2So 4 open to air. The open circuit
potential is in the active region just after immersion but increases gradually
with time. The open circuit potential is raised to the passive region of chromium
after immersion for 30 min and continues to increase. As shown in Figure 10,
analytical results for cationic fractions in the surface films formed in this very
aggressive solution is not affected by a difference in post-treatments. A
comparison of Figures 9 and 10 clearly reveals that the open circuit potential
rises to the passive region of chromium before the chromium enrichment occurs
in the film after breakdown of the air-formed film. This fact clearly indicates
that the ennoblement of the open circuit potential to the passive region of
chromium is not attributable to the formation of a chromium-enriched passive
film. As shown later this fact rcsults from the formation of an elemental
phosphorus layer during initial active dissolution of the alloy. The formation of
the elemental phosphorus layer enhances the cathodic reduction of oxygen,
decreases the anodic dissolution current and hence enhances the formation of a
passive chromium oxyhydroxide film.

Figure 11 shows P 2p spectra for the amorphous Fe-8Cr-13P-7C alloy
specimens immersed in agitated 9 M H2SO 4 open to air after being washed with
deaerated water in oxygen-free nitrogen and dried in argon and after being
washed with water in air and dried in air. It is clear that washing in air and
drying in air induce oxidation of phosphorus. As shown in Figure 10, whether
washing and drying was done without air exposure or during air exposure did
not affect the ratio of chromium to iron in the film. Consequently, the elemental
phosphorus layer existed on the passive film during immersion and was oxidized
during rinsing and drying in air. In this manner, when passivation occurs in
very aggressive solution due to ennoblement of the open circuit potential by the
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protective action of the cathodically active elemental phosphorus layer, the
difference in post-treatment of the specimen does not affect the analytical result
for the ratio of chromium to iron in the passive film.

Conclusions

Electrochemical and XPS studies of the passivation behavior of amorphous
Fe-Cr-Mo-13P-7C alloys in deaerated stagnant 1 M HCI and in agitated 9 M
H2SO 4 open to air led to the following results.
1. When XPS analysis was performed just after the specimen was polished in

cyclohexane, chromium was enriched in the air-formed oxide film but air
exposure of the specimen polished in cyclohexane led to preferential oxidation
of iron with a consequent formation of a film in which the ratio of chromium
to iron was almost the same as that in the bulk alloy.

2. The formation of a chromium-enriched stable passive film on the specimen
exposed to air for a longer period of time requires prolonged polarization in
comparison with the specimen polarized just after polishing in cyclohexane.

3. After XPS analysis was made without air exposure for the specimen polarized
in deaerated 1 M HCI at -0.1 V(SCE) for 5 h, air exposure for 1 h gave rise to
about a 10% increase in the film thickness due to preferential air oxidation of
iron.

4. When the specimen was washed with water in air after polarization in deaerated
1 M HCl at -0.1 V(SCE) for 5 h, phosphorus was dissolved, and subsequent
drying in air resulted in preferential oxidation of iron.

5. When the Fe-8Cr-13P-7C alloy specimen was immersed in agitated 9 M
H2SO4 open to air, the specimen surface was initially covered with a cathodically
active protective elemental phosphorus layer, which enhanced the formation
of a chromium-enriched passive film due to ennoblement of the open-circuit
potential.

6. When the Fe-8Cr-13P-7C alloy specimen immersed in agitated 9 M H2SO4
open to air was rinsed with water in air and dried in air, oxidation of the
elemental phosphorus layer on the passive film occurred. Whether washing
and drying was done during air exposure or without air exposure did not
affect the ratio of chromium to iron in the passive film below the elemental
phosphorus layer.
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Abstract

The electrochemical formation of passive layers on Cu20Ni and Cu50Ni in 1 M
NaOH has been examined with surface analytical methods like XPS, UPS and ISS.
First a Ni(OH)2 layer is formed. The rapidly growing Ni(OH)2 leads to an
accumulation of Cu at the metal surface which causes the formation of an oxide
layer underneath consisting mainly of CuO. At more positive potentials NiO enters
the oxide sublayer. Cu 20 appears to a ra-nor extent at the metal/oxide interface
during the initial stages of CuO formati 'n and is no longer detected when CuO
grows to a larger thickness at sufficiently positive potentials. In the potential
range of the beginning transpassive behaviour the top Ni(OH) 2 layer is oxidized
to NiOOH at its surface. The NiOOH formation leads to the incorporation of
Cu(OH) 2 in the hydroxide overlayer. This transpassive oxidation causes a shift of
the work function to larger values as determined by UPS and to the same shift
to smaller binding energies of all XPS signals of oxide constituents similar to
previous observations for pure Ni and its alloys. The passive layer on Cu/Ni alloys
reflects the properties of both metal components.

Key Words: Passivity, Cu/Ni Alloys, XPS, UPS, ISS

Introduction

Cu/Ni alloys are materials which are highly resistant to corrosion in aggressive
aqueous electrolytes at normal and elevated temperatures. These alloys are used
for heat exchangers and for parts exposed to sea water as e.g. in the ship building
industry because of their resistence to localized corrosion. Therefore various
publications deal with their corrosion properties in sea water or NaCl-containing
electrolytes "- and at elevated temperatures '. These alloys are also widely used
as catalysts for hydrogenation and dehydrogenation 7,.. Although technologically
very important, very little is known about the protecting passive layers and the
films which form in the transpassive range. Therefore a systematic investigation
of the chemical composition and structure of these layers has been started. In this
paper results of films formed in 1 M NaOH are presented.

(1) Part of the PhD thesis of P. Druska
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Fig. 1 depicts the potentiodynamic polarization curves in 1 M NaOH of both alloys
for a better understanding of the surface analytical examinations. They show the
main characteristics of pure Ni with an anodic peak at E = - 0.5 V indicating the
passivation of the alloys and a peak at E = + 0.7 V characteristic for the
transpassive behaviour of Ni.

Experimental

Specimen preparation. The surface analytical studies were performed with an
Escalab 200 X (Fisons/VG Instruments) consisting of 3 vacuum chambers, the
analyser, the preparation chamber and the fast entry lock. A fourth chamber was
flanged to the lock where the electrochemical preparation was performed in a small
vessel of ca. 2 cm 2 content. All electrolytes were Ar purged and could be introduced
via appropriate feedthroughs. The electrochemical chamber could be filled with
purified Ar and evacuated. Thus a specimen preparation and transfer without any
air contact could be realized. The performance was routinely checked with
standard procedures as the exposure of pure metals like Fe, without major oxide
formation. Appropriate electrical feedthroughs and an electrolytical contact to a
reference electrode form the potentiostatic circuit. A detailed description of the
UHV system and its performance is given in detail elsewhere 9'.o

The Cu/Ni alloys were melted from 99.99% pure metals, mechanically treated and
heat-treated to obtain void-free single phase materials. Circular specimen with a
sharp edge were cut from the material. They were fixed to the specimen stub of the
spectrometer with a 3 mm wide adherent cylidrical support with a thread. The
circular front plane was polished with diamond spray with a 1 Pm final grading
and cleaned ultrasonically in ethanol. Any further treatment occured within the
closed system without any air contact. The surface was first sputtered with Argon
(AG21, VG Instruments, 4 keV, 20 pA, 5 min) and then introduced into the
electrolyte at open circuit potential. Then the selected electrode potential was
applied for the passivation time of choice. For short time passivation transients
of t < 10 s the specimen was introduced at E = - 0.96 V for 10 min and finally
pulsed to the potential in the passive range. For long-term passivations a previous
reduction was not necessary and led to the same results which was carefully
controlled. After passivation the surface was rinsed 4 times with pure water.
Remaining adherent water was blown off with a jet of argon. The subsequent
transfer to the UHV of the analyser chamber occured within ca 5 min.

A potentiostat (Elektroniklabor W. Schiller) equipped with a function generator
and pulse generators (Tektronix 26G) was used. All electrolytes were prepared
with analytically pure substances and with deionized water (Millipore water
purification system). Hg/HgO/1 N NaOH, E = 0.14 V served as a reference
electrode. All potentials are given relative to the standard hydrogen electrode
(SHE).

Surface Analysis, The XPS measurements were performed with a constant
pass energy of 20 eV. The X ray source was run with the non- monochromatized
Al K, radiation (1486.6 eV) with an input power of 300 W. The spectrometer was
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calibrated routinely with the appropriate XPS lines of Au, Ag and Cu as given in
ref. 11.

UPS measurements were performed with the He-I-line (E = 21.22 eV) of a UV
source (UVS 10/35, Leybold Heraeus) with a discharge current of 90 mA, a pass
energy of 3 eV and a negative specimen bias of 10 V.

For ISS measurements a scannable ion source (EX 05, VG instruments) was used
with a Ne beam of 3 keV primary energy. For sputtering a larger window of 0.75
cm2 with an ion current of 300 nA was used equivalent to 0.0624 nm/min. For ISS
analysis 30 nA and 0.15 cm 2 equivalent to 0.0312 nm/min were applied. The two
different windows prevented the crater effect during depth profiling. The sputter
effect during the ISS measurement period was included in the evaluations. Sputter
rates are given relative to that of Ta20 5 with 0.104 nm/min formed by anodic
oxidation of Ta according to the procedure of ref 12. The size of the sputter
windows was controlled by the colour changes of anodized Ta specimen after
prolonged sputtering.

Standards The XPS spectra were evaluated on the basis of well-
characterized standards. The preparation of Ni standards as Nimet, NiO, Ni(OH)2,
and NiOOH has been described in detail elsewhere 13.4. Comparison with the
standard spectra prepared from Ni/Cu alloys with the same methods did not show
any appreciable differences. Similar results are obtained for Cu. Therefore the
standards for the pure metals and the pure compounds could be used for the
evaluations instead of those from the alloys. Pure Cu was obtained by 10 min Ar
sputtering. Cu(I)oxide was obtained by external electrochemical reduction of an
alkaline CuO 2

2 solution in 5 M NaOH ". A 5 min cathodic reduction in 1 M
NaOH at E = -0.235 V and its transfer into the UHV within the closed system
removes traces of Cu(II)oxide formed during sample transfer through air. A CuO
standard was obtained by 5 min heating of Cu at 800 'C in air and the immediate
transfer into the UHV. Cu(OH) 2 was prepared by precipitation from a 0.1 M CuSO4
solution added slowly to 5 M NaOH. The light blue precipitate was filtered, washed
with pure water and transferred immediately into the UHV to avoid its
transformation into black CuO. The dry light blue Cu(OH)2 powder is stable for
several days even in air. Cu compounds may be reduced during X ray radiation 16

Prolonged radiation of several hours may lead finally even to Cu metal. The
correction of the Cu(II)hydroxide signal from amounts of CuO formed during XPS
studies may be performed with the help of the Cu 20 standard spectra. For CuO
this procedure was not necessary because the amount of Cu 20 formed during ca
20 min X ray radiation was negligible for both the standard and the passivated
specimen. For the Cu(OH) 2 standard the correction was necessary as may be seen
in Fig. 2b. Apparently the hydroxide is less stable to decomposition even in this
regard. New Cu(OH)2 surfaces may be obtained rather simply by removal of some
changed material at the surface with tape. The OH, and 02. signals were taken
from the corresponding oxide and hydroxide standards. Fig. 2 depicts the XPS
spectra of the different standards which are the basis for further evaluations.
After background correction according to Shirley 17, the standard spectra are
described with Gauss/ Lorenzians with a tail function to take care of the
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asymmetry of the XPS signals. Fig 2 shows this deconvolution for the different
species. Reference 14 gives the mathematical description and the related
parameters. An appropriate program MFIT " developped in our group permits the
handling of the standard spectra and the processing of the data of passive layers
including a least square fit routine.

For the evaluation of the contribution of Cu species the Cu XPS signals requires
some special treatment. In the presence of Cu(II) the background correction
according to Shirley is too large because of the presence of the pronounced shake
up satellite. To avoid erroneous results a linear background correction was
performed in this special case. Furthermore Cu metal and Cu(I) species cannot be
distinguished by the Cu2P3,, signal because of a negligibly small chemical shift. For
this purpose the X-ray induced Cu L3MM Auger signal was used. This signal has
been used preV 'usly for quantitative determination of Cu 20 on Cu 19. It is
relatively compl_-ated and the description of each pure Cu standard needs 4 peaks
with related requirements to the MFIT program (Fig.2). The contribution of the
Cu(II) species to the Auger signal was estimated on the basis of the Cu2P. signal.
Its Auger peak is relatively broad and thus less characteristic and may lead to a
larger error.

Data Evaluation. Any XPS signal of an actual passivated specimen surface
was deconvoluted into the contributions of the different species on the basis of the
standard spectra. For this purpose the characteristic data of the standard signals,
especially the relative sizes of the peaks were kept constant and the their total size
was varied to meet the actual signal with a least square fit routine of the MFIT
program. The integrated intensity of the partial peaks of the components was used
for further evaluation. Fig 3 gives an example of this procedure for the signals
which are relevant to this study.

A similar evaluation was applied to the ISS spectra. The width of the signal is
determined by the isotopic composition of the probe gas Ne as well as the target
atoms. Thus the signal of pure standards was composed of simple Gaussians with
a minor Lorenzian contribution for each isotopic combination. The peak parameters
of the standards were kept constant, especially their relative heights, and the total
height was adjusted to meet the spectrum of an actual specimen. Fig. 4 shows the
deconvolution of the ISS signals for Cu and Ni and Fig. 5 depicts characteristic
signals of a sputter depth profile of a passive layer indicating the variation of the
composition by the related change of the peak areas. The sputter depth in rn
refers again to the calibration with passivated Ta according to ref. 12.

Results and Discussion

Model of Layer Structure. Usually the passive layer has not a simple
structure. At least a duplex film is discussed in the literature for different reasons.
Strong support of this model is given by surface analytical methods. Besides other
groups we have studied with XPS and partially with ISS passive layers of a large
number of pure metals 20,21, as Fe 9,22, Cr 23, Ni 13, Cu 24 and their binary alloys
Fe/Ni 13,25,26 Fe/Cr 9,21,27 Cr/Ni 28 Al/Cu 29 The evaluation of the XPS data is
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performed on the basis of a duplex or multilayer model. Any model has to be
justified by appropriate measurements. Therefore we have performed angular
dependent XPS measurements. Fig.6 presents a sequence of the intensity ratios of
the different species depending on the take off angle 0 measured relative to the
surface normal. All intensity ratios are normalized for 0 = 0 deg. The curves
correspond to the appropriate relations for the intensity ratios ". Similar
evaluations were performed in our group for passive layers on Cr/Ni alloys '. The
upward bending in Fig. 6 shows clearly that the species whose intensity appears
in the numerator is located outside. The close fit of the experimental values to the
calculation proves the existence of a multilayer structure and a negligible influence
of the possible surface roughness which usually leads to a flattening of
presentations of the type of Fig 6. On the basis of this examination one comes to
the conclusion of Fig. 7 for the layer structure. The inner oxide is covered by an
outer hydroxide. The lower valent species are in the inner part of each sublayer.
This leads to a further subdivision of both the oxide and the hydroxide. The higher
valent species appear only at sufficiently positive potentials within the film. The
contribution of the different sublayers to the total film thickness depending on the
electrode potential are given in the upper part of Figs. 8 a,b for both alloys Cu20Ni
and Cu5ONi.

On the basis of this model a quantitative evaluation of the XPS results is
performed similar to the procedures and equations described previously 14.25,28 The
intensity rations for this model, contain attenuation factors of overlayers and self
attenuation factors for each sublayer. There exists a sufficient number of equations
for the intensity ratios and the trivial equations for the weight fractions of the
oxide and metal surface to get a solution for each of the unknowns, i.e. the
thicknesses of the sublayers and their composition. The evaluation involves the
values of Scofield 3" for the photoioniosation cross sections a with an appropriate
correction according to Reilman et al ". The sensitivities for the Cu 2P. signal
may be related empirically to those of the X-ray induced Cu L3MM Auger signal
with well known standards, so that the data evaluation may involve also the Auger
line for a quantitative evaluation. One obtains the thicknesses and the
compositions of the complicated multilayer structures.

Potential Dependence of Layer Compostio.. Apparently hydroxide is the
major part of the surface layer at negative potentials and oxide at more positive
potentials. The Cu 20 contribution is found in an intermediate potential range of
E = -0.1 to 0.7 V whereas NiOOH forms at E > 0.5 V. The composition of the
partial layers changes in a characteristic way with potential (Fig. 8 a, b). The
metal surface is enriched in Cu with increasing potential i.e. with the growth of
the passive layer. This result reflects the enrichment of the layer with the more
reactive Ni leaving Cu metal behind. At lower potentials the developping inner
oxide contains mainly Cu oxide. NiO enters only for E > 0 V. In contrast the
hydroxide overlayer containing mainly Ni(OH)2 and Cu(OH) 2 begins only for E >
0.5 V. According to these results the alloy forms first a Ni(OH)2 layer. The related
increase of the Cu-content at the metal surface causes the formation of mainly
CuO at sufficiently positive potentials. Only in the potential range of E = -0.1 to
0.7 V a thin film of Cu 20 is formed directly at the metal surface. When
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approaching the transpassive range, oxide and hydroxide reach a plateau value in
thickness. The disappearence of Cu.O i.e. its oxidation t6 CuO accompanies the
oxidation of Ni(OH) 2 to NiOOH at ca 0.5 to 0.8 V. The potentials have to be
sufficiently positive to get the higher valent species. At E > 0.5 V Cu(OH)2 also
enters the hydroxide layer.

The oxidation process of Ni(OH)2 to NiOOH in the vicinity of the transpassive
behaviour may be followed by the chemical shift of all XPS signals of oxide
components to smaller binding energies. A related observation is the increase of
the work function by 0.5 eV as obtained from UPS spectra (Fig.9) which results in
an- appropriate shift of the secondary-cut-off of the photoelectrons. The
interpretation is similar to for the case of pure Ni and Ni alloys 13.14 ,. According
to a simple semiconductor model of the passive layer the increasing band bending
leads finally to a crossing of the valence band with the Fermi level. This introduces
a large number of positive holes which act as a dopant leading finally to a decrease
of the Fermi level. As the binding energies and the work function are given
relative to the Fermi level this leads to a shift of both quantities by the same
amount but with opposite sign. The formation of NiOOH in the transpassive
potential range is an alternative picture to the accumulation of positive holes or
of acceptor levels. Fig 9 c depicts the increase of the work function by 0.5 eV as
obtained from the UPS-spectra of Fig. 9 a. A negative bias ensures the total
acceptance of the secondary electrons. The energy difference AE between the
secondary-cut-off and the Fermi edge yields the work function e4 according to the
relation AE = hv - e4 (Fig. 9b).

The ISS depth profile of passivated specimens matches nicely the XPS results
obtained by evaluation on the basis of the bilayer structure. ISS cannot distinguish
beween the valence states of the atoms. Therefore a further subdivision of the
oxide and hydroxide is not possible. Fig. 10 shows the profiles for three passivation
potentials of Cu20Ni together with the related XPS results. With Ne as the probe
gas one cannot get backscattering of the lighter oxygen. Thus one cannot measure
the 0-content and only the cationic fractions Xc, of Cu are shown. At E = -0.16 V
a large Ni(OH) 2 layer covers a very small oxide with high Cu content (Fig.8a). In
agreement one obtains a large thickness with a very small Cu content with both
analytical methods. The very thin Cu-oxide layer underneath is indicated only by
a shoulder in the Xc, profile. Sputter artifacts like ion mixing may reduces the
depth resolution. The bulk level with Xc, = 0.8 is reached at the expected depth.
The relatively large scatter of the data of the metal surface is due to the small ISS
signals. This is a consequence of the relatively large neutraliation probability of the
noble gas ions at a backscattering metal surface relative to an oxide surface with
insulating or semiconducting properties. At E = 0.44 V, well within the passive
range one detects clearly both layers with the ISS depth profile. The Cu content
is still low in the hydroxide part in agreement with the XPS results. A larger
content immediately at the surface might reflect some adsorption of Cu(II) species
which may be dissolved in the first moment of the passivation transient. Its true
nature remains however still uncertain. It is detected also for passivations in the
transpassive range. The composition of the oxide part agrees extremely well with
the XPS data (Fig. 10b). The layer model also agrees with the partial thicknesses

3956



obtained by both methods. Fig. 10c with a passivation at E = 0.89 V refers to a
potential within the transpassive region. In this situation the oxide layer is thicker
than the hydroxide and an appreciable Cu content has entered the hydroxide part
whereas Ni is incorporated within the oxide part thus reducing its Cu content to
XCU = 0.6. In conclusion, ISS depth profiles reflect qualitatively and quantitatively
the evaluation of the XPS results and thus further justify the bilayer structure.
XPS however yields additional information for further subdivision into a total of
4 partial layers.

Time Dependence of Layer Comoosition. The results of time- dependent
investigations are very close to those in the potential domain. It is a general
observation that lower valent species appear first and will be oxidized later as has
been shown for the case of passive Fe and Fe/Cr alloys 9.22. Fig 11 gives an example
for Cu20Ni at two characteristic potentials, i.e. in the passive and in the
transpassive range. The total thickness increases linearly with the logarithm of
time indicating the presence of a barrier type of film. The hydroxide layer forms
first and is already present within 1 ms. It takes about 10 to 100 ms to form the
first oxide. Cu(I)- and Cu(II)-oxide are observed simultaneously within the oxide
layer at E = 0.44 V (Fig.11a). At E = 0.89 V Cu(I)-oxide appears only for a short
time to a very low level and is oxidized completely to Cu(II) (Fig. 1ib). Ni enters
the oxide within ca. 0.1 s at both potentials. At 0.44 V the hydroxide consists of
Ni(OH) 2. At E = 0.89 V Cu(OH)2 enters within 0.1 to 1 s (Fig.llb) and reaches
within 10 s the level of Ni(OH)2 Very characteristic is the formation of Ni(OH)2

within the first 0.1 s and its disappearence within ca 100 s. Simultaneaously the
NiOOH-containing film is formed which incorporates large amounts of Cu(OH) 2 up
to an equal content of both hydroxides. At E = 0.44 V no NiOOH is formed. The
metal surface accumulates Cu which is a consequence of a preferential
incorporation of Ni into the passive layer. The results for Cu50Ni are similar. The
lower Cu content prevents its incorporation into the hydroxide layer and Ni2 ÷ is
transferred into the oxide part. In the transpassive range Ni(OH) 2 forms within 1
ms to its maximum thickness and is continuously oxidized to NiOOH at shorter
times due to the higher Ni content.

Reduction.p~f the Passive Layer. The reduction of the layers at decreasing
potentials reverses the oxide formation with electrode potential (Fig. 12). NiOOH
is reduced to Ni(OH)2 in the range of E = 0.9 to 0.3 V. Cu 20 appears below 0.6 V
and at E = -0.7 V most of the oxide has disappeared. The polarization curves of Fig
1 show a reduction peak in the range of E = 0.8 to 0.5 V where the NiOOH to
Ni(OH)2 transition occurs. The reduction of Cu-oxides and the related
disappearence of the oxide layer coincides with the cathodic currents at E < 0.4 V.
The lack of a pronounced reduction peak agrees with the larger potential range
where this reaction occurs.

Conclusion

Oxide formation in 1 M NaOH on Cu/Ni alloys reflects the specific properties of
both elements. At negative potentials or short times of passivation Ni(OH) 2 is
formed first. This process leads to an increase of Cu at the metal surface, which
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causes finally the formation of an oxide layer consisting mainly of Cu-oxides. This
in turn permits the incorporation of NiO into the already existing inner oxide
layer. However, the depletion of Ni at the metal surface remains independent of
the potential and time for the later stages of oxidation. Cu forms first Cu 20. At
sufficiently long times and positive potentials of passivation Cu 20 is oxidized
completely to CuO/Cu(OH)2 . This behaviour is different from pure Cu where a
duplex Cu 2O/CuO,Cu(OH)2 structure is observed up to the potentials of the start
of transpassive behaviour. Ni(OH)2 is oxidized to NiOOH as has been found for
pure Ni and other Ni alloys. This oxidation is facilitated with increasing Ni content
within the alloy. Also Cu(OH)2 is incorporated in the hydroxide overlayer. For E >
0.8 V and Cu20Ni 2/3 ofNi(OH)2 is oxidized whereas for Cu5ONi the total amount
has been changed to NiOOH. The oxide reduction occurs with an opposite sequence
similar to its formation. The changes with potential are similar to those with time.

This investigation shows that the electrochemical processes during oxide formation
and reduction may be studied with surface analysis. The related changes may be
followed qualitively and quantitatively by combining electrochemical and surface
analytical methods. Thus the application of both disciplines give us a much better
insight into the structure and the chemical properties and reactivity of passive
layers. Not many systems have been studied in detail with a well-characterized
electrochemical specimen preparation with a systematic variation of the different
parameters. We think that investigations of a similar kind should be performed
with other binary and later with more complex alloys to learn not only about the
stationary composition of surface films but also about their changes, their
formation kinetics and their reactivity. This will help to improve the interpretation
of electrochemical studies.
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Optical _pcroscopic and X-ray scattering techniques, coupled with electWrocmical meihods, are
among the most useful in probing the structure at",. films on metals in-ftu in aqueow
environments. Laser Raman spectoscoy has bm .. oYW i our Laboto for a number
of yem ao Investigate the composition of surface films on metals like iron, nickel, chromium, and
stainless steel. We Illustrate our work by presenting some results of studles of the composition
of the passive film on nickel, using surface enhanced Raman scattering (SERS) wih an

silver overuy. We find that both odde and hydroxide species are present on
the surface of NI In the passive region. We also demronstrte the utlity of specular X-ray reflection
In providing complementary Information on the physical structure of passivaled metal surfaces
The thickness of the corrosion Alms formed, the density of surface layers. and the developmiIt
of surface and Interface roughness on Cu electrodes have been quantitatively monitored
as a function of potential for the first time.

I. Laser Raman Spectbrascpy of Surface Films on Metals

A technique that is employed In our laboratory to probe the structure of electrode sudaos
In-situ is Raman spectoscopy, in particular, normal, resonance enhanced, or surface enhanced
Raman spectrscpy (SERS). Significant Information on the compositlon of corrosion films on
metals has been obtained by this technlque.') The structure of adsorbed layers has also been
extensively studied, mainly by SERS.& We have recently reviewed the former application and
refer the interested reader to this work1 ) and the refemrncs quoted therein for details of the
technique and applications. We will briefly Illustrate here the general principles Involved by
describing results which we have recently obtained on the composition of the passive films on M
In aqueous solutions.

A. Eprmna

A schematic diagram of the experimental setup is shown In Fig. 1. This Setup
includes a special spectroelectrochemical cell consisting of three ,eparate compartments to house
the electrodes. The metal to be studied Is made the working electrode and is positioned very
close (-1 mm) to the quartz optical window of the cell. The laser beam is directed at about 30
with respect to the window (and electrode surface), and the scattered light is collected and
analyzed using a SPEX Industries model 1403 double monochromator. Detection is made using
a photomultiplier tube with pulse counting electronics.

High purity NI foils (0.318-cm wide x 0.254-mm thick) were polished with 600 grit emery
paper and then cleaned thoroughly with acetone and high purity water. Raman spectroscopic and
electrochemical measurements were carried out as a function of solution pH and applied electrical
potential. Because of the thinness of the passive film on Ni (c 20 A) and its low Raman scattering
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cro.qsectlon, it was necessary to use the technique of surface enhancement This was done by
electrodepositlon of a silver overtayer on the Ni surface by a procedure that has been described
previously.3 Scanning electron microscopic study of the deposited silver shows an average
paticle size on the order of 500 to 1000 A with only partial coverage of the Ni surface.4)

B. Results and Discussion

Fig. 2 shows the current-potential behavior of Ni in 0.1 M NaOH solution (pH 12)
and the effect of the Ag overlayer on the electrochemical behavior. The anodic dissolution
behavior with or without the Ag overlayer is essentially the same; the higher cathodic current at
about -0.4 V with the Ag ovedayer is due to the catalytic activity of Ag towards the reduction of
dissolved 0 2 . The anodic peak (1) at -0.25 V and the cathodic one (2) at -0.2 V are due to the
anodic oxidation and reduction of the Ag, respectively. Peaks I and II are due to oxidation of
nickel leading to the formation of surface films, which were identified by SERS as discussed
below.

Fig. 3 shows in-situ SER spectra of the surface film on Ni as a function of potential.
Following the electrodeposition of silver and precleaning of the electrode at -1.3 V for 15 minutes,
we obtained an in-situ spectrum of the surface on holding the potential at -1.0 V for 1 hour (Fig.
3a). The absence of a discernible Raman band indicates that initially the surface is relatively free
of oxide or hydroxide films at this potential. On increasing the potential to -0.8 V (in the so-called
prepassive region, Fig. 2), a band at about 450 cm"I starts to appear, indicating the formation of
a surface film. This band is assigned to the Ni-OH vibration of Ni(OH) 2, In accordance with the
work of DeSilvestro et al.5), who have extensively studied the SER spectra of Ni(OH) 2 prepared
by cathodic deposition on a roughened gold electrode. Further confirmation of the correctness of
this assignment is the observation of the OH stretching vibration of NI(OH) 2 at about 3630 cm"1 ,
as shown In Fig. 4a to 4c.

On scanning the potential further and holding at -0.4 V, we obtained the in-situ
spectrum shown in Fig. 3c. A new band is evident at about 512 cm"1 , along with the old one at
456 cm"'. We assign this new band to NiO by comparison with the spectrum of a standard
sample of NiO.4) Increasing the potential to 0 V resulted only in an increase in intensity of the two
bands (Fig. 3d), presumably due to an increase in the thickness of the corresponding surface
films with potential. A corresponding increase in intensity of the OH vibration is also observed
(Figs. 4a to 4c).

On reversing the potential scan and holdinq at -0.9 V, we observed a considerable
reduction in the intensity of the bands at 450 and 510 cm" (Fig. 3e). The bands, however, do not
completely disappear even after 2 hours, suggesting slow kinetics or some irreversibility in the
reduction of the surface film.

Similar results are obtained in 0.15 M NaCI solution, for which the current-potential
relation is shown in Fig. 5. The same twc peaks (I and II) are observed as in 0.1 M NaOH. In
contrast, however, breakdown of the passive film appears to occur at about 0.2 V in the presence
of chloride. The in-situ Raman spectrum obtained upon potentiostating at -0.75 V is shown in Fig.
6a. The band at 450 cm 1 assigned to Ni(OH)2 is again clearly evident On increasing the potential
to -0.4 V, new bands appear at 215 and 510 cm'" (Fig. 6b). The former is assigned to C1
adsorbed on the Ag ovedayer, which is commonly observed in SERS studies in chloride
solutionse). It is interesting to note once again how the appearance of the 510 cm"1 band due to
NiO correlates with the occurrence of wave II in the voltammogram. Spectra obtained in the
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region of Me OH vibration once more show a band at about 3640 cn 1 at potentials whee 11
450 cm- band is also observed.

Essentially the same spectroscopic results were obtained for N in acIdified 0.15
M NaCI solution (pH 2.7), although the intensities of the 450 and 510 cm"r bands are consi d
lower, due presumably to the thinness of the film.

The principal results that emanate from this work are:

1) The observation of the presence of both NI(OH) 2 and NIO In the surface film(s) on
nickel in the passive potential region for all the solution studied from pH 2.7 to 12.

2) The correlation between the formation of Ni(OH) 2 with the first anodic wave (I) and
that of NiO with the second wave (11) in the current-potential curve.

There has been no consensus on the composition of the passive film on nickel
despite over fifty years of research investigations. Some workers7' claim that the film is Ni(OH),.
while others believe that It Is NiO.-' Our results show unequivocally that both species are
present in the surface film on Ni in the passive potential region. We also showed that Ni(OH)2 and
NiO are formed separately, consistent with thermodynamic calculations,4) and contrary to
suggestions that NiO is produced by dehydratio9n7 of Ni(OH) 2.

II. Specular X-ray Reflection from Electrode Surfaces

The advent of high intensity synchrotron radiation sources has recently led to a
renaissance in the use of X-ray techniques for the study of surface and interface phenomena. X-
ray reflectivity (XRR) measurements appear to have great potential for the In-situ characterization
of the electrode/solution interface but this potential has not been generally appreciated. In spite
of the early demonstration of the utility of the technique for investigation of surfaces in ambient
air by Kiessig,") its extension to the study of the solid/liquid Interface under potential control has
been limited. To our knowledge, Bosio et al.12,13) appear to have carded out the first reflectiit
measurements on an electrode in-situ; however, they were mainly interested in EXAFS
information on the surface oxide on Ni and obtained this at grazing angle of incidence by a
technique they called REFLEXAFS. Ocko et al."4), more recently, studied the reconstruction of
the Au(001) surface as a function of electrode potential using X-ray reflectivt, and diffraction
techniques. They showed that at -0.4 V (vs Ag/AgCI reference, in 0.01 M HCIO 4 solution), the
gold surface exhibits a hexagonal reconstructed layer with a mass density 21% greater than the
underlying bulk layers. The reconstruction disappears above 0.5 V but Is reversible when the
potential is held again below -0.3 V. We have recently used X-ray reflectivity measurements to
study the changes in the surface structure of a copper electrode as a function of applied potential
in borate solution.15 ) We present here briefly some of the results that demonstrate the utility of
the technique for in-situ surface and interface characterization.

A. Experimental

An experimental setup for in-situ reflectivity measurements from electrode surfaces
is shown schematically in Fig. 7. X-rays from a synchrotron or a rotating anode X-ray generator
are monochromatized, collimated, and focused onto the electrode surface near the critical angle.
The angle of incidence (0) is scanned using a spectrometer that also serves to support and align
the sample. The specularly reflected X-rays, with intensity IR, are detected using a Nal scintillation
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detector. This signal Is used along with the monitored intensity of the incident beam, 1o, to obtin
the normalized reflectivity, IRAo.

The copper electrode consisted of -250 A film that was vacuum evaporated onto
a polished Si(111) substrate; the active electrode area was -0.32-cm wide x 3.65-cm long. The
electrode was mounted in an X-ray/electrochemical cell fitted with 0.025-mm-thick Teflon (FEP)
windows. Details of this cell have been published 1'e) The 1.48 A X-rays used suffered a 95%
decrease in Intensity in traversing a solution path length of -0.32 cm. The X-ray reflectivity was

4x. sine )
measured in-situ as a function of I the momentum transfer vector, and

also at different potentials in borate buffer solution (pH 8.4).

B. Results and Discussion

The electrochemical behavior of copper in borate solution is shown in Fig. 8. Peaks
I and II in the current-potential curve indicate the oxidation of the surface to form Cu(I) and Cu(ll)
oxides; subsequent reduction of the surface films occurs during the reverse scan of the potential
(peaks III and IV).

Fig. 9 shows the reflectivity of the electrode measured while under potential control
at four different points (i.e., A, B, C, and D in Fig. 8) in the current-potential curve. The reflectivity
curves indicate the condition of the electrode surface at open circuit (A, -0.12 V), upon reduction
of the surface film (B, -0.8 V), on anodic oxidation to form the surface oxides (C, + 0.4 V), and
on subsequent cathodic reduction at -0.8 V (D).

Several theoretical treatments of X-ray scattering from surface and multilayer films
have appeared in the literature. 17.18.19) To obtain physical parameters from the experimentally
measured reflectograms, application is made of Fresnel's laws of reflection for treatment of the
data. In our analysis, we employed a kinematic approximation with conformally rough interfaces.
This means that in our system, consisting of copper with a copper oxide film in contact with the
solution, the roughness of the copper oxide/solution interface is correlated with that of the
copper/copper oxide interface. In this case, the reflectivity, with appropriate corrections, has been
derived by You,2°) as:

IR =A2 + B2 exp[-Qd a,] + C2 exp[-QO 02]10

+ 2AB cos(QOdl) exp[-Qd(a1 + ol)]

+ 2AC cos[Qo(dI + Ad)] exp[-QO(a 2 + ad]

+ 2BC cos(Qad Ad) exp[-Qa(a1 + o2)]
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where

A~a~c ) 4( =P~Cuh) a, mis roughness of the CufCugO Interface

02= mis roughness of the Cu2O/sokiUoII inkertace

BiIacz ) a% correlated roughness of oxide fl

d1 = thicless of the copper filn

C 00'ý0-osdAd - thickcness of the Cu2O Urn

Also,

an = (Q2 - 4.285 x 10"4pn")"2 , for n = Cu, SI, Cu2O, and the solution (sol), where pn = the density
of n.

Moreover, our data appear to be better fitted by assuming a Lorenteian distribution function
instead of the Gaussian function commonly employed by others.18 ) A nonlinear least squares
fitting procedure using the foregoing equations allowed the film thickness d, density p, and a
parameters to be obtained from the experimental data. Taking the density of pure copper to be
8.92 gqcm3 and that of the copper oxide film to be 5.5 gWcm' the paramete's given In Table I are
derdved.-2 The initial thickness of the copper film on silicon was 285 A. This changes with
potential due to the formation and reduction of the surface oxide (here taken as Cu2O). The
correlated roughness varies also with potential but the Interface roughnesses seem relatively
unaffected. The Important point to emphasize here Is that we are now beginning to obtain
atomistic Information on the physical structure of metals In solution environments in-situ under the
influence of an applied potential; some of this information Is not obtainable by any other means.
One can expect application of the XRR technique to other interesting problems in corrosion
science and technology In Cie near future.

III. Acknowledgment

The work on X-ray reflectivity was carried out in collaboration with H. You, Z. Nagy, V. A.
Maroni, and W. Yun, all of Argonne National Laboratory. M. Pankuch carried out most of the laser
Raman scattering measurements. The author gratefully acknowledges the contribution of these
colleagues. Support for these research projects was provided by the Division of Materials
Sciences, Office of Basic Energy Sciences, U.S. Department of Energy.

37



IV. References
1) C. A. Melendres, in Electrochemical and Optical Technigues for the Study and Monitodng

of Metallic Corrosion. M. G. S. Ferreira and C. A. Melendres (editors), Kluwer Academic
Publishers, Dordrecht (1992), p. 355.

2) R. K. Chang and T. E. Furtak (editors), Surface Enhanced Raman Scatterng, Plenum
Press, NY (1982).

3) C. A. Melendres, J. Acho, and R. L. Knight, J. Electrochem. Soc. 138 877 (1991); J. Gul
and T. M. Devine, ibid., 13&. 1376 (1991).

4) C. A. Melendres and M. Pankuch, J. Electroanal. Chem. 333. 103 (1992).
5) J. Desilvestro, D. A. Corrigan, and M. J. Weaver, J. Electrochem. Soc. 135. 885 (1988).
6) R. K. Chang and B. L. Laube, in CRC Critical Rev. Solid State Materials Sci. 12., (1984).
7) W. Paik and Z. Szklarska-Smialowska, Surface Science 96., 401 (1980).
8) B. Beden and A. Bewick, Electrochimica Acta3 1965 (1988).
9) W. V'sscher and E. Barendrecht, Surface Science 135 191 (1976).
10) B. MacDougall and M. Cohen, J. Electrochem. Soc. 123, 191 (1976).
11) H. Kiessig, Ann. Phys. 10, 714 (1931).
12) L Bosio, R. Cortes, A. Defrain, M. Froment, and A. M. Lebrun, In Passivity of Metals and

Semiconductors. M. Froment (editor), Elsevier, Amsterdam (1983), p. 131.
13) L. Bosio, R. Cortes, A. Defrain, and M. Froment, J. Electroanal. Chem. 180, 265 (1984).
14) B. M. Ocko, J. Wang, A. Davenport, and H. Isaacs, Phys. Rev. Left. 65 1466 (1990).
15) C. A. Melendres, H. You, V. A. Maroni, Z. Nagy, and W. Yun, J. Electroanal. Chem. 297

549 (1991).
16) Z. Nagy, H. You, R. Yonco, C. A. Melendres, W. Yun and V. A. Maroni, Electrochim. Acta

36, 209 (1991).
17) L.G. Parratt, Phys. Rev. 95 359 (1954).
18) R. Cowley and T. W. Ryan, J. Phys. D: App. Phys. 20 61 (1987).
1.9) S. K. Sinha, E. B. Sirota, and S. Garoff, Phys. Rev. B. 38, 2297(1988).
20) H. You, C. A. Melendres, Z. Nagy, V. A. Maroni, W. Yun and R. M. Yonco, Phys. Rev. B.

4, 11288 (1992).

TABLE I. Parameters derived from least squares lit to experimental data

E/V dc,,I, dC.2o/ o.c/A ,c 2,olc,,A

-0.12 273 12 16 4.6 4.4
-0.8 285 (0) 11 3.3 4.6
-4-0.4 250 35 25 5.6 4.4
-0.8 276 (9) 12 5.3 4.6
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Studies by Scanning Auger Microscopy of Electrochemical Corrosion:
Serendipity and the SAM

J E Castle
Department of Materials Science and Engineering
University of Surrey
Guildford GU2 5XH England

Abstract

At any site of localised corrosion there will be microscopic separation of anodic and
cathodic flows of current through the surface. The current flow will in turn set up
concentration gradients within the electrolyte adjacent to the metal which in some cases
leaves a tell-tale sign in the surface composition. At the macroscopic level this is seen
as the 'cathodic chalk' deposited from marine environments on cathodic protection
systems, or as staining by the ionic effluent from small pits. Over a period of many years
we have sought these tell-tales by scanning Auger electron microscopy and now use them
with some confidence to reveal the location and degree of separation of anodic and
cathodic sites. In this paper the work is reviewed, giving examples from localised attack
within crevices, at inclusions, and in metal matrix composites. Attempts have been made,
by both calculation and by comparison with whole electrodes at controlled
electropotentials, to relate the observed surface composition to the local electrode
potential at the site of attack. Progress in this work will be described.

Key terms: Auger Electron Spectroscopy; Pitting Corrosion; Electrochemistry

Introduction

Auger spectroscopy is surface sensitive but is not particularly sensitive to chemical state.
It is therefore of value in discovering foreign elements at the surface and of pinpointing
their location. The question which is posed in this paper is whether we have to leave any
positive outcome to serendipity (Defined in the Oxford English Dictionary as 'The faculty
of making happy and unexpected discoveries by accident") or whether the investigator
can play a more purposeful role.

The starting point of course is that the presence, or otherwise, of particular elements on
a surface does not establish a causal relationship with corrosion. We need to go further
and associate the ions with either (a) a current flow through that part of the surface or
(b) a particular electropotential on that surface. Either a current flow or a potential
difference might then be used to infer electrochemical activity and hence establish that
sites of damage were active at the time of removal from the electrolyte. Such
observations would be then of great use in both field and laboratory investigations.

Some of the circumstances which lead to ions being segregated within the surface layer
are as follows:

1. Changes in potential, causing redox reactions and deposition.
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2. Changes in local ion concentration, exceeding the solubility product and leading

to deposition.

3. Changes in pH, a special case of 2 interacting also with 1.

4. Electromigration or potential dependent adsorption

5. Ion-exchange giving a local indication of the ion concentrations in the electrolyte.

6. Specific ions found at flaws in the protective film, although the underlying reason
for such an observation is likely to be found in points I to 5 above.

Some of these effects will provide the route by which observation of chemical changes
at the surface can be coupled into classic interpretations such as the predictions of the
Pourbaix diagram. In some cases the tell-tail signs of ion concentrations will arise
through chance; in other cases ions might be added to the electrolyte as markers for
particular types of electrochemical activity. This paper will it is hoped guide the
interpretation of the former cases and assist in the choice of ions in the latter case.

Current Flux
Anodic Sites.
Deposition of ions as a result of a current flux arises by virtue of the concentration
gradient established at the surface. Material will be deposited as long as the solubility
product of a sparingly soluble species is exceeded. The classic example of this would be
the deposition of a chloride as a salt-layer at the base of a pit. Such chloride deposits
are readily observed by Auger spectroscopy and have been shown as SAM maps by
Daud' and by Baker2 among many others (Figures 1 & 2). In the former case the pits
were found within artificial crevices formed from 316 grade stainless steel and in the
latter on freely exposed surfaces after times as short as 10 seconds. Deposition of the
salt in this case depends on the concentration of metal ions which in turn depends on the
anodic current flowing through the exposed surface within the pit. There have been
attempts to describe the change in pH within pits by quantitative models3:' but these do
not give an estimate of the critical current for salt deposition.

The problem of predicting the current for salt precipitation as a function of the chloride
ion content of the electrolyte is made difficult by several factors: the flow of chloride
ions towards the anode; the fact that the system is a highly concentrated occluded cell;
and because of the drying out of any solution entrapped in the pit. It is thus not possible
for the spectroscopist to probe the concentration of metal ions within the pit by varying
the concentration of chloride ions in the electrolyte: the link between this and the
concentration in the pit is too indirect. Moreover the chloride ion is active in the
corrosion process itself and thus is not suitable as an inert marker.

Field Searching.
The observation of chloride, however, is a valid indicator that an active pit has been
found and Baker5 used this as the basis of a routine for searching large fields of view for
chemical anomalies. Such anomalies often represent the first evidence of pit initiation
or of pits in the metastable phase of development, Figure 3. In his method the field of
view is increased until any possible cluster of chloride ions, or other significant ions,
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would occupy no more than a single pixel. The intensity of the given element in each
pixel in a map is then fitted to a normal distribution, such as that shown in Figure 3a.
Such a distribution is essentially the result of 15600 separate analyses (for a 125 x 125
map). Most of these analyses conform precisely to the normal distribution which
represents the noise in the acquisition. The search routine considers only the high
intensity tail. From the main body of the distribution it is possible to predict the intensity
at which there is a probability of finding no more than a single pixel. Any pixels with an
intensity greater than this value outlie the normal distribution and are likely to contain
a concentration of the element which is statistically significant. The position of these
pixels is returned by the search routine in various ways. That shown in Figure 3b
highlights their position on the SEM micrograph of the surface. It is then easy to
examine these reference positions at high magnification, as in Figure 3c. The results
shown in figure 3 are based on searches for small sulphur-containing inclusions. There
was a good record for the finding of inclusions, by this method, within what would
otherwise be a very sparse field.

Cathodic Sites.
In contrast to the problems at the anode, there are real possibilities for probing the
current at the cathode. The situation at this electrode is better because it is not normally
hidden in an occluded cell. Both of the common cathode reactions create a change in
local pH value and this can be searched for by use of a cation which has a sparingly
soluble hydroxide. The potential problem of stirring by evolution of hydrogen gas is
eliminated if we consider only the case of oxygenated solutions at near neutral pH values.
The local pH will rise until the rate of generation of hydroxyl ions is equal to their escape
by diffusion or by reaction with hydrogen ions. This equilibrium is reached rapidly6 and
we can then write:

i/A = (F/8){Dfot.A[OH] - DH+A[HJ} (1)

Addition of eg. magnesium ions to the electrolyte will, at a critical concentration, cause
the precipitation of Mg(OH), which is readily detected by SAM. The delineation of
cathodes by this method has been shown by Daud'. The determination of the current
density through the cathode is possible by solution of the equation derived from (1) using
the solubility product of the relevant hydroxide and the ionic product of water:

i/A = (F/6)f Oo.((kMgj)l - kw/[H1) + DH+([H] - k.([Mgj/jV,)")} (2)

Castle6 has shown that, for near neutral electrolytes, only the first term of this is
important and the result is almost independent of the bulk pH value over a range from
pH6 to pH8.

The model represented by the equation above is simply Fickian diffusion over a planar
geometry. In fact the hydroxyl ions diffuse out from the centre of a hemisphere but the
adoption of this more suitable geometry seems unlikely to change the critical current for
precipitation of the hydroxide. Figure 4a shows how the critical current density varies
with the concentration of magnesium and the diffusion distance over which the pH varies.
The diffusion coefficients of hydrogen and hydroxyl ions were taken as 0.93 and
0.52 x 10 8m 2 s1 respectively; the solubility product for magnesium hydroxide was taken
as 5 x 10.1 and the pH value for the curves shown in Figure 4a was taken to be 6.0.
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Figure 4b shows the influence of pH value, the curves being calculated for a diffusion
distance of 10 pm. The pH value, over the range 5.5 to 8.5, has much less influence than
either the concentration of magnesium or the diffusion distance. It is this latter which is
most difficult to estimate. In SAM maps of anode/cathode distribution, eg, as shown by
Ke9 (Figure 6), the annular cathode around the anode has a radius of about 2r, where
r is the radius of the central anode. The scale is thus somtwhere in the range 1 Pm to
40 pm and the curves provided straddle this range.

An illustration of the use of the curves is given in Figure 5, together with a scatter
diagram for correlation. This shows an iron-aluminium intermetallic compound in a
aluminium alloy 6061/silicon carbide MMC (metal matrix composite) which had been
exposed in 0.IM MgCI2 solution at pH7.

The correlation of magnesium and the iron intermetallic is revealed readily by use of the
scatter diagram produced using software developed by Yan in this laboratory. A scatter
diagram examines pairs of maps for correlations or anticorrelations. The pairs can be
mixed as elements, as mode (X-ray, Auger electron, or secondary electron) and the
analysis yields the position of particular surface phases, regions of interdiffusion, or even
enables different thicknesses to be distinguished as shown in Figure 7. Scatter diagrams
are thus invaluable for making informed searches of corroded surfaces. In this case, the
strong correlation between Mg and Fe confirms the cathodic nature of the inclusions.
No deposition occurred on the silicon carbide indicating that these lacked strong
electrochemical activity. However scatter diagrams can yield the composition of any
surface phases and are often as informative as the maps themselves.

In further studies, precipitation of magnesium hydroxide was found to occur in a solution
of IM sodium chloride containing magnesium ions at a concentration of 0.01M but not
at 0.001M. This indicates that the current density through this cathodic particle reached
at least 1.2mA/cm2 . It is interesting to note that in this field of view there were several
smaller intermetallics which had not picked up magnesium - showing the important
influence of the diffusion distance; as shown in Figure 4 these would have required a
significantly greater current density.

Curves similar to those in Figure 4 can be drawn for any cation which will precipitate at
high pH and which does not interfere with the corrosion reaction: in our original work
on plane electrodes we used cadmium ions also. There is thus ample scope for the SAM
microscopist to undertake searches for active electrochemical systems using the method
of cathode decoration. The sharp rise in current needed to sustain precipitation at pH
values below 5 shows that the method is only suited to near-neutral conditions. Methods
for the decoration of electrodes in the acidic conditions to which stainless steels are often
exposed will therefore need to be based on different ions.

In recent work on pitting corrosion Baker7 has found evidence (serendipity again!) that
anions too respond to the abrupt change in pH around the anode. In this case semi-
permeable membranes of the type found in 'chemical gardens' appear to be formed by
precipitation of silicates as the pH drops, Figure 6. Many other anions may be
influenced by pH changes in the same manner and an indication of these is given in his
paper. Whilst ions such as silicate and aluminate might be suitable markers, one
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potential problem is that the formation of membranes is likely to give additional stability
to metastable pits and thus have an influence on the course of corrosion.

Local Potential
Potential-Sensitive Deposition.
The precipitation reactions referred to above do not consume electrons and are not
therefore sensitive to the electropotential of the surface. Other reactions, including some
well known as providing marker action, are sensitive to potential. Typical of these is the
reduction of copper ions to copper metal at the cathode. This reaction has been used
in the past to decorate, and thus reveal, the presence of cracking in scales formed at high
temperature". In this paper it was shown that cathodic reduction of iron oxide would also
accompany deposition of copper - a solution of nickel sulphamate has some advantages
in this respect. Clearly, as in the case of searching for cathodic current with cation
probes, there is also the possibility of searching for cathodic potentials with the cations
of the electrochemical series. So far this does not seem to have been done in a
purposeful manner. The important point is that the ions chosen should not themselves
be part of the metal system, nor should they stimulate corrosion in any way.

Hydrogen ions will be involved in many possible reactions and the technique for
decoration must then be related to the relevant part of the Pourbaix diagram for the
compounds, concentrations and pH values involved. Figure 7 is a combination of an X-
ray map for sulphur, showing the position of the central inclusion, and an Auger map,
showing the annular cathode decorated with sulphur produced by hydrolysis of the
inclusion. Once again this image is produced from information contained within a scatter
diagram. Here the X-ray and Auger maps for sulphur are anticorrelated, the pixels high
in X-ray intensity show the position of the inclusion whilst those high in Auger electron
intensity show the surface deposit resulting from the corrosive attack. Ke9 proposed that
the annulus of sulphur results from decoration of the cathode by reduction of partly
oxidised sulphur. In keeping with the Pourbaix diagram she showed that deposition was
marked at a bulk pH value of 5 but did not occur at pH9.

Transport of Corrosion Products.
Quite often transport of the corroding species itself is observed in a way which can be
distinguished. In the course of the corrosion of steel around a sulphide inclusion, iron
is deposited as a cap above the inclusion. The material is an oxide or oxyhydroxide and
presumably marks the pH change between the anodic side wall exposed by corrosion of
the inclusion and that of the bulk medium. The formation of such a cap can be seen in
Figure 8. This work is also due to Ke. A transport which is more difficult to interpret
is found in the corrosion of silicon carbide fibre-reinforced aluminium'°. Exposure of the
cross-section of this material to sodium chloride solution results in the deposition of
aluminium oxide on the pure carbon core to the silicon carbide which is exposed.
Aluminium solubility is a maximum at about pH5 and thus the deposition could result
from either acidic or basic excursion of the electrolyte composition at the carbon,
Figure 9.

SAM and XPS

The electrochemical separation of precipitation and other reactions which is observed in
the SAM results from a lateral movement of ions across the surface whilst, on whole
electrodes held at a single electropotential, the principal movement of ions is
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perpendicular to the surface. This will give rise to a layer-like structure showing, in this,
many of the pH sensitive precipitates which are separated laterally in the SAM maps.
The surfaces and interfaces, if they can be separated, are best examined by XPS. With
care, important correlations can be made between the two, enabling the chemistry around
a pit to be linked to the similar chemistry at known potentials on whole electrodes.
Daud has done this for the case of pits in 316 stainless steel, as has been reported in a
previous review".

Conclusions

There is scope for the use of markers for electrochemical activity in SAM studies. There
is most to gain from the use of cations of the alkaline earth metals to determine the local
variation of pH value since an estimate can then be made of the current flow through
that region of the surface. However the surface potentials can also be estimated by use
of easily reduced cations, or by comparison of the surface chemistry with that observed
on whole electrodes held at a uniform, known potential.

Semi-automatic searching of fields of view for significant chemical features can be
undertaken by use of the intensity histogram or, preferably, by use of scatter diagrams.
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Abstract
Metal alloys show a rich and complex surface chemistry in both thermal and anodic

oxidation. By comparing the thermal oxidation of titanium-aluminum and titanium-copper
alloys (Ti36Cu64 and Ti36A164), we have been able to delineate those factors which are most
important to the oxide formation process. XPS has been shown to provide valuable input to
determining "who" is in control. This is clearly shown to be the potential and its accompanying
electric field that develops or is applied during thermal or anodic oxidation , respectively.

Key terms: thermal oxidation, anodic oxidation, alloys, TiAl, TiCu,

Introduction
Alloy corrosion is today a major research and engineering challenge1 -3. Metal alloys

show a rich and complex surface chemistry in both thermal and anodic oxidation. Today
however there remains much to learn about alloy oxidation in both regimes. The interaction of
individual crystalline metals with oxygen has been the subject of many studies 4-9 and there is
substantial understanding of both thin film and thick film oxidation. In recent years X-ray
photoelectron spectroscopy, XPS, has played a substantial part in developing this understanding.
The interaction of oxygen with alloys and amorphous metals has been less extensively studied
than the individual crystalline metals10,'1 . Low and medium temperature thermal oxidation
processes have some strong commonalities with electrochemical oxidation processes as the
recent works by Ritchie and co-workers12,13 has emphasized. A typical metal oxide system can
be described in terms of four regions (see Figure 1): (A) the metal or alloy bulk. (B) a thin
amorphous oxide layer at the metal/oxide interface, (C) a uniform ciystalline oxide layer and (D)
a thin outer layer where the metal is in its highest oxidation state. The study of the thermal
oxidation of metals and alloys has been extensively studied in our laboratory by XPS and this
work will be summarized and related to both electrochemical and thermal models.

Surface Reactivity
Surface reactivity involves the mutual interactions between the metal surface and the

reactants and is linked to the electronic and geometric structure of surfaces and their defect
structure. We have been studying the reactivity of oxygen with metals in the amorphous state,
since they are structurally and chemically homogeneous while the crystalline state has grain
boundaries, precipitates, segregates, and dislocations. Hashimoto14 concluded that for surface
reactivity studies the amorphous state provides a good contrast to the crystalline state. Insight
into the nature of the chemical interactions that are responsible for the unusual surface properties
of amorphous metals will further our fundamental understanding of the influence of surface
defects on gas-solid reactions15,16. In addition to providing valuable information on the
fundamentals of alloy oxidation, passivation, anodization and corrosion, the results are very
pertinent to oxidative changes affecting heterogeneous catalysis by alloys where better
understanding is coming from concurrent study of the crystalline17- 24 and the amorphous
state25-27. Oxidative surface reactivity of metals and alloys can be divided into two very related
areas of thermal and electrochemical processes. These areas will be introduced and shown to be
quite similar in their theoretical interpretation.
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Thermal Reactions. We have shown in our surface studies (see Table 1) of post
chemisorptive oxidation of Cu-Mn 28, Ag-Mn 29, Ni-Zr' 8 "2 0, Ni-Ti21, Ni-Hf 22 , Ti-Cu24,27 and
Ti-Al24 ,30 that the parameters that control alloy oxidation can be delineated and that selective
oxidation of the components combined with ion movement are the key components of the
surface layer growth and subsequent structure. In general, oxidation can be discussed in terms of
the modified Cabrera and Mott model8 :

A4D = -AGt-2e + (kT/2e)ln[4e 2Ns(aO2)1/2x/kTEZO

where -AG0 f is the free energy of formation of oxygen anions at the surface (approximated by the
free energy of formation of the oxide per oxygen atom), plus a term related to the temperature, T;
the total number of surface 02- ions in unit area of surface, Ns,; the oxygen activity, a0 2 ; the film

thickness, x; the electronic charge, e; the relative electron permittivity (the dielectric constant), C;
and the electron permittivity in vacuum, co.

Electrochemical Oxidation. Electrochemical oxidation is complicated by the presence
of water, ions and the reaction which suppi . s oxide ions: OH- = H+ + 02% However the exact
mechanism of 02- formation in thermal oxidation is not known, even though this reaction is
probably the key reaction driving the oxidation process through the electric fields it produces.
This can involve 02- or other surface species, either charged (O',O2-) or uncharged (02, 0). The
progress in understanding metal oxidation is illustrated by the recent series of papers of
D'Alkaine and co-workers 3 1- 33 on the electrochemical oxidation of niobium. These authors
consider two of the three interfaces, illustrated in Figure 1, as well as the bulk of the oxide layer
in their models. There has been some very important progress in understanding the anodic
oxidation of alloys 34 . Here selective oxidation, dissolution and interdiffusion are being
considered. Seo and Sato3 5 discuss surface enrichment and its effect on passivation. Heusler 36

and Kirchheim 37 have considered the phenomenological description of these processes. The
advances in electrochemical oxidation of alloys is illustrated with the recent work of Marcus and
Grima138 on the nature and composition of the passive film on Ni-Cr-Fe alloys. Here
determination of the physical nature of the passive layer (bilayer structure, composition,
chemical states of the elements, distribution of the species in the film, and film thickness) and the
importance of hydroxides, selective dissolution of Ni and Fe and surface enrichment of
chromium to the dissolution and passivation phenomena have allowed the passivation
mechanisms to be divided in three steps: (1) enrichment of chromium at the alloy surface by
selective dissolution and adsorption of hydroxyl ions, (2) growth of Cr203 islands within an
hydroxide layer and (3) formation of a thin, continuous and compact chromium oxide layer
covered with hydroxide. Characterization work of this nature is allowing continued progress in
the development of models and theory of electrochemical oxidation.

Theory and Models
The thermodynamic driving force for the oxidation reaction can be considered as the

change in the standard free energy resulting from the formation of the oxide from the reactants
and is negative for all metals. In electrochemical processes, much of the work has considered the
applied voltage to be used for the electric field inside the film, thus ignoring the contributions of
the metal/oxide and the oxide/solution interfaces. In general, the hopping-motion model has
been used or modified to account for some anomalous effects 39 -42 . In addition, an ionic motion
model based on a non-simultaneous place exchange, as proposed by Fromhold 4 3 has been
considered". The phenomenological equation relating the field strength and the current density
for this modified model is the same as that for the hopping-motion model. If the
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metal/oxide/solution system is considered, three kinds of overpotential45 should be accounted for
by the equation for the potential, E:

E = im/jf + Tlf + lf/s + EO

where E0 is a constant that depends on the reference electrode and the junction potentials and
TIm/f, ?If and Thf/s are the metal/oxide, oxide film and oxide/solution interface overpotentials,
respectively. D'Alkaine and co-workers 31 -33 showed the importance of the electric field as the
sole driving force for the anodic oxidation (see Figure 2).

The mechanism for thermal oxide formation may be divided into two parts. The first step
is the formation of a continuous oxide and involves the adsorption and dissociation of oxygen,
metal/oxygen place exchange, possible oxygen absorption, and oxide nucleation. The second
step is continued oxide growth or thickening, which involves the transport of anions and/or
cations across the initially formed continuous oxide film.

The initial stage of the reaction of a clean metal surface with gaseous oxygen is the
adsorption of oxygen on the metal surface. This adsorption, which appears to be dissociative
with essentially zero activation energy46 , results in a decrease in the surface free energy and is
exothermic. Oxygen is highly electronegative and has a large affinity for electrons (2-3
kcal/mole) - great enough to overcome the work function of the metal surface. Therefore,
electrons from the surface metal atcurn, are transferred to the adsorbed gas "atoms' or molecules"'
vacant energy levels which lie below the Fermi level of the metal. The resulting bond is believed
to be largely ionic; however, in cases where the unpaired d electrons of transition metals are
involved, the bond may also be partially covalent. The chemisorbed oxygen produces a dipole
layer with the positively charge end directed toward the metal surface.

Two possible locations have been postulated for the chemisorbed oxygen on the metal
surface. One possibility involves little or no rearrangement of the surface metal atoms. The
second possibility involves reconstruction of the metal surface such that the surface layer
consists of both metal and oxygen atoms. The latter occurs by a place exchange mechanism first
proposed by Lanyon and Trapnel147 . During place exchange, an interchange of adsorbed oxygen
atoms and the surface metal atoms takes place assisted by the heat of chemisorption. The
product of place exchange is a 'suboxide' in which an oxygen-metal bonds exist, but not in the
three dimensions of a true oxide. The oxygen atoms in this subsurface layer may diffuse further
into the bulk metal, or react with neighboring atoms to undergo nucleation (both of these
processes may occur simultaneously). The formation of subsurface layers of oxygentsuboxides'
and true oxides occurs via surface or internal nucleation for many metals9 . The dissolution of
oxygen into the metal surface region may also occur. Oxygen entering the metal lattice via
reconstruction may be considered to form a solid solution. Transition metals, particularly those
in Groups IVA (Ti, Zr, Hf) and VA (V, Nb, Tb), interstitially dissolve considerable amounts of
oxygen. The dissolved oxygen in these metals is presumed to be located in octahedral positions.
Bouillon concluded that oxygen dissolution and formation of surface oxide are competing
reactions and the precipitation of oxide nuclei occurs as a result of supersaturation of the surface
metal region4 8. Mitchell and Lawless 49 proposed that the formation of oxide nuclei removes
considerable amounts of oxygen from solution and that oxygen subsequently adsorbed reacts
more easily with existing nuclei than going into solution. Bdnard5 0 has suggested that diffusion
of surface oxygen to growing nuclei can result in zones of oxygen depletion surrounding the
oxide nuclei in which no additional nuclei can form.

Following the formation of the oxide nuclei, lateral growth of the nuclei occurs. The
nuclei will proceed to grow laterally across the surface until a continuous oxide film forms. The
rate limiting process in this stage of oxide growth may be the adsorption, surface diffusion or
capture of oxygen. The initial step in the oxidation reaction after the formation of a continuous
oxide overlayer continues to be the adsorption of oxygen on the surface. Some oxides are
semiconductors or become so at high temperatures and oxygen has a large electron affinity;
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therefore, a transfer of electrons from the oxide to the adsorbate will most likely occur. Thus, the
adsorbed oxygen species are expected to be negative ions such as 0-, 02-, or 02" on oxides
thinner than the tunneling length of electrons. The chemical reaction between a metal and
gaseous oxygen can be written as

aM(s) + b/2 02(g) --> MaOb(s) (1)
and can divided into the nine steps depicted in Table 2 (after Bailey and Ritchie12):

Table 2
Nine Electrochemical Steps in the Overall Reaction*

Step No. Stoichiometric No.
(s) Step (Vs)

7 M --> (MZ+I M) + z+eM a
1 eM --> eo az+
2 (Mz+I M) + AO --> (Mz'I A)o a

3 eo -->eL az+
4 (MZ+I A)O + AL >(Mz+I A)L + A0 a

8 02(g) + S --> (021 S) b/2
5 4eL + (021 S) + S --> 2(0 2 -1 S) b/2
6 (MZ+I A)L + S' --> (MZ+I S') + AL a

9 a(MZ+I S') + b(02-1 S) --> MaOb + aS'+ bS 1

*M represents a metal atom that reacts with 02 in the ratio a:b/2 to form the oxide

MaOb; (MZ+I M) represents a metal cation of charge z+e situated within the metal
at the metal-oxide interface; depending on the context, e represents either the
magnitude of the electronic charge or an electron; (MZ+I A) represents a cation on

an interstitial site A within the oxide; (MZ+I S') represents a cation at a surface site
S'on the oxide-oxygen surface; (021 S) and (021 S) represent an oxygen molecule
and an oxide ion, respectively, adsorbed at a site S on the oxide-oxygen surface;
and the subscripts M, 0, and L indicate the metal at the metal-oxide interface and
the oxide at the metal-oxide (x=O) and the oxide-oxygen (x=L) interfaces,
respectively. The stoichiometric number for steps s (i.e., the number of times that

step s must occur for the formation of one molecule of MaOb is given by Vs.

Steps 7-9 are those chemical steps where no charge transfer occurs. Steps 1-6 are the
electrochemical steps, involving the transfer of electrons or interstitial cations across either an
interface or the oxide layer. Following the treatment of Bailey and Ritchie12 the importance of
the reactions will be illustrated.

The cell potential, Ecell, for the above reaction in terms of the Gibbs free energy and AGs,

the free energy change for step s, AGm= YX vs AGs, (s=l-9) is

Ecell = - AGmdne (2)

AGs = (i vj g'j)s (3)
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where n = total number of electrons transferred, j is the various reactants and products of step s,
and Vj 's are the stoichiometric coefficients of the reactants (vj < 0 ) and products (vj > 0 ) and
Wj are the corresponding electrochemical potentials.

Step 1 (eM --->eo,) is used to illustrate the analysis of the electrochemical steps 1-6, for:

AGI = (Z: vj g'j)I = i'(e)o - ti'(e)M (4)

where l±'(e)o and ýL'(e)M are the electrochemical potentials for the electron in the oxide and
metal, respectively. In terms of the chemical potentials, p.j and electrostatic potentials, 0j:

(Yj vj g'j)l = [g(e)o - g(e)MI - e(A01) (5)

where A401 = 0 - OM. If step 1 occurs rapidly as compared to the overall reaction rate, it will
be in virtual current equilibrium and AGI -• 0. The equilibrium potential, V I(eq), for step 1 is
defined as:

VI(eq)= [g(e)o - g(e)M]/e = AGI/e + A01  (6)

when step 1 is rapid, AG1 = 0, then A0 = Vl(,x,. The above equation can be rewritten as:

AG 1 = (Y vj vL'j)l = -e(A0i - Vl(eq)) = -eTlt (7)

where (A01 - VI()) is the electrostatic potential difference across the metal-oxide interface for a
reacting system minus the hypothetical potential difference that would exist if the system were in
virtual current equilibrium. The expression (A01 - VI(eq)) can be viewed as the charge-transfer
overpotential36, for step 1, Titl or rils for step s. Treating steps 1-6 similarly gives:

Vs(e = -(Y v)j 'j)s/ze (8)

AGs = -zselts (9)

For steps 1 and 2, Aos = AOMO, the potential difference across the metal-oxide interface, for steps
3 and 4, Aos = AOOF, the potential difference across the oxide film, and for steps 5 and 6, Aos =
AOOG, the potential difference across the oxide-gas int-i-face. The concept of a charge-transfer
overpotential has been applied to the transfer of electrons and interstitial cations across the
metal/oxide interface, through the oxide film and across the oxide/gas interface. For those steps
in virtual current equilibrium, AGs and rhs = 0.

The summation for AGs can be divided into two parts - one part for s = 1 to 6 and the
other for s = 7 to 9. Substituting AGs = -zseflts gives

s=6 s=9
AGM = Yv~zseft + YXvSAGS (10)

s=1 s=7
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where the value of VsZs equals ±n and the positive sign applies to those steps that involve cation

transport, for which rhs < 0. For those steps that involve electron transport, VsZs equals ±n and

ilhs > 0. For s=l-6 VsZseths = -nelhis and:

s=6 S=9-CAH m/ne = vIIs -(n)I sAGs 11
s--l s=7

This equation, according to Bailey and Ritchie 12 , is the fundamental equation in corrosion.
Considering the oxygen reduction reaction, the cathodic reaction, step 5 times 1/2 and the metal
oxidation or anodic reaction, step 7, Eq. 11 becomes:

Ecen = IT•t52 I - (a)AG7/2e (12)

where the anodic reaction and other reactions in Table 2 are considered to be in virtual
equilibrium and AG 7 =0. Thus Ecell = I1h0/2 I. Using ih5/2 = (1/2e)[AGs/2 - AG° 5/21 for the
cathodic reaction, equation (12) can now be written as:

Ecell = (1/2e)[AG5 /2 - AG0 5/ 2] = -AG 05/-22e + (kT/2e)ln(l/K 5 /2) (13)

where K5/2 = ([a(o2-)]/[a(e)] 2 [a(o2)j]/2). Equation 13 is the Nernst equation for gas phase

oxidation. Using Ece6l = -AGs/ne = [As---Vs( ] the Nemst equation can now be written in terms
of "equilibrium potentials" that Bailey and Ritchie 13 have used before:

V5/2(eq) =V*5i2(eq) + (kT/2e)ln(K) (14)

where V*5/2(eq) is the equilibrium potential.

For thermal oxidation, Atkinson8 , as Grimley 5l did earlier, assumes that the adsorbed
layer of ions is in equilibrium with the gas and provides the surface charge and the voltage, Aý,
across the film. This electron transfer and adsorption reaction, one half of step 5 in Table 2 is:

2eL + 1/2(021 S) + S --> (02-1 S) (15)

Assuming equilibrium, gives the equilibrium constant as

K5/2 = a(0 2 ")/a(O2)l/2a(e)2 = exp(-AGs/2/kT) (16)

Where AG5/2 is the standard free-energy change when the surface coverage of excess 02- ions is
low, a(02-) = no/Ns ; where no is the number of excess 02- ions, Ns is the total number of 02-
ions/unit area of the surface, a(e) is the activity of an electron with respect to the Fermi energy of
the metal and is equal to exp(-eA4/kT). Substituting gives:

K/2 -= noINsa(02)l/2[exp(-eAO/kT)] 2 = exp(-AGSa2/lT) (17)

no = Nsa(02)1 /2 exp[-(AGs/2+2eA4)/kT] (18)
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Treating the film and the surface charges as a simple capacitor (no = £E0i*/2eX) allows the
surface excess of oxygen ions to be calculated and solving for Aý gives the following:

2eAi/kT + ln[2eAO/kT] = -AG05pkT + ln[4e2Nsa(O2)V2X/kTEEo] (19)

A0 = -AGspJ2e + [kT/'2elln[4e 2Nsa(O2)D'2X/kTEE] (20)

where eAo/kT>>l allows the ln[2eA*IkTJ to be neglected. A4 is strongly dependent on the free
energy change of the reaction and on temperature T, but is only weakly dependent on a(02) and
thickness X. Equations 20 and 13 are identical when the dielectric properties of the oxide layer
and the above definitions for a(e) and a(0 2-) are considered for the latter.

The rate-controlling process is the injection of a defect into the oxide at either interface 1
or 3. An example is shown in Figure 3 for a cation conductor such as cuprous oxide52. Lattice
imperfections, as shown, are important in the motion of ionic carriers.

An Alloy Example: Ti-Al and Ti-Cu Alloys
In the present work, we have selected Ti-Cu and Ti-Al alloys for discussion, because each

represents an extreme in the differences in AG~f, or (-AG~f), of the elemental oxides, as
illustrated by Table 3.

Table 3
Free Energies of Formation of the Oxides per Mole of Oxygen

Oxide -AGof (KJ/mole oxygen)

A1203 527.5

Cu20 146.0
CuO 129.7
TiO 495.0

Ti20 3  478.1
TiO2  444.8

The Ti-Cu and Ti-Al alloys were made in the co-condensation chamber attached to the XPS/UPS
analysis system as depicted in Figure 4. After deposition the samples were analyzed and exposed
to oxidizing environments in the separate reaction chamber. The alloys have been given
identical oxidation treatments in controlled atmospheres in order to obtain insight into what
controls alloy oxidation. In order to document the surface reactivity of the selected alloys, X-ray
photoelectron spectroscopy (XPS) has been utilized since this technique is very powerful not
only in determining the elemental composition of the near-surface region at the gas-solid
interface, but also in providing the chemical nature or oxidation state of the elements comprising
the analyzed region (few to 50 A's). Using the techniques and equipment described elsewhere24,
surface reactivity studies were conducted on co-condensed Ti36Cu64 and Ti36AI64 alloys.
Changes in the Ti(2p), Cu(2p), Al(2p), O(ls), C(ls), Cu Auger, and Ti Auger regions were
monitored as the samples were subjected to a series of vacuum anneals and thermal oxidation
treatments. The latter will be emphasized here and their XPS spectra are shown in Figure 5. Al
has not been observed to oxidize stepwise and goes rapidly to A13+. Ti and Cu have been
observed to oxidize stepwise. Ti oxidizes as:
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Ti + 1/202 ---> Ti2+ + 02.

2Ti2+ + 20 2- + 1/202 ---> 2Ti3+ + 302.

Ti3+ + 3/20 2- + 1/40 2 ---> Ti4+ + 202-
Cu oxidizes as:

2Cu + 1/202 --- > 2Cu1+ + 02.

2Cu1+ + 02- + 1/202 --- > 2Cu2+ + 202-
The rate of oxidation of the various components are predicted to be in the following order: Al 3+

> Ti2 + > Ti3+ > Ti4+ > Cu1+ > Cu2+ by examining Table 3.

Ti36Cu64 Alloy: The X-ray photoelectron spectra presented in Figures 5a and 5b show
the Ti(2p) and Cu(2p) regions, respectively, for the oxidized Ti36Cu64 alloy sample. Since it is
not possible to unambiguously distinguish metallic Cu from Cu20 in the 2p region, we have
examined the kinetic energy values for the Cu L 3VV region. Ti is almost exclusively Ti(O)
(small asymmetry indicates very small amount of Ti2+) in the as-deposited state. The copper is
metallic copper, Cu(0). Titanium undergoes stepwise oxidation with TiO, Ti203, and TiO2
initially present at the surface at 100*C. It may be recalled from Table 3, that the -AG~f value of
TiO is larger than that for Ti3+ and Ti4 + and much larger than that for either copper(I) or
copper(II) oxide, hence the observed oxidation states of the alloy components are not
unexpected. As the temperature is increased, the titanium continues to oxidize until 500*C, at
which point the oxide is exclusively TiO2. In both vacuum-annealing and thermal oxidation
treatments, it is observed that the copper is almost completely overgrown by titanium oxides.
However, unlike the vacuum-anneal experiments, as the temperature is increased to 600*C in the
thermal oxidation studies, there is a dramatic reappearance of the Cu(2p) signal. Evidently, the
combination of high temperature and high oxygen partial pressure is necessary to drive the
oxidation and subsequent migration of copper species back to the surface. A closer examination
of the Cu L3VV region reveals that the surface copper that is incorporated in the oxide overlayer
is in the form of Cul+. This observed phenomenon could have significant catalytic applications
since Cul+ species have been postulated to be active catalytic centers for processes such as
methanol synthesis52, although this issue is still controversial 53. The monovalent copper species
that is formed at 600*C in oxidizing atmospheres could be present as either copper(l) oxide or as
copper(I) titanate. It is not possible to discriminate between these two species by solely
comparing their respective Cu(;p) or Cu L3VV regions. However, we did detect a 0.5 eV shift
to lower binding energy in the Ti4+ peak as the temperature was increased from 500WC to 600"C.
This shift may correspond to the rearrangement of the Ti4 + ions from the TiO2 phase to the
TiO 3

2 - form. Similar shifts have been observed by Munuera and co-workers 54 for NiTiO3
crystals. Further studies are underway to confirm the existence of the titanate phase.

Ti 36A164 Alloy: The as-deposited Ti36AI64 alloys were examined by XPS and the
resulting Ti(2p) and Al(2p) regions are presented in Figures 5c and 5d, respectively. In this alloy
system, the Ti on the surface is metallic Ti(0) in nature. Al, on the other hand, is partially
oxidized, as inferred from the Al(0) peak at 71.2 eV and the A 1(3+) (A1203) peak at 73.8 eV.
The minimal amount of oxygen present in the residual gas is scavenged by aluminum, thereby
resulting in an Al-rich (ca. 75% of total metal content) overlayer of passive alumina. The
enhanced aluminum surface concentration and the presence of a thin A120 3 layer at the surface
can be attributed to the slightly larger -AG0 f for A120 3 over that of the lower valence titanium
oxides (see Table 3).

In a recent study of aluminum oxidation by Raman spectroscopy 55, the transformation
from an amorphous to a more structurally ordered y-A120 3 is shown to be accompanied by an
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increase in octahedral coordination of A13+ ions. This change in coordination number (from four
in a tetrahedral site to six in an octahedral site) causes a change in the electronic environment of
the A13+ cation. It has been demonstrated that XPS can be utilized to differentiate between
amorphous and crystalline alumina 56 ,57 . The passive A120 3 layer that forms initially on the Ti-
Al alloy was shown to be amorphous in nature, as manifested by the AI(2p) binding energy at
73.8 eV. Al(2p) binding energy values for crystalline aluminum oxide in the literature range from
74.3 to 74.7 eV5 8,59 . Vacuum-anneal results also showed the general trend to be (a) as the
temperature increases, there is an increase in the oxidation state of titanium at the surface, and (b)
oxidation of surface aluminum continues until finally at 6000 C, primarily A1203 species are
observed. Vacuum annealing produced a slight increase in the Al surface concentration with a
greater rate of change above 300*C, a temperature that corresponds with the transformation of
the alumina from the amorphous to the crystalline state. According to Fehlner and Mott6 0 ,
structural reorganization of oxide films is not a surprising phenomenon, and the crystallization of
an amorphous oxide overlayer can be aided by high fields, strain due to lattice mismatch between
the oxide and underlying metal and the presence of impurities (particularly water). In contrast to
the Ti-Cu alloy, decomposition of the Ti3+ oxide through oxygen absorption into the bulk is not
as significant in Ti36 AI64 as it is in Ti 36Cu64 due to a lower solubility of the oxygen in the TiAl
alloy or by the inclusion of the Ti 3+ oxide in the A1203 overlayer which is known to be very
stable. Results from oxidation of the Ti36Al64 alloys are presented in Figure 5c and 5d. As the
temperature was increased to 100°C during the thermal oxidation treatments, the Ti36AI64 alloy
showed slight enhancement in aluminum at the surface as a result of aluminum oxide formation.
As shown by Figure 5d, there is the appearance of a shoulder on the high binding energy side of
the Al (2p) peak (73.8 eV), possibly indicating the formation of the crystalline A120 3 at this low
temperature. The formation of the crystalline oxide occurs 200 degrees earlier than in the
vacuum anneals. In the higher oxygen pressure, an increased electric field is expected to develop
across the oxide film and a greater lattice strain could result from the more rapid oxidation of the
aluminum as compared to the vacuum-anneal treatments. Either, or both, of these factors could
contribute to the crystallization of the oxide at the lower temperatures. At 300'C, the oxidation
of Al is nearly complete, this corresponds to (a) the onset of titanium enrichment in the surface
region, and (b) the continued oxidation of titanium and the lower valence titanium oxides to TiO2
by 5000 C. Note that this enrichment of titanium occurs only in the presence of increased oxygen
pressure and higher temperatures on the Ti-Al alloy. This is expected from a comparison of the
-AG 0 f for the formation of A120 3 with that of the -AG~f for the oxides of titanium. Titanium
undergoes stepwise oxidation forming (a) TiO at 1000C, (b) TiO, Ti20 3 , and TiO2 from 200-
4000 C, and (c) continued oxidation to TiO2 by 600°C. This is in agreement with the work of
Carley and co-workers 6 1,6 2 , which showed that on pure titanium as the oxygen surface
concentration increases, increasing amounts of TiO2 are formed relative to the lower oxides of
titanium.

Conclusions
Although alloy oxidation has a rich and complex chemistry in both thermal and anodic

oxidation, XPS has been shown to provide valuable input into determining "who" is in control.
This is clearly shown to be the potential and its accompanying electric field that either develops
or is applied during thermal or anodic oxidation , respectively. Low and medium temperature
thermal oxidation processes show strong commonalities with electrochemical oxidation
processes as derived by Ritchie and co-workers1 2,13 and is correlated in this work with the
treatment on thermal oxidation of metals by Atkinson8.

Comparing the thermal oxidation of titanium-aluminum and titanium-copper alloys
(Ti36Cu64 and Ti36AI64), see Figure 6, delineates the important aspects of the oxide formation
process and in both thermal oxidation and thermal oxide decomposition (during the vacuum
anneals). The Cabrera-Mott treatment of thin film growth predicts that the driving force of metal
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oxidation and the ensuing ionic mobility through the oxide is a function of not only the -AGOf,
but also the temperature and oxygen activity. By comparing Ti-Cu and Ti-Al, the importance of
the differences in the -AGof of the alloy components is better understood. Figure 6 shows the
overlayer composition of the two alloys at vanrous temperatures during the oxidation
experiments. Initially, both alloys form a thin (<<50A) oxide overlayer that follows the Cabrera-
Mott theory if the -AG~f data in Table 3 is considered. We have observed that titanium(Ti to
TiO to Ti203 to TiO2) and copper (Cu to Cu2O to CuO) oxidizes in a stepwise fashion, which the

Cabrera-Mott model (using the -AGof data) predicts. Aluminum does not form any stable
intermediate oxides; it rapidly forms an A120 3 overlayer on the alloys at low temperatures and
low oxygen activity as predicted by the second term of the Cabrera-Mott equation.

Our results lead us to the following conclusions: (a) the component with the larger -AGf
is shown to preferentially oxidize and segregate to the surface, (b) the magnitude of the change in
the M/(Ti +M) ratios is related to the difference in the -AGf of the alloy component oxides, and
(c) the reappearance of the component with the smaller -AGf is related to oxygen pressure as well
as temperature and is not solely due to thermal diffusion. However, the Cabrera-Mott model
does not take into account the absorption of oxygen into the bulk which was found to be an
important factor in the vacuum anneal treatments for Ti36Cu64 alloys at higher temperatures.
The Cabrera-Mott model does appear to explain most all the nuances of alloy oxidation, if as the
critical developments shown in this paper indicate, the -AGf is considered on a per oxygen mole
or atom basis. It provides a qualitative guideline for predicting alloy oxidation behavior.
Bulk alloy composition affects the degree to which titanium participates in the formation of the
oxide overlayer and the oxidation state of the titanium in the oxide overlayer. Additionally, the
alloy composition affects oxide overlayer formation and the decomposition of the higher
titanium oxides at high temperatures in vacuum.
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Table 1: Summary of Our Alloy Studies to Date

Alloy Interest Discoveries
Cu-Mn Model for Hopealite Oxidation a. Cu20 oxide decomposition due to

Catalyst absorption of oxygen in bulk
discovered and interpreted

b. Application of Cabrera-
Mon (C-M) model suspected

Ag-Mn Model Oxidation a: C-M model found to apply
Catalyst b. Ag oxides only at higher 02 P

a. ZrO2 instability due to oxygen
Ni-Zr Hydrogenation Catalyst absorption in bulk found

Precursor b. Found carbide formation Reaction
c. C-M model confirmed
d. Hilgh catalytic activity

Ni-Nb Hydrogenation Catalyst a. C-M model applies
Precursor b. Ni less dispersed on Nb 20 5 after

reduction than in Ni/ZrO 2
Ni-Zr-Al Hydrogenation Catalyst a. A1203 segregation dominates

Precursor b. A1203 acts as a catalyst poison
a. Co-condensed amorphous

Ti-Al Structural Material 15<Ti<60 At % stability range
& Catalyst Substrate b. Bulk composition strongly

Precursor affects oxidation properties
c. Phase change control of

surface oxidation
a. TiO2 and Ti203 instability found

Ti-Cu Methanol Synthesis Catalyst b. Carbide formation
Precursor c. Obeys C-M model

Ti-Cu-AI Methanol Synthesis Catalyst Plasma control of surface
Precursor composition and structure

Ti-Ni Hydrogenation Catalyst a. Obeys C-M Model
,_Precursor b. Hydride formation importance

Ti-Ru-Si Hydrogenation Catalyst A-C Transition at 526 0C
and Electrocatalyst

Precursor I
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1 2 3

Alloy Oxide
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X X1

Figure 1: Schematic diagram of a typical metal oxide system, where (A) is the
metal or alloy bulk. (B) is a thin amorphous oxide layer at the metal/oxide
interface, (C) is a uniform crystalline oxide layer, (D) is a thin outer layer
where the metal is in its highest oxidation state, (1) is the meta&amorphous
oxide interface, (2) is the amorphous oxide/crystalline oxide interface and (3)
is the oxide/gas interface.
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Figure 2: Schematic diagram of effect of electric field on the potential energy of
a metal ion at the metal/oxide interface. T7he electric field may be generated
by the formation of oxygen anions at the oxide gas interf(e (i.e. thermal
oxidation) or by an appled electric field. It is this elecric field that drives the
diffusion of ions across the oxide. (Figure adapted from Atkinson8)
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(a) Detect injection at the metaVcoxide interface
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Figure 3: Schematic diagram of the injection of a defect site at (a) the

metal/oxide interface and (b) the oxide/oxygen interface. According to the
Cabrera-Mott model, the injection of the defect at one of the film interfaces is
tht rate-controlling step.
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Figure 4: Alloy co-condensation and surface characterization system.
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Figure 5: (a) Selected Ti(2p) XPS spectra of Ti3 Cu64 after co-deposition
and oxidation at successively higher tempertures.

(b) Selected Cu(2p) XPS spectra of Ti6Cu6 after co-deposition
and oxidation at successively higher tempertures.

(c) Selected Ti(2p) XPS spectra of Ti Al 4after co-deposition
and oxidation at successively higher tempertures.

(d) Selected Al(2p) XPS spectra of Ti36A! 64 after co-deposition
and oxidation at successively higher tempertures.
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Figure 6: Representation of the proposed oxide overlayer compositions for
Ti36Cu64 and Ti36 AI64 alloys after the thermal oxidation treatments.
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Identification of the Chemistry of Corrosion Films Induced
on W-Ni-Fe Alloys by Immersion in Aqueous NaCI Using XPS
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Abstract

Tungsten alloys referred to as "superalloys" because of their high density and strength are
prepared by liquid phase sintering in which tungsten particles are dissolved in a liquid solution
of Ni-Fe, Ni-Cu, or Ni-Co. Despite their importance, the corrosion characteristics of these
alloys are not yet fully understood. In this investigation, the chemistry of corrosion films on
two W-Ni-Fe superalloys with differing composition have been investigated using X-ray
photoelectron spectroscopy (XPS). XPS is a surface analytical technique which provides
elemental and chemical analysis of the near surface region. The chemistry of corrosion products
on two W-Ni-Fe alloys with composition 98.5 W, 0.9 Ni, 0.6 Fe and 94.8 W, 3.4 Ni, 1.9 Fe
by weight percent, hereafter referred to as alloys KI and S1 respectively, were investigated.
The corrosion films were induced by immersing these alloys in 3.5 wt% NaCl solution at
ambient laboratory temperature and pressure for 4 hours, 2, 10, and 17 days.

The Ki alloy exhibited uniform corrosion while the S1 alloy exhibited non-uniform corrosion
reminiscent of localized corrosion. The surface of the S1 alloy showed black colored regions
consisting mainly of tungsten products and brown colored areas consisting of significantly
greater concentrations of Fe and Ni compared to those of the black colored regions. Analysis
of the XPS data indicates that the chemical and structural nature of Fe in the corrosion products
of both alloys is similar to that of Fe in Fe3 O4, a highly oxygen deficient Fe20 3 in which Fe is
present in the Fe2' and Fe3 ' charge states. The chemistry of nickel in the corroded alloys, on
the other hand, is similar to that of Ni in Ni(OH) 2. Tungsten is the component of the alloy
which is least affected by corrosion induced due to immersion in 3.5 wt% NaCl solution due to
the formation of a surface film coating which consisted of W%2 and W0 3. However, the coating
thickness of the S1 alloy was greater than that of the KI alloy indicating higher corrosion
immunity for tungsten particles of the S1 alloy. This coating was also present on the surface
of the control samples (no immersion) of both alloys.

Key terms: W-Ni-Fe superalloys, chemistry of corrosion films, Fe3O4, Ni(OH)2, WO2, W0 3,
sodium chloride, passivation, and X-ray photoelectron spectroscopy (XPS).
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Introduction

Tungsten alloys referred to as "superalloys" because of their high density and strength are
important engineering materials for numerous military and industrial applications.' In military
applications, they are used as the armor piercing core of medium to large caliber kinetic energy
ammunition and as preformed fragments in various anti-craft and anti-missile warheads.
Industrial applications, on the other hand, include counter balances, gyroscope rotors, and
radiation shields. These alloys are prepared by liquid phase sintering in which tungsten particles
are dissolved in a liquid solution of Ni-Fe, Ni-Cu, or Ni-Co.2 The outcome of this process is
a two phase structure consisting of tungsten particles cemented together with an alloy containing
a solid solution of W-Ni-Fe, W-Ni-Cu, or W-Ni-Co. The W in the solid solution is present in
very small quantities compared to Fe, Ni, Cu, or Co.

The corrosion characteristics of tungsten alloys with various alloying elements have been studied
by several authors. Andrew et al.3 reported that a W-3.5 wt% Ni-2.5 wt% Co alloy readily
corrodes when exposed to air saturated with water vapor. Koger4 observed that the corrosion
rate for a W-3.5 wt% Ni-l.5 wt% Fe alloy increased with increase in pH. Vasanth et al.5 and
Vasanth and Dacres6 reported on the polarization resistance measurements and pitting studies for
five W-Ni-Fe alloys immersed in 3.5 wt% sodium chloride (NaCl) solution. Based on
immersion studies of these five alloys in natural sea water, they reported a corrosion rate of less
than 2 mils per year. Furthermore, Mansour and Vasanth7 reported on the chemistry of
corrosion products of two W-Ni-Fe (also used in the present investigation) induced by immersion
in 3.5 wt% NaCl solution using X-ray absorption fine structure (XAFS) spectroscopy. In that
investigation, a highly disordered form of Fe2 O3 was revealed as the major component of the
corrosion products. While XAFS revealed some oxidized Ni and W were also present, it failed
to specifically identify their chemistries because the Ni and W films were too thin to be detected
by XAFS spectroscopy despite the fact that the W XAFS data were measured in the electron
yield mode which, to a certain degree, is surface sensitive. Thus, despite all of these research
efforts, the chemical nature of corrosion products is not yet fully understood.

The aim of the present investigation is to determine the effect of alloy composition on corrosion
and examine !he chemistry of Fe, Ni, and W in the corrosion products of two W-Ni-Fe alloys
with differing composition using x-ray photoelectron spectroscopy (XPS). XPS is a surface
analytical technique which provides elemental and chemical analysis of the near surface region.
Corrosion products were induced by immersing the samples in 3.5 wt% NaCl solution.

Experiment

Two W-Ni-Fe alloys with bulk compositions of 98.5 W, 0.9 Ni, 0.6 Fe and 94.8 W, 3.4 Ni,
1.9 Fe by wt%, hereafter, referred to as alloys KI and S1 respectively, were used in this
investigation. In terms of atomic percents, these concentrations are 95.4 W, 2.7 Ni, and 1.9
Fe for the KI alloy and 84.9 W, 9.5 Ni, and 5.6 Fe for the S1 alloy. Detailed analysis of the
micro-structure and composition of these alloys as determined by scanning electron microscopy
and energy dispersive X-ray analysis was presented previously." 6 These two alloys were
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selected because they represent the distinct corrosion trends observed among five different alloys
previously examined for their corrosion properties. 6 Based on continuous immersion tests in
natural sea water, the corrosion rate for the SI alloy is roughly half as much as that of the KI
alloy. Furthermore, alloy KI showed uniform corrosion while the S1 alloy corroded
preferentially in certain selected areas.

For the present experiment, samples in disc form roughly 1.2 cm in diameter and 0.4 cm thick
were cut from the alloy material using a diamond disc saw. The specimens were wet polished
with 320A, 400A, and 600A silicon carbide paper, rinsed with distilled H20, acetone degreased,
and air dried. The corrosion was then induced by immersing the samples in a glass beaker
containing 3.5 wt% NaCl solution (which mimics sea water) at ambient laboratory temperature
and pressure for 4 hours, 2, 10, and 17 days. After removal from the solution, the samples
were thoroughly rinsed in distilled H20.

XPS data were collected using a Perkin-Elmer/Physical Electronics Division photoelectron
spectrometer (model 5400) under computer control. All spectra were obtained with non-
monochromatized Mg x-rays (hv,= 1253.6 eV). The anode operated at 15 KV drawing a current
of 27 mA. During the XPS measurements, the analysis chamber pressure was kept in the range
of (l-3)x10s Torr. The XPS data were collected from an analysis area of 1mm x 3mm except
for the data from the S1 alloy immersed in the solution for 17 days where an analysis area of
1mm x 1mm was employed.

For binding energy and quantitative composition analysis, the photoelectron peaks were Bit with
a combined Gaussian-Lorentzian line shape. Binding energies were referenced to adventitious
carbon (C is at 285.0 eV). The atomic concentrations of the various elements were calculated
from peak areas after correcting for the photoionization cross section using Scofield values8 and
the energy dependence of the photoelectron mean free path.

Results and Discussion

A comparison of the XPS survey spectra for control and corroded KI and SI alloys are shown
in Figures 1 and 2, respectively. The data for the corroded KI and SI alloys are shown after
immersion in 3.5 wt% NaCI for 2 days and 17 days, respectively. Visual inspection of the
spectra indicates a composition consisting mainly of C, 0, Si, Fe, Ni and W. As can be seen
from the spectra of the control samples, Ni and Fe 2p photoelectron lines are just barely visible
due to the low concentrations of Ni and Fe relative to that of W. The Fe and Ni 2p lines are
clearly visible in the spectra of the corroded samples indicating an increase in the concentrations
of both Ni and Fe relative to those of the control samples. The presence of silicon which is not
part of the original composition of the alloy is a product of our sample polishing procedure
described in the above section. Silicon is not bonding to any of the alloy components and can
be completely removed with extended periods of sample wash and rinsing in distilled H20.

For quantitative composition analysis and chemical state identification higher resolution (relative
to survey scans) XPS multiplexes of the C Is, 0 Is, Si 2p, Fe 2p, Ni 2p, and W 4f
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photoelectron lines were measured. The surface compositions, as determined from these XPS
multiplexes for the KI and SI alloys as a function of immersion time in 3.5 wt% NaCI solution,
are listed in Table I. Carbon is usually present on most surfaces as a contaminant with the
major component in the form of adventitious hydrocarbon. The other components in the form
of carbon singly bonded to oxygen, carbonyl, carboxyl, or CO32 are present only in small
quantities. Silicon in the corroded samples is also present in small quantities in the form of a
carbide or an oxide. The carbon and silicon are believed to be irrelevant to the corrosion
process. Hence, the carbon and silicon concentrations have been excluded from Table I.

Typical spectra of the Fe and Ni 2p photoelectron lines of both alloys after immersion in 0.35
wt% NaCI solution are shown in Figures 3 and 4, respectively. The Fe 2p spectra for the
corroded Ki alloy for all immersions (2, 10, and 17 days) and that of the corroded SI alloy
immersed in the solution for 17 days are very similar indicating the presence of a single Fe
chemistry. Comparing the Fe 2p spectra for the corroded samples with those of structurally well
defined samples of ca-Fe20 3, yFe2O3, -y-FeOOH, and Fe3O 4 published by many researchers9-'3
shows that the binding energy and shake-up structure most closely resemble those of Fe3O4. In
an earlier investigation using X-ray Absorption Fine Structure (XAFS) Spectroscopy, it was
reported that the atomic structure and chemistry of Fe after immersion in 3.5 wt% NaCI for 17
days is similar to that of a disordered form of Fe20 3.7 Considering the fact that Fe3O4 is an
oxygen deficient form of Fe2 O3 in which 11 % of the oxygen sites are vacant, then both XPS and
XAFS results are in agreement with each other. Thus, Fe in the corrosion products of both
alloys assumes the oxidation states of both Fe2+ and Fe3' in proportions which depend on the
degree of oxygen deficiency. The only exception, is the spectra of the corroded S1 samples
after the 4 hour and 2 day immersions in the solution where small quantities of Fe in the form
of metallic Fe and FeO was also present in addition to Fe30 4.

The Spectra of the Ni 2p photoelectron line shown in Figure 4 for the corroded K 1 and S I alloys
after immersion in the solution for 2 and 17 days, respectively, resemble very closely that of
Ni(OH) 2 published by McIntyre and Cook. 14 The Ni 2 p spectra of the corroded KI alloy are
virtually identical for all immersions of 2, 10, and 17 days in the solution. The presence of only
a single component indicates that the Ni(OH) 2 is thick enough (> 100 A) to mask the underlying
metallic signal. The presence of a thin upper surface coating of Ni20 3 as suggested by Barr"3

can not be ruled out due to the proximity of the binding energies for Ni(OH)2 and Ni20 3.
However, under the corrosion conditions of this investigation Ni2O 3 is very unlikely to form.
The spectra of the corroded S1 alloy for both the 4 hour and 2 day immersions showed the
presence of nickel in the form of NiO in addition to Ni(OH)2 . In all cases the Ni(OH)2
chemistry was the dominant one. The formation of a surface film of Ni(OH) 2 on metallic Ni
in KOH and chloride solutions (pH 2.7 to 12) in the passive potential region was also observed
using the technique of surface-enhanced Raman Spectroscopy.15

Spectra of the W 4f photoelectron line for control and corroded alloys are shown in Figures 5
and 6. Peak synthesis of these spectra using standard non-linear least square fitting procedures
reveals that a minimum of 6 components are required to satisfactorily fit the data. Two
components for each single chemistry due to the spin-orbit splitting of the 4f line with an energy
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splitting approximately 2.1 eV are required. Comparing with reference data, 1' three different
chemistries, namely metallic tungsten, tungsten dioxide (WO,), and tungsten trioxide (W0O 3),
were identified to be present in both the control and corroded samples of both alloys and the data
are summarized in Table II. These results are interpreted in terms of metallic tungsten particles
with W0 2 and W0 3 coatings rather than in terms of the presence of three separate phases. It
is observed that the metallic W content of the KI alloy is significantly larger than that of the SI
alloy indicating an oxide coating for the S I alloy significantly thicker than that of the K I alloy.
For the corroded KI alloy, it is observed that the mole percent for W metallic component
decreases with immersion time with a corresponding increase in the mole percents of W0 2

indicating an increase in the W0 2 coating thickness with increase in immersion time at least up
to 10 days. The thickness of the W0 3 for the KI alloy appears to remain approximately constant
with immersion time. The mole percents of various tungsten chemistries for the S1 alloy
immersed in the solution for up to 2 days remains the same as those of the control sample.
However, after immersing the SI alloy in the solution for 17 days, the tungsten metallic content
decreases with a corresponding increase in the W0 3 content indicating the growth of the W0 3

coating. Note that after 17 days immersion in the solution the chemistry of tungsten is similar
in both alloys. The observed tungsten chemistries are similar to those observed by Shaw et al."7

for passivation on W-Al alloys induced by anodization in 0.1 KCI solution. Thus, the enhanced
passivity of the W-Ni-Fe alloys can be attributed to the formation of the W0 2 and W0 3 coatings
which makes the alloys less susceptible to attack by the NaCl solution.

Iron is known to be unstable in the presence of water and a large number of aqueous non-
oxidizing solutions.18 Both tungsten alloys (KI and S1) considered in the present investigation
contain Fe and Ni as alloying elements and were studied in 3.5 wt% NaCl solution (a pH of
roughly 6.3). Under these conditions iron has a tendency to form Fe2? and Fe3̀  which will
finally lead to the formation of Fe2 O3 and Fe3O4. A careful analysis of the Porbaix diagram for
Fe and water shows that for pH values below 9.5 and greater than 12.5 the potential will lie
inside the corrosion domains, which means that iron may corrode with the evolution of
hydrogen. Though the test samples and solution were kept exposed to ambient laboratory
environment in our investigation, the oxygen level below pH of 8 will be insufficient to bring
about the passivation of iron. This agrees with the fact that some of the corrosion products from
the sample fell off from the surface and collected as insoluble residue in the bottom of the glass
beaker. The open circuit potential for these alloys in 3.5 wt% solution' also falls within the
range of active corrosion as shown by the Pourbaix diagram.

With regard to nickel, the Pourbaix diagram suggests19 that it should be resistant to corrosion
in neutral or alkaline solution free from oxidizing agents, slightly corrodible in acid solutions
free from oxidizing agents, and very corrodible in acid or very alkaline solutions containing
oxidizing agents. Neutral or slightly alkaline oxidizing solutions should produce an oxide
surface layer on nickel. At the conditions of the present investigation, a 3.5 wt% NaCl solution
with pH equal to 6.3 is slightly acidic and one should expect a slight corrosion of nickel. Based
on the XPS results of this investigation, we show that nickel corrodes through the formation of
Ni(OH) 2. Ni(OH)2 is a thermodynamically stable substance in the presence of water in neutral
or slightly alkaline solutions free from oxidizing or reducing agents. However, it dissolves in
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acid solutions with the formation of Ni2+. The fact that our present XPS study proved more
useful for studying corrosion products of nickel than our previous XAFS study7 is probably due
to the solubility of Ni(OH)2. The solubility of the corroding product, Ni(OH)2, in acid solutions
results in the formation of a thin surface layer which is more amenable to surface analytical
techniques such as XPS rather than bulk analytical techniques such as XAFS.

According to the potential-pH equilibrium diagram for the tungsten-water system by Pourbaix°,
in the presence of non-complexing acid solutions, tungsten tends to be covered with WO or a
higher oxide. Clearly, our results show the formation of both W0 2 and W0 3 as expected
leading to the great corrosion resistance of tungsten.

Conclusions

Based on XPS analysis of corrosion products for W-Ni-Fe superalloys induced by immersion in
3.5 wt% NaCl solution the following conclusions are made: (i) the chemistry of Fe is similar
to that of Fe in Fe30 4 (an oxygen deficient form of Fe20 3), (ii) the chemistry of Ni is similar
to that of Ni in Ni(OH)2, (iii) W is the component of the alloy which is more immune to
corrosion due the formation of passive films of W0 2 and W0 3, (iv) the lower corrosion rate for
the SI alloy relative to that of the K1 alloy is probably due to an already existing W02 and W0 3

coatings which are thicker on the surface of the S1 alloy, and (v) localized corrosion is more
apparent on the surface of the S1 alloy and is probably due to non-uniform distribution of the
tungsten particles in the SI alloy relative to those in the KI alloy.
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Table I. Summary of XPS atomic percents for the KI and Si alloys as a function of immersion
time in 3.5 wt% NaCI solution. The carbon and silicon concentrations were excluded
due to their irrelevance to the corrosion process. Those of oxygen includes, in part,
the oxygen signal bonding to carbon.

Sample Immersion Time Atomic percent of

Oxygen Iron Nickel Tungsten

Alloy Ki 0 (control) 54.3 0.7 0.9 44.1

2 days 56.1 4.3 4.6 35.0

10 days 65. 1 2.9 4.2 27.9

17 days 58.2 2.7 2.6 36.5

Alloy S1 0 (control) 53.1 0.6 1.8 44.4

4 hours 43.4 1.1 1.9 53.7

2 days 46.3 1.5 2.5 49.7

17 days (black areas) 66.0 1.2 1.6 31.2
(brown areas) 66.6 8.9 10.0 14.6

Table II. Summary of various tungsten chemistries for the KI and S1 alloys as a function of
immersion time in 3.5 wt% NaCl solution.'

Sample Immersion Time Mole Percent of

w w0 2  w0 3

Alloy K 1 0 (control) 67 17 16

2 days 26 35 39

10 days 10 49 41

17 days 33 19 48.

Alloy S 10 (control) 41 32 27

4 hours 46 35 19

2 days 41 37 22

17 days (black areas) 24 31 45

_ (brown areas) 19 22 60
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Abstract

The effect of surface conditions on the localized corrosion of alloy 825. in simulated groundwater
containing chloride, was investigated. It was found that the corrosion, breakdown, and repassivation
potentials for mill-finished surfaces were more active than for polished surfaces. This was related to the
depletion of chromium in the initial surface layers. Thermal oxidation in a dry environment at
temperatures up to 3000C did not change the breakdown and repassivation potentials in a wet
environment. The corrosion potential was also found to increase with temperature and to a lesser extent
with thermal exposure time. The repassivation potential was observed to be independent of the charge
density for deep pits. In aerated solutions containing H202., the repassivation potential was approximately
equal to or slightly less than the corrosion potential.

Key tams: Pitting, surface effects. repassivation, alloy 825, nuclear waste
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Introduction

The high-level nuclear waste packages intended for geological disposal are required by the U. S. Nuclear
Regulatory Commission (USNRC) to contain radionuclides for at least 300 to 1000 years. In order to
minimize the possibility of corrosion related failures under the unsaturated conditions prevailing at the
proposed repository site at Yucca Mountain, it has been proposed that a high thermal loading of the
repository be used to create a dry-out area in the geologic surroundings adjacent to the containers.
However, several studies have indicated that remote condensation of evaporated groundwater and
backflow to containers through fractures is plausible 11-31. It has also been demonstrated that the
concentration of anions in groundwater increases with the number of evaporation cycles J4]. Therefore,
a conservative estimation of container lifetimes should assume at least some degree of container wetting
with aqueous solutions containing varying amounts of aggressive anions.

Previous studies have proposed the use of the repassivation potential as a lower bound parameter in
predicting the service life of nuclear waste containers 15-101. In the case of pitting corrosion, the
repassivation potential was first proposed by Pourbaix et. al.[ 11, as the potential below which all existing
pits cease to grow, and above which existing pits grow without the formation of new pits. Investigations
by Sridhar and Cragnolino 151 indicated that the repassivation potential. E, was not as strongly
dependent as the breakdown or pitting potential. F,, on the concentration of chloride. It has also been
shown that EM decreases with pit depth for very shallow pits but was independent of pit depth for deep
pits [7]. With the exception of pit depth, the effect of surface conditions on E,, has only received limited
attention in previous publications. Sydberger [12] found that various surface preparations, such as
different grit finishes and types of pickling operations, had a marked effect on the initiation of pitting and
crevice corrosion of austenitic and ferritic stainless steels. These results were attributed to the efficacy
of the different surface preparations in removing sulfide inclusions. It has also been demonstrated that
the chromium depleted surface layers. which were found to be present on some stainless steels and nickel
based alloys, were responsible for an increased susceptibility to crevice corrosion in both ferric chloride
and sea water [13,141.

The objective of this investigation was to determine the relationship between surface conditions and the
corrosion properties of alloy 825. Since. in a repository setting, the waste containers are expected to be
at temperatures as high as 250°C for long periods of time (> 100 years). the effects of thermal oxidation
on the breakdown and repassivation potentials was studied. The corrosion potential was also measured
under several possible simulated repository conditions. The detrimental effects of the chromium-depleted.
mill-finished surface on the performance of the material were also examined.

Experimental Procedures

All experiments were conducted on alloy 825 received in the form of 12.5 mm plate with a mill-finished
surface. The bulk and surface compositions of the material are given in Table 1. Cylindrical specimens
6.35 mm diameter were machined transverse to the rolling direction. Short specimens, 19.05 mm long,
were used for cyclic potentiodynamic polarization tests. Longer specimens. 48.65 mm long, were used
in potential staircase repassivation potential tests. The specimens were polished to a 600 grit finish using
wet SiC paper, cleaned in an ultrasonic bath containing detergent. rinsed in high purity water, degreased
with acetone, and dried. Experiments with chromium-depleted surfaces were conducted using specimens
measuring 12.5 mm x 12.7 mm x 17.8 mm. This geometry incorporated two 12.7 mm x 17.8 mm
mill-finished surfaces. The four remaining surfaces, which were measured to be of bulk composition.
were polished to either a 60 or 600 grit finish. These specimens were cleaned ultrasonically in detergent.
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rinsed in high purity water, cleaned ultrasonically in acetone, and dried. The weights of all specimens
were then recorded. Specimens undergoing thermal oxidation were placed in forced air convection ovens
at 100°C or 300°C for periods of 1, 10, and 30 days. Upon removal, the specimens were allowed to
,ool to room terrperatture and reweighed. Corrosion testing was carried out by first connecting the
specimens to an ASTM G-5 [15] specimen holder and then partially immersing them to prevent crevice
corrosion at the gasket-specimen interface. Test solutions representative of groundwater at Yucca
Mountain. with a higher chloride concentration to simulate the effect of evaporation cycles, were prepared
using analytical grade reagents and high purity water. The solutions consisted of 500-10000 ppm Cl-,
85 ppm HCO,-, 20 ppm SO2-, 10 ppm N0-, and 2 ppm F-, all as sodium salts. All tests were done
at 95± 2°C. Solutions were deaerated with high purity nitrogen or argon. Measurements of the
corrosion potential, E,,,, were also conducted in aerated solutions with and without the addition of 5
mmol H.O. Aeration was achieved by bubbling a high purity 79:21 mixture of N. and 02 so as not to
introduce CO. into the solution.

Repassivation tests were conducted in an ASTM G-31 type one-liter reaction kettle (approximately 900
ml solution) with a fritted glass bubbler, a platinum counter electrode, and a luggin probe with a porous
silica tip. A saturated calomel electrode was used as the reference electrode in all experiments. Details
of the experimental setup have been published elsewhere [7]. Specimens were tested in deaerated
solutions containing 500. 1000 and 10000 ppm Cl-. Pits were initiated in the 500 and 1000 ppm Cl-
solutions at 600 mVscF. After initiation, the pits were grown at 500 mVscE in the 500 ppm Cl- solution
and 400 mVICE in 1000 ppm Cl- solutions. For the 10000 ppm solution, the pits were initiated at 400
mVs• and grown at 200 mVscE. When a predetermined charge density was reached. the potential was
reduced at 5 mV/sec. The potential at which the current density remained below 50 gA/cm2 was
determined to be the repassivation potential. Cyclic potentiodynamic polarization (CPP) experiments were
conducted in an ASTM G-5 type five-neck flask equipped with a calibrated thermometer, and a platinum
counter electrode. A luggin probe with a porous silica tip was filled with 0.5 M NaCi to provide
electrical contact to a remote saturated calomel reference electrode maintained at room temperature.
Argon was bubbled at approximately one atmosphere pressure for a minimum of one hour prior to the
start and throughout the duration of the test. Electrochemical measurements were made with an EG&G
PARC Model #173 potentiostat equipped with a Model #276 current converter and an IEEE-488 interface.
The potentiostat was controlled with a 386 computer using PARC M342C software. The data was
converted to an ASCII format and analyzed at the end of the experiment.

After testing, specimens were ultrasonically cleaned in a mixture of 4 ml 2-butyne-l.4-diol (35% aq.
solution), 3 ml concentrated HCI, and 50 ml high purity water to remove the attached corrosion products
116). Previous tests on control samples confirmed that this cleaning procedure does not result in
measurable corrosion of the substrate. The specimens were then reweighed and examined using a 70x
stereoscope. Selected specimens were examined using a scanning electron microscope (SEM) for areal
pit density, pit depth and composition using energy dispersive spectrometry (EDS).

Results

Representative multiple CPP scans for the mill-finished surfaces are displayed in Figure 1. These are
CPP scans conducted on a single specimen successively with fresh solution being used after each scan.
Very low E, and E.., values were obtained in the initial scans of chromium depleted surfaces but only
uniform corrosion was observed. Subsequent scans, however, exhibited large hysteresis. indicating the
presence of localized corrosion. The passive current density tended to decrease with successive scans
while E, and E., increased. Examination of the specimens using a 70x stereoscope revealed that the mill-
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finished surfaces pined after 3 or 4 scans. The pits were randomly distributed on the immersed portions
of the mill-finished surfaces and no evidence of preferential pining at the solution vapor interface was
observed. On the other hand, the adjacent surfaces, having the bulk composition through grinding to
either a 60 or 600 grit finish, did not show 2ny evidence of pitting. For the as-received and thermally
treated mill-finished surfaces, E,, was found to increase with cumulative charge density, contrary to
previous results obtained for polished specimens [7J. Analysis of these specimens using EDS revealed
that the chromium content at the surface increases with the amount of charge passed. In Figure 2, the
results of the CPP tests in terms of E, and E,, are plotted as a function of the chromium content measured
on non-pitted regions at the conclusion of successive scans. This figure was generated using the results
of both mill-finished surfaces having less than the bulk concentration of chromium and polished specimens
having 22.10 percent chromium. It is evident from this plot that E and F,, are strongly dependent on
the concentration of chromium at the surface. It must also be noted that the molybdenum content of the
surface is lower than that of the bulk as indicated in Table 1. Below a surface chromium concentration
of 17 percent, uniform corrosion predominated. Localized corrosion occurred at surface chromium
concentrations higher than 17 percent and pitting of the chromium depleted surfaces was initiated at
potentials as low as 220 mVwE. The EI, of these surfaces, following the initiation of pining, was found
to be much more active than that of the bulk material.

Visual observation of the thermally treated specimens revealed that all specimens treated at 300°C
appeared to have a gold color oxide film. The mill-finished specimens treated at this temperature had
a much darker colored film than polished specimens. Specimens treated at 100°C did not have this
appearance. No weight change (±0.00015 g) was measured at the conclusion of thermal treatment in
the range of times and temperatures investigated.

The results in Table 2. obtained using CPP, indicate that EI, and E,, are neither functions of temperAture
nor length of thermal oxidation in the ranges studied. It may also be seen that the passive current density
decreases whereas E., increases with the temperature of thermal exposure. During post-test examination,
pits were noted on all of the specimens.

Results obtained using the decreasing potential staircase technique are shown in Figure 3. As previous
reports have indicated. E, is initially a strong function of charge density [18.191. In 1000 ppm Cl-
solutions, beyond approximately 100 coulombs/cm:, Em, is virtually independent of charge density. This
result was apparent for both as-polished and thermally oxidized specimens. The effect of chloride
concentration is also indicated in this figure. Specimens tested in more concentrated chloride solutions
had lower E, values. Ir comparison to the CPP results, which used a slower scan rate. the E,, values
measured by this technique were more active. The observation that E,, decreases with scan rate has been
previously documented [7].

Examination of the pitted specimens revealed that the pits were uniformly distributed over the surface.
Excellent correlation (R2=0.99) was found between weight loss and charge density indicating that the
charge passed went to either pit initiation or pit growth. This relationship was experimentally determined
to be

Weight Loss = 2.59 x 10-' g/coulomb (1)

This compares well to the theoretrial weight !oss of 2.64 x 10-4g/coulomb assuming that the dissolution
of iron. chromium and nickel occurz ,. Fe 2 , Cr+, and Ni 2+. respectively in the same ratio as they are
present in the alloy. The weight loss contributed by the dissolution of the other alloying additions was
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assumed to be insignificant. The relationship between areal pit density and charge density, plotted in

Figure 4, was found to be

Percent area pits (A) - 0.34 (Q.• (2)

where Q is the charge density in coulomba/cm2 . The scatter in the data (I2-0.87) reflects both the
difficulty of the measuemets, especially on cylindrical specimens, and the fact that not all of the charge
density went to the formation of new pits. Estimation of the maximum pit depth was done by
cross-sectioning the specimens. The relationship between the amount of charge passed and the pit depth
is given by

Dept, d (nam) 0 0. 11 (Q)O (3)

The exponent in this equation is significantly differem than 0.33 expected for hemispherical shaped pits,
although most of the pits observed were found to be hemispherical. However, deep pits appeared to be
formed by the initiation and growth of new pits in the bottom of existing ones. This resulted in some
pits having a more cylindrical shape which would increase the exponent in equation 3. Inaccurate depth
measurements may also be due to the difficulty in sectioning pits in the deepest location. An additional
source of error, particularly at low charge densities, is that an increasingly large fraction of the charge
density went towards pit initiation and not necessarily existing pit growth.

Open circuit potential measurements (F,) carried out on thermally treated specimens in a range of
solutions are shown in Figure 5. The results show that E,, increased as a result of aeration and 5 mmol
H20 2 added to simulate the effect of radiolysis. Specimens treated at 300°C had F,,, values in the range
of 100 to 400 mV more noble than the specimens treated at 100"C. For specimens treated at the lower
temperature, the time of exposure was also important. The difference in Em. of polished specimens
treated at 100C for 1 and 30 days was 200 mV. Specimens with a mill-finished surface were
characterized by more active corrosion potentials. The effect of thermal oxidation temperature is also
not as pronounced. At the conclusion of the rest potential measurements in aerated solutions containing
H2 0 2, reddish-brown corrosion products were observed on some of the mill-finished surfaces.
Examination of these surfaces, however, did not reveal any pits. For both bulk and mill-finished
specimens whether thermally aged or not. E., in aerated solutions containing H.O was very near or
slightly greater than ,, in deaerated solutions.

Discussion

The mill-finished surfaces were found to have F,, values that increased with charge density. Observation
of the curves generated by CPP during initial scans reveals that the breakdown and repassivation behavior
of the chromium-depleted surfaces differs considerably from that of the bulk material. The increase in
E, and E. during successive scans was found to be related to the amount of chromium on the surface of
the alloy. This result can be likened to the previous investigation by Wilde and Williams (171 who
demonstrated that the Eý of stainless steels increases with the concentration of chromium. The fact that
several scans were needed to form pits indicates that uniform corrosion initially occurs on the chromium-
depleted surface. After the initial surface layers are removed, the surface composition has a higher
concentration of chromium and becomes more corrosion resistant. Pitting of the surface can then occur
at potentials more noble than E. for the initial surface layer but much more active than Eý for the bulk
material. The results obtained here suggest that surface compositions containing approximately 17 percent
chromium are susceptible to pitting. The E, for the pitted chromium-depleted surface was also more
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active compared to the bulk material. However, the pits formed were shallow, resulting in a low
cumulative charge density < 7 C/cm:). The chromium-depleted layer on some nickel based alloys has
been measured to be up to 12 Lm deep [131. Deeper pits, penetrating through the initial chromium-
depleted surface layer, would be expected to have E, values similar to those of the bulk naterial. Hence.
the E, value of bulk specimens can still be used to predict long-term performance of the proposed
container material.

Decreasing potential staircase tests indicated that EV, is a function of charge density for shallow pits.
Combining the results displayed in Figures 3 and 4, it can be calculated that for pits deeper than 0.7 mm,
E,v is independent of pit depth. Similar results have previously been reported [17,181.

The passive films formed by thermal oxidation did not yield higher breakdown potentials or alter E,, in
the range of chloride concentrations tested. Both as-polished and thermally oxidized specimens were
found to have F. which were dependent on scan rate and charge density. This is not surprising since
even very shallow pits would be expected to easily penetrate the oxide films.

Thermal exposure had a marked effect on E,,, of the polished specimens. As the temperature of thermal
oxidation increased, the value of E. was observed to shift to a more noble potential. This effect can
be attributed to an improvement in the protective properties of the passive film. Similarly. a decrease
in the passive current density from 1.4 isA/cm- for the as-polished surface to values between 0.04 and
0.1 uA/cm: for specimens exposed to 300°C was observed. Specimens exposed to 100°C had passive
current densities that decreased with exposure time. These observations suggest that prior exposure to
a hot dry environment may result in either a growth of the passive film or a change in the electronic
properties of the film.

The corrosion potential was observed to increase by aeration of the solutions. An additional increase was
observed in aerated solutions when H.O- was added to simulate the effects of radiolysis. E, in these
solutions was in the range of the repass vation potentials for the material in a deaerated 1000 ppm Cl-
solution. This result points out the possible inability of the material to repassivate following the initiation
of localized corrosion in such an environment. The mill-finished surfaces consistently had lower F
values than their bulk composition counterparts. In addition. thermal oxidation had less of an effect on
the value of E•,, for the chromium-depleted surfaces. The differences observed are most likely caused
by a different type of oxide film being formed on the mill-finished surface as a result of the different
surface composition. Since the mill-finished surface is deficient in chromium, nickel, and molybdenum,
which are the most significant alloying elements that determine the localized corrosion resistance, the
passive films formed on this surface can be expected to have inferior protective properties compared to
the bulk material. E, for these surfaces treated under similar conditions appeared to vary considerably
from sample to sample. The passive current density of the mill-finished surfaces, while highly variable,
was 2.2 isA/cm:. 50 percent greater than that of the polished specimens.

Conclusions

This investigation on the surface effects of alloy 825 has shown that in the ranges tested, the length and
temperature of thermal exposure in a dry environment had no effect on the breakdown potential. E,, or
the repassivation potential. E.., in a wet environment. This was true for both bulk composition and mill-
finished specimens. Thermal oxidation, however, shifted the corrosion potential. E.,, to a more noble
value in correspondence with a reduced passive current density. The mill-finished surfaces were observed
to have E, and E., values that were dependent on the chromium content of the surface layers. Multiple
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cyclic potentiodynamic polarization tests showed that after some initial uniform corrosion of the surface
layers, pitting of the chromium depleted regions was initiated at 220 mV,., when the chromium content
of the deplited layer reached about 17 percent. In solutions containing H20., E.., was, in some cases,
more noble than E,,. From the retsults of this study, it is evident that while the Eq is a useful parameter
in predicting long-term performance, the localized corrosion behavior of this proposed container material
is compromised by the presence of a chromium-deficient, mill-finished surface. Additional investigations
into the detrimental effects of chromium-depleted surfaces on other proposed high-level nuclear waste
container materials are warranted.
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Table 1. Bulk and surface composition in weight percent of alloy 825.

I Analysis Fe Ni Cr TI Cu Mo Si AI C

Bulk (Vendor) 30.4 41.1 22.1 0.8 1.8 3.2 0.5 0.1 -

Bulk (EDS) 30.4 41.1 22.1 0.8 1.8 3.2 0.2 0.1 -

Mill Surface (EDS) 43.4 35.3 15.7 0.4 1.6 2.1 0.9 0.5 0.01

Table 2. Results of cyclic potentiodynamic polarization tests on as recived and themally aged
specimens of alloy 825.

Corrosion Pasive current Breakdown Repassivation
Specimen potential, E., density, gLAJcn potential, E., potential, E,,
treatment mVsc_ mV=c mVsc

As-polished (bulk) -595 1.42 692 158

100-C, 1 day -534 1.25 684 115

100-C. 10 days -400 1.00 683 166

100-C. 30 days -339 0.92 706 137

300°C, I day -158 0.04 693 156

300-C, 10 days -151 0.10 705 156

300 0C, 30 days -96 0.06 678 141
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Figure 1. Successive cyclic potentiodynamic polarization scans for mill finished
alloy 825 in deaerated 1000 ppm Cl" at 95°C. Scan rate = 0.17 mV/sec. Fresh
soiution was used for each scan.
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The Influence of Long-Term Low Temperature Aging on the Performance of
Candidate High-Nickel Alloys for the Nuclear Waste Repository
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Haynes International, Inc.
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Abstract
The phase stability of candidate alloys under repository-relevant conditions is a critical issue
that will have an impact on the long-term mechanical and corrosion properties of the metal
barrier. For waste packages with the highest thermal outputs, the surface temperature of the
containers will rise to a peak temperature of about 2500C. After 100 years the temperature
will drop to about 1500C and will continue dropping slowly.

This paper discusses the metallurgical phase stability in terms of precipitation and ordering
behavior of Ni-Cr-Mo-W alloys after long term aging at temperatures below 5500C. In
addition, the effect of low temperature aging on the mechanical and corrosion properties is
presented. Charpy impact testing and tensile testing have been used to evaluate the effect
of aging on mechanical properties. The corrosion resistance has been assessed using
standard ASTM G28A and B test methods.

Key terms: Nickel base alloys, aging, corrosion, impact strength, nuclear waste canisters,
phase stability

Introduction
The current proposed design for the containment of spent nuclear fuel includes a metallic
outer canister1 which provides structural support and acts as a corrosion barrier against the
local groundwater. Early resparch identified a variety of materials as candidates for the
canister including 316L stainless steel and alloy 825.2.5 Concerns were expressed that the
original short list of materials did not include any material that would completely resist the
potential conditions so the program was expanded to survey other materials. A recent
review of the extensive selection analyses suggested three materials, alloy 825, alloy C-4
and titanium grade 12, which were recommended for the Advanced Conceptual Design of the
Yucca Mountain Program.6 Corrosion testing done earlier has shown that in a chloride
solution that would simulate a concentrated J-13 wellwater, alloy 825 exhibits considerable
pitting and crevice attack7 while C-22 alloy is free from attack. J-13 wellwater is accepted as
being representative of the nominal groundwater in the vicinity of Yucca Mountain. Corrosion
resistance of the canister material is therefore an important factor in material selection.
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After placement in the storage facility, it is anticipated that the temperature of the canister
surface will increase to 250-2600C for several years.8 rhe temperature will then begin a slow
decline towards ambient; however, concern exists that this long-term thermal cycle will
produce metallurgical changes in the alloy which will alter the corrosion resistance. Most
commercial nickel base alloys are in a metastable condition having been quenched to room
temperature from an annealing temperature. It is therefore necessary to estimate, by aging
at elevated temperatures, the potential kinetics of the formation of any deleterious second
phases. Since the kinetics are anticipated to be very slow at the expected canister
temperature, slightly elevated temperatures have been used to demonstrate the stability of
three alloy C-type alloys. In addition to corrosion resistance, the effect of aging on the
mechanical properties was also examined.

Experimental Procedure
The alloys used in this program were HASTELLOY® alloys C-4 (N06455), C-276 (N10276),
and C-22 (N06022). The nominal compositions are shown in Table 1. Production hot rolled
and annealed 12 mm plates were aged at temperatures of 260, 340, 425, 482, 500, 538, and
5930C in an air atmosphere muffle furnace. A variety of production heats were used and not
all heats were exposed at all temperatures.

Following exposure at the desired temperature, samples were prepared for corrosion testing
in both the ASTM G-28A and G-28B environments. These environments are accelerated
quality control tests used to evaluate the effect of microstructure on corrosion performance.
The origin of these two tests was in the work of Streicher9 and Manning'0 to find
environments that would highlight the presence of an inappropriate microstructure with a
significant increase in corrosion rate.

The mechanical properties were determined by measuring the room temperature tensile
strength and hardness. The potential loss in toughness was measured by determining the
Charpy impact strength. Metallographical examination by optical and transmission electron
microscopy to correlate structure with properties completed the evaluation.

Results and Discussion
The mechanical properties as determined from the aged samples for alloys C-276, C-4, and
C-22 are presented in Tables 2, 3, and 4 respectively. In an effort to better see the effect of
time and temperature, the yield strength data for alloy C-276 have been normalized and
presented in Figure 1. Data for 4250C and 5380C at 4000, 8000, and 16000 hours were
obtained from an earlier investigation.1" Note that the yield strength is virtually unaffected
until the aging at 4250C exceeded 20,000 hours. Even though the yield at 38,000 hours is
1.5 times the annealed yield, the material still exhibited a reduction in area of 64% and the
impact strength is 79% of the annealed condition. The sample aged at 4820C for 38,000
hours has doubled its yield strength, however, the material still exhibits 54% reduction in
area. The impact strength has reduced to 126 joules, however, this does not constitute a
brittle material.

Figure 2 contains the plot of the yield data for alloy C-4. Again it is observed that the
properties to not begin to change at 4250C until the time exceeds 20,000 hours. After
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46,000 hours the yield ratio is 1.3 but the reduction in area is still 60% and the impact
strength is 73% of the annealed condition. Even the sample aged for 38,000 hours at
4820C, which has doubled in strength, still has 58% reduction in area. The impact strength
has reduced to 122 joules, but that still is a usable material.

For alloy C-22 no data exist for aging times beyond 20,000 hours or for temperatures above
4250C. Within the scope of this investigation, no measurable change in properties has
occurred.

The corrosion rates as determined in both the ASTM G-28A and G-28B solutions are shown
in Table 5. The G-28A solution is an oxidizing, chloride free, environment that was
developed to be a measure of microstructure for alloy C-276. All three alloys in the annealed
condition exhibit uniform attack unless the microstructure is heavily sensitized. The rate in
this test is dependent on the chromium/molybdenum ratio, therefore alloy C-22 has
consistently lower values. In comparing the corrosion data with the plot of yield strength in
Figure 1, the corrosion rate for alloy C-276 increased by 25% after 38,000 hours at 4250C,
and this corresponds with a change in the yield strength for alloy C-4, however, the increase
in yield strength (Figure 2) after 46,000 hours at 4250C is not accompanied by a
corresponding increase in corrosion rate. Even after aging for 38,000 hours at 4820C, the
corrosion rate shows only a small increase while the yield strength is doubled.

The G-28B solution is a highly oxidizing high chloride media thnit was developed to be even
more sensitive to the presence of second phases in the grain boundaries of alloy C-276.
This test has become the standard quality control test for alloy C-22 and is replacing the
G-28A solution as the standard for alloy C-276. Because the critical pitting temperature for
alloy C-4 in the G-28B solution is only 901C, the attack on alloy C-4 is severe in the boiling
(1050C) environment regardless of microstructural condition. The high rates make it
impossible to detect small changes in rate. For alloys C-22 and C-276, no changes in rate
are noted for aging times up to 20,000 hours at 4250C, although the rates for C-22 alloy are
consistently lower than those for alloy C-276. In the case of alloy C-276 aged for 38,000
hours at 4820C, the corrosion rate is virtually unaffected even though the yield strength has
doubled. Only aging at 5380C produces significant increases in the corrosion rates for alloy
C-276. This difference in performance is related to the phases present in the microstructure.

To understand what changes are occurring in the microstructure to produce the observed
changes in mechanical property and corrosion resistance and how these might alter the
behavior of samples aged at lower temperatures, requires an understanding of the physical
metallurgy of these alloys.

All three alloys fall in the gamma phase solid solution region of the Ni-Cr-Mo phase diagram
at 12000C, however, at lower temperatures three metallurgical reactions are possible to
varying degrees.12 A mu-phase based on the FMo2 structure has been identified13 in alloy
C-276 that begins to precipitate on grain boundaries at about 10750C. Only 6 minutes at
9000C are required to precipitate enough mu-phase to significantly alter the corrosion rates.
The reaction rate decreases with time so that approximately 1000 hours at 6500C are
required before precipitates are observed. Alloy C-4 was developed to be mu-phase free by
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controlling the Nv of the alloy to a value which was observed experimentally to delay
precipitation for 1000 hours at 9001C."4 Because the tungsten was eliminated to gain the
phase stability desired, the localized corrosion resistance was decreased. When alloy C-22
was developed, the composition was balanced in an attempt to improve the localized
corrosion resistance beyond that of alloy C-276 without the thermal stability problem.' 5 In all
three alloys, the kinetics of mu-phase precipitation are slow, and the data suggest that at
temperatures below 6000C, it should not be present in the microstructure.

The carbon content required for these alloys to be completely free from carbide precipitation
is unknown. The carbon levels are typically less than 0.010 weight percent but M6C carbides
can still precipitate in all three alloys. Curves showing the precipitation of carbides in alloy
C-276 were also developed during the mu-phase study.13 When the Nv controlled alloy C-4
was developed, it was found that increasing the total stability also slowed the kinetics of
carbide precipitation.14 It is believed that this situation exists because the composition of the
mu-phase and carbides are identical except for the fact that carbon is present in one.'8 The
curve showing the precipitation of carbides as a function of temperature versus time in alloy
C-276 was observed to lay parallel to the mu-phase curve but approximately one order of
magnitude shorter in time at temperatures below 7000C. Extrapolation of this curve would
suggest that grain boundary carbide precipitation would only be present when the
temperatures are above about 5000C.

The third metallurgical reaction is the formation of a long range ordered compound based on
the formula A2B. This reaction has been studied extensively in the binary Ni-Cr system by
Klein.17 The first identification of this phase in a commercial alloy was in connection with a
reactor made from alloy C-276 which had been operated at approximately 5000C for 2
years.'8 The presence of the phase was identified by using transmission electron microscopy
and selected area diffraction. The composition was assumed to be Ni2(Cr,Mo). Experiments
were performed to show that aging for 1000 hours at 5000C produced an increase in the
yield strength with little or no loss in ductility or impact strength in alloy C-276.,9 The A2B
reaction is considered as a second order phase transformation. If one compares the specific
heat versus temperature curve a discontinuity occurs in the vicinity of 6000C which indicates
that the ordering reaction is proceeding. This same discontinuity exists for all thiee alloys,
indicating that the same reaction occur6 in all three alloys.

The microstructures of alloys C-4, C-276, and C-22 after aging for 20,000 hours at 4250C are
presented in Figure 3. The photomicrographs at 50OX show that the alloys are basically
single phase with no precipitates in the grain boundaries. Some scattered second phases
are present but these are primary phases produced from solidification segregation in the
ingot and they do not participate in the low temperature precipitations. A transmission
electron micrograph for the alloy C-22 sample (Figure 4) shows that only the face centered
cubic structured matrix is present.

Examination of the structure of alloy C-4 aged for 45,896 hours at 4250C (Figure 5) indicates
that the A2B long range ordering has begun. For alloy C-276 after 37,896 hours at the same
temperature (Figure 6) only the matrix phase is present. This would suggest that the phase
boundary for A2B probably would be crossed somewhere between these two times. When
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the temperature of aging was increased to 482,C (Figure 7), alloy C-276 has a well
developed A2B structure for the same aging time of 37,896 hours. Increasing the
temperature and time produced still further changes. When alloy C-276 was aged 53,880
hours at 5380C a grain boundary phase was present (Figure 8a). Transmission microscopy
identified this phase as M6C (Figure 8b) and also indicated that the A2B structure is present.
The presence of the grain boundary carbide phase in the structure coinsides with the rapid
increase in corrosion rate (Table 5) and the large drop in impact strength (Table 2). A
diagram was constructed (Figure 9) showing the phases identified for all samples. It is
obvious that the increase in strength experienced by those samples aged at temperatures
above 4250C or longer than 35,000 hours is due to the precipitation of the A2B phase. This
phase is also responsible for the slight increases in corrosion rate experienced by these
same samples. In addition to A2B, the two samples aged at 5380C also contained M6C
carbides. These samples suffered the most significant loss in corrosion resistance and
impact strength.

Assuming that the A2B boundary as drawn on the phase stability diagram (Figure 7) is
correct, it would predict that it would take 100 years to cross this boundary at approximately
3800C. Since the maximum temperature in the metal canister is expected to be 2600C, the
time required to develop the ordered structure would be about 400,000 years assuming that
the boundary can be extrapolated for 3 more decades on the time axis. The canister is only
expected to be at the maximum temperature for 10-15 yeara before it begins to decay. The
data presented here definitely suggest that no measurable change would occur in these
alloys during this time period.

Conclusions
The examination of a series of long term aged alloy C-type compositions has shown that

1) Development of the ordered A2B phase in these alloys would not be expected at the
maximum expected canister temperature for times in excess of 100 years.

2) The presence of the ordered structure does not appreciably reduce the corrosion
resistance or the impact strength of the alloys even if it does form.

3) The corrosion resistance of alloy C-22 is the best of the three alloys Vhich should
make it the leading candidate for the canister material.

® HASTELLOY is a registered trademark of Haynes International, Inc.
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TABLE 1

Nominal Alloy Compositions

__________Alloy Composition (wt.%)
Element Alloy C-4 Alloy C-276 Alloy C-22

Ni 65 57 56

Co 2.0* 2.5* 2.5*

Cr 16 16 22

Mo 16 16 13

Fe 3- 5 3

W -4 3

C O.01* 0.01* 0-.OP
Si O.08* o.0o 0.06

Mn 1 0-O5*

P .020' .02O. OCRO,

S .004* .04* .004*

Ti OX7_______ _ _ _ _ _ _

v __ _ _ _ _ _ .35* O.356

*Ma~dmum
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TABLE 2
Mechanical Properties Alloy C-276

Alloy Rockwell Yield Strength % Reductionj Impact Strength
Condition Hardness MPa in Area Joules"'

Heat 7-3868

annealed B89 358 74 358

10,000 hrs @ 2600C B90 345 72 358

20,000 hrs @ 2600C B93 352 74 358

10,000 hrs @ 3400C B92 400 65 352

20,000 hrs @ 3400C B93 407 66 358

10,000 hrs @ 4250C B93 345 68 358

20,000 hrs @ 4250C B89 345 68 358

Heat 4-3962

annealed B93 352 78 358

37,896 hrs @ 4250C C22 545 64 284

37,896 hrs @ 4820C C32 731 54 126

Heat 0-3179

annealed 453 358 78 _

4,000 hrs @ 4250C A55 358 80 _

8,000 hrs @ 4250C A55 365 79 _

16,000 hrs @ 4250C A53 386 76 _

4,000 hrs @ 5380C A67 737 51 _

8,000 hrs @ 5380C A67 772 21 _

53,880 hrs @ 5380C C28 786 18 2
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TABLE 3
Mechanical Properties Alloy C-4(a)

Alloy Rockwell Y.ied Strength % Reduct Impact Strength
condiion Hardness MPa n AJeaouls

Heat 8-0942

annealed 8O0 379 73 358
10,000 hrs 0 260"C B90 345 73 307

20,000 hrs 0 260C 890 352 70 358

10,000 hrs 0 3400C B90 352 71 336

20.000 hrs 0 3400C 691 352 71 358

10,000 hrs 0 4250C 891 372 68 338

20.000 hirs 0 4250C B93 393 66 358

Heat 5-0826

annealed 892 345 73 358

37.896 hrs 0 4250C B95 379 69 292

37.896 hrs 0 4820C C30 703 58 122

Heat 2-7141

annealed B92 379 73 323

1.000 hrs 0 4250C 892 410 65

4.000 hrs @ 4250C 892 393 70

8.000 hrs @ 4250C B91 412 63

16,000 hrs 0 4250C B92 420 69 274

45.896 hrs 0 4250C C20 483 60 237

1.000 hrs 0 5380C A68 786 51

4.000 hrs @ 5380C A67 779 51

8,000 hrs@ 5538 0C A68 800 47 _

16.000 hrs @ 5380C - 772 42 28

45,896 hrs 0 5380C C35 779 41 26

(a) each value represents the average of 2 samples
(b) capacity of testing machine 358 joules

TABLE 4
Mechanical Properties Alloy C-22

Alloy %RO Yild Strength % Reduction Impact Strength
Condition Harness MPa in Area jee

Heat 7-3173

annealed 890 365 83 358

10,000 hrs 0 260"C 690 345 83 358

20,000 hrs 0 2609C 890 365 82 358

10,000 hrs 0 3400C 819 386 82 358

20,000 hrs 0 3400C 893 379 82 358

10,000 hrs @ 425-C 893 365 81 358

20,000 hrs 0 4250C 693 379 81 358
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TABLE 5

Corrosion Rates (mn ',r)l'a

ASTM G-28A0 ASTM GUB'

MWy My M" MAy Mw oy MW mw
Condition C-22 C-276 C-4 C-22 C-276 C-4

Annealed 0.84 4.3 3.2 0.13 0.9 56

10,000 hes @ 2600C 0.96 4.5 3.3 0.18 0.9 86.

20.000 hrs * 2600C 0.91 4.4 3.4 0.15 0.9 72

10.000 hrs @ 340C 0.91 4.8 3.3 0.20 0.8 79

20.000 hrs 0 340C 0.91 5.0 3.4 0.15 0.9 71

10.000 hrs @ 4250C 0.84 4.3 3.4 0.15 0.8 71

20,000 hrs @ 4250C 0.91 4.3 3.4 0.18 0.9 85

37,896 hrs 0 4254C 5.4 3.1 1.0 40

45,896 hrs 0 425aC - - 3.1

37,896 hrs 0 4820 - 5.9 3.6 1.0 46

45,896 hrs 0 5389C . 10.2 55

53,88 hrs 5380C 102 84

(a) each value represent t average of 2 sampes

(b) boding 24 hour test in 50% HrSO, + 42 g9A Fe%(SOJ,

(c) boiling 24 hour tet in 23% HaSO4 + 1.2% HCl + 1% FeCI + 1% CuO.

14 --

IA .'UI

1.o 1.

IA JIA
~12 7512

1.0 2U3 C1.0 40- 2W3a ewe
IJI I I I I I I

102 1os 104 0o5  102 1o3 104 l0o
D$ mo 'r.pomu Thnup.

Figure 1: Effect of aging on yield properties of alloy C-276. Figure 2: Effect of aging on yield properties of alloy C-4.
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alloy C-4
Heat 8-0942

Magnification 500X

alloy C-276
Heat 7-3868

Magnification 500X

alloy C-22
Heat 7-3173

Magnification 500X

Figure 3: Microstructures of alloys aged at 4250C for 20,000 hours
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Figure 4: Alloy C-22 aged 20,000 hours at 4250C with [100] matrix pattern

Figure 5: Alloy C-4 aged 45,896 hours at 42500 with [1001 matrix showing weak A21
superlattice spots
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Figure 6: Alloy C-276 aged 37,896 hours at 4250C with [100] matrix pattern

Figure 7: Alloy C-276 aged 37,896 hours at 4820C with [100] matrix showing well
developed A2B superlattice spots
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(b)

Figure 8: Alloy 0-276 aged 53,880 hours at 5380C

(a) Shows presence of grain boundary phase
(b) [100] matrix pattern shows A2B phase present in grains and [110] matrix

patern identifies grain boundary phase as M6C
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Figure 9: Phase Stability Diagram for Alloys
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ABSTRACT

This paper describes the use of real-time on-line electrochemical corrosion monitoring to

characterise the corrosion behaviour in a wet gas withdrawal system. The corrosion activity was

found to vary enormously with gas extraction rates with some conditions resulting in periods of

high corrosion being identifiable. The corrosion attack was not continuous and several mitigating

factors were examined in order to determine the most effective in terms of minimising corrosion

attack.
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INTRODUCTION

This paper discusses the results obtained during a period of continuous on-line real-time corrosion
monitoring at one of the gas storage facilities operated by Southern California Gas. The gas
storage facility investigated consists of a number of gas storage wells which are connected into a
common withdrawal header system. Whilst the injection gas is supplied dry, upon withdrawal the
gas is produced 'wet' with approximately 9000-13000 ppm chloride and 0.8-1.2% CO 2; the
produced fluids are normally found to comprise 50:50 oil:brine with ambient temperatures ranging
from 60-I00OC and line pressures of up to 700 psig. In solution chemical terms, the relatively
high concentration of chloride and the presence of CO 2 imply that the produced fluids are,
potentially, highly corrosive. It was suspected, however, that variations in the operation of this
gas storage field could generate service -nvironments which would promote corrosion and others
which would limit it. This investigation, tierefore, was concerned with characterising the natural
corrosion behaviour during normal plant operations with a view to determining whether part (or
parts) of the process caused enhanced corrosion attack.

Previous experience at Southern California Gas had shown that corrosion attack was found to

occur predominately at bottom dead centre at low points in the withdrawal line. Regular
inspection had indicated that corrosion attack was not being alleviated to the degree anticipated,

even though inhibitors were being injected both at the well head and gathering line, and despite
rigorous drainage of the produced fluids from low points twice a day.

METHODOLOGY

In the majority of cases the use of a single corrosion monitoring technique will not satisfactorily

detect all corrosion conditions, therefore multiplexing a number of powerful and complementary
monitoring techniques provides a useful investigative tool for determining the factors that lead to
corrosion and the resulting morphology of attack [1].

The CML portable multi-system 'MUSYC' corrosion monitor was utilised during this work. This

system incorporates the simultaneous logging of the coupling (or ZRA) current, electrochemical
potential noise (EPN), electrochemical current noise (ECN), and linear polarisation resistance
(LPRM). Whilst LPRM is useful for determining overall corrosion rates, the electrochemical noise
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techniques are particularly sensitive in regimes where localised corrosion activity is the

predominant mode of attack, eg. pitting corrosion [1].

Sensor probes used during this work were inserted through industry standard 2-inch high pressure

fitting. The sensors were located at bottom dead centre of the withdrawal line at low points.

Several sensors were installed in the withdrawal line, however, for the purpose of this paper, we

shall only consider the results obtained from two, these being located at manual drains 2 and 6.

SOLUTION CHEMISTRY

The chemistry of the C0 2 -water system is complex [2] and shall therefore be treated very briefly
here. Field data had shown that CO 2 partial pressures were of the order of 5.6 to 8.4 psig (based

upon a line pressure of 700 psig) and that the solution pH ranged from pH 6 to pH 8. Calculations
were performed using the known chemical equilibria for this system in order to determine the
solution pH as a function of pCO2. When this was done it was found that the solution pH should

be of the order of pH 4.6 to pH 4.2 respectively, based upon the above CO 2 partial pressures,

therefore it can be concluded that in this system the pH is not controlled by the CO 2 partial
pressure. Other calculations were run which show that pH's at the metal surface are markedly

higher than those in the bulk solution (Figure 1). This reflects the very poor buffering ability of

this system, in kinetic terms, and shows that carbonate film formation may be possible even

though the bulk chemistry implies that it may not be favourable.

RESULTS

Prior to the commencement of corrosion monitoring, all inhibitor injection was stopped. This

allowed the system to be characterised in terms of base-line' behaviour. Typical responses from

the CML 'MUSYC' instrument at manual drain 2 during this base-lining period, Figure 2, and

approximately 24 hours after inhibitor injection commenced, Figure 3, illustrate some very

interesting and characteristic features:

(i) Pronounced step-like changes in the signal responses were found to occur at certain times

during plant operation (Figure 2). The "step" exhibited in Figure 2 represents an increase

in corrosion rate (at 2:20pm, January 10, 1992) from approximately 0.3 mpy to 218 mpy

(corrosion rates being calculated by using the LPRM data and applying the Stern-Geary
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equation). ZRA currents also increased markedly from approximately 0.56IaA to 2871iA,

consistent with enhanced corrosion attack.

(ii) Corrosion rates were found to be very high even when inhibitor injection had been

implemented 24 hours earlier. Figure 3 shows an almost constant corrosion rate of
approximately 232 mpy despite inhibitor injection to 25ppm.

(iii) The electrochermical noise signals in both Figures 2 and 3, and indeed throughout, were

found to be consistent with general corrosion attack.

Pronounced step-like changes in corrosion activity were not only peculiar to the "base-lining"

period of the investigation where all inhibitor injection was stopped. Rapid, step-like increases in
corrosion activity were also found to occur even when inhibitor injection had been implemented,

as shown by the signal responses in Figure 4. This behaviour was all the more surprising

particularly in view of the fact that for the period coinciding with that in Figure 4, the inhibitor
rate had increased to 160 ppm.

The corrosion activity at manual drain 6 was found to be very similar to that observed at manual

drain 2, in that characteristic step-like changes in the signal responses were also in evidence, again

despite inhibitor dosing (Figure 5). However, the lower limiting corrosion rate tends to be much
higher at manual drain 6 than that observed at manual drain 2 (compare the lower limiting

corrosion rate in Figure 5 (approximately 8 mpy) with those in Figures 2 and 4 (approximately 0.3

mpy)).

Longer term trends in the corrosion behaviour at both locations were ascertained by combining

numerous data files together (each data file representing a logging period of eight hours),

converting the electrochemical signals into corrosion rates and plotting these in real-time, typically

to cover a period of three days. Figures 6 and 7 correspond to two such corrosion rate-time plots

for manual drain 2 and manual drain 6 respectively. From these data one can highlight the

following points:
(i) The range of corrosion rates measured was found to be enormous (0.2 to 250 mpy),

however, of greater significance is the fact that the corrosion rate could change almost

instantaneously.
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(ii) As previously mentioned, the lower limiting corrosion rate at manual drain 6 was typically

found to be greater than that at manual drain 2 (with reference to Figures 6 and 7, these

ranged from about 0.2-0.3 mpy for manual drain 2 and 4-9 mpy for manual drain 6)

(iii) At certain periods the corrosion rate was found to be highly variable, however by

comparison with the pronounced "steps", these changes were found to occur over

considerably shorter time intervals, varying in an almost oscillatory fashion.

(iv) In all cases transient changes in the corrosion rate were observed despite dosing the

system with inhibitors.

DISCUSSION

The results obtained during this monitoring project are only explicable when one refers to the

relevant process parameters for the periods coincident with the changes in the corrosion rate.

When these comparisons were made it was found that the corrosion rate at either manual drain 2

or manual drain 6 was a function of the withdrawal status of gas wells upstream. This is

demonstrated when one refers to the annotations made in Figures 6 and 7, which represent wells

either being switched over to withdrawal or shut-in. It is also clear from the process information

that no single gas well was responsible for causing enhanced corrosion at either location.

It is postulated that the observed corrosion behaviour is a function of the local gas velocity. This

is assumed because the local gas velocities would increase dramatically once more and more wells

upstream are switched over to withdrawal, and vice versa when shut-in. At low local gas

velocities the produced fluids could settle out, whilst at high velocities the probability of fluid

drop-out would be very small. The "step-like" way in which the corrosion rate was found to

change would appear, therefore, to reflect the tendency for fluid drop-out as the local gas velocity

changes.

The extremely variable nature of the corrosion rate at certain periods was very probably due to

small "slugs" of fluid being forced through the line at intermediate gas velocities where the
"wetting" and "drying" cycles would be rapid. Once the local velocity becomes low enough, the

"slugging" effect would stop and the corrosion rate would become constant and high. This
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concurs with the behaviour exhibited in Figure 6, where initially the corrosion rate was highly

variable until well 22 directly upstream was shut-in, and the "slugging" effect ceased.

One can ascertain the degree of corrosion attack by comparing the cumulative metal loss

(calculated from Faraday's law) for both manual drains 2 and 6; these were calculated in mils and

subsequently plotted with respect to real-time for the period studied (Figures 8 and 9). From these

data it becomes obvious that the metal loss at manual drain 6 was approximately twice as great as

that at manual drain 2. Moreover, the majority of the corrosion damage was sustained over

relatively short time scales, as evidenced for example in the case of manual drain 6, where

approximately 83% of the total cumulative metal loss was sustained within a period of only 15

days (15% of the measurement period), Figure 10.

Manual drain blow-down, which simply involved the rigorous drainage of the accumulated fluids,

was a method that was initially thought to be useful for controlling corrosion. Monitoring at both

manual drains 2 and 6 showed conclusively that this operation made no significant impact in terms

of reducing the corrosion rate, since it was likely that once the fluids had been drained off, they

were rapidly replenished from wells upstream.

The inhibitor packages employed were found to be relatively ineffective in controlling the

corrosion of the pipeline system even when dosage rates were recorded of up to 400 ppm. The

relationship between inhibitor dosage and corrosion rate can be seen in Figure 11.

CONCLUSIONS

1. The corrosion attack observed at both manual drains 2 and 6 was undoubtedly due to fluid

drop out. The corrosion attack was not constant, and was found to vary with the

withdrawal status of gas wells upstream.

2. Manual drain blow-down operations did not make any significant impact in terms of

controlling corrosion.

3. The corrosion inhibitors used during this investigation were found to be relatively

ineffective in terms of reducing the corrosion rate, even when dose rates were increased to

very high levels. It is likely that corrosion control by inhibitors could still be achieved,
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however, one cannot over-emphasise too strongly, the importance of inhibitor chemistry in
terms of its "in-service" performance. Whilst it is undoubtedly true that initial laboratory
tests would be a useful inhibitor "screening" process, actual field performance can only be
established through plant monitoring.

4. Cumulative metal loss calculations have shown that the majority of corrosion damage had
been sustained within very short periods of time. Identifying these periods of enhanced

corrosion attack, and their causes, allowing the operator to implement suitable measures

to control it, thus extending the useful lifetime of the pipeline.

REFERENCES

I1. Eden, D. A., Rothwell, A. N., "Electrochemical noise data: analysis, interpretation and

presentation, NACE Corrosion '92, Nashville, Tennessee, April 1992.

2. Turgoose, S., Cottis, R. A., Lawson, K., "Modelling of electrode processes and surface
chemistry in carbon dioxide containing solutions", Proceedings of Computer Modelling for

Corrosion, Nov. 1990, ASTM, in press.

Surface pH at Bulk pH's 4 and 6.5

8.5

7.5 .

7
X 6.5 Bulk pH 4

5.5k 
-6--- Bulk pH 6.5

5 10

4.5

4-
3.5

0 0.5 1 1.5 2

Distance (xldn)

Figure 1: Illustrating the change in pH as the metal surface
is approached. The parameter dn is the Nernst
diffusion layer thickness for protons and x is a
finite subdivision of dn. pH's were calculated
using the phase equilibria for this system

4052



MUMV! vIY.120 AISMDYM
CARPCIS #ARCH L td

Tag. OC File started at 23.05 on 10 January 1992
I v X Potent ial ow] .- 1

Nit, 0 V

IwO

27144m 51ew to

Mmr: Of IM

#In. 81? £1

100 INAn

Mm: 85Ap

W.Vr 2*t t .4 m

Car*: 4.93r-

I ivII

10 ftm MAYaw)i. 5

Nin :ii 33 a*

Nax :e 236Kfta

-S~e 12 O

C~ar 5M -3

:File .9PA J0#05. 02ALTilme Span. 7 hr s 58 ffins 5-9 secs

Figure 2

4063



MINEvs,20 CPSM~ 9
CAMIS MARCH L t d

Tag • X File started dt 2.07 on 15 January 1992

v y I Potential OwRMe. I

Min 0 V
Ima 0 V
*JRn. O v
9Mv 0 v
Cv,. 01 I I I

"-, V

#n: 1.8 UA

UU .. Max • nA

Meanu 2A9 uA
SSOOv 31 uA[ I , _ Ii t -4' var 4! E-3

100 .,7A

uEan 9W nA
S& V., 16 /a

! • Man6.0 V

CVar 16 (-3

' •q - "Min " ,83 uV

.Mean. 6.0 &V
SMev 3.3 #Y
C, 4Ya- 5 E-3

I Ur

-100 J'5w

F le 92A 1580 7. D2A
Time Span.• 7 hrs 58 rnins 59 secs

Figure 3
4054



lINNIE V3,20 piaviw
CAPIS MARCH tLtd

7ag CMf. File started at X7. 46 on 29 January 1992
I VX potentlol Cwi ..t I

min: 0 v
AU. 0 V
*I4.J 0 V
sov 0 V

(Vaz. 30 v

I uA EI WM
NO, IVU

Mer- 45?NAE

Minv: 1527 0

I I I

L te I KOW
i59e Y.~ 14 M

- ydr 1.

j Mi00 K0au

Time~~~~~/a 53aV h55 Iis59sc

Fiur 4V4D

40C55 62(-



MINNVIE VS, 20 cpsm&i
CAPCIS MIC L td

[g§ • t. File started at 7.05 on 17 January I992

I V X PotentiaJ IOMI . I

NMin 0 V
max 0 V
Affan 0 Y

Mev. 0 V
CVar. 0I I I I I I I

-I V

• •------. #in I Hu4Mm !I 61uA
Max 61 uA

-Weav 106 uA

CVar 1 4

I uA C) Cwannel 3
L.J__ ___ ___._ __.__ _-__ ____ AIf,,, 18O ,

iean 418 nA

__________________________________________________________________-J CVar 642 '(-3

Ima I I 1 A

I0 iV EPN Channel 4
" -#iHn. 7.8 NY

#ax. 10 NV
Mlean. 9. 8mV
fryv 184 uV

-, CV'r 18 1-3I I I I I I I
1 uV ________

10 ana LAW Onnel 5 5

Mm: . 30 Mba

Ma. 8844 Ohm
P Mean. 575 Ohe

Me S~v 284' Ofte

-• I ,CVar 494, F-3
S I I I I I ,

I 00 KOfa

File 92A 17G05. O6A
Time Span 7 hrs 58 mins 59 secs

Figure 5
4066



I!

MUMY 26 *dU 1# so
0.01:4USN 12AP

97:12 FM fi4m AMli

Figure 6: Instantaneous Corrosion Rates, Manual Drain 2.

1000

17 A on E~fi too
0

S10:

INWUM is *WMt 17 JMIWW is

1200 AM 1200 AM 12:00 Am 12:00 AM

Thm

Figure 7: As Figure G. But Manual Drain 6.

4067



3-

-2.5 -

0 2-

0

0 7-Jon 2 7-Jan 16 --Feb 0 7 -4ar 2 7-Mar
17 -Jon 06 -Feb 2 6-Feb 17 -- ar

r1gure 9: Cumulative Met~al Loss8 For Manual Drain 2

-J

7-

•4-

0

07/01 27-Ja n 6ý02 16 07403 27-03 16/04

17-01 06/02 26/02 17-03 06104

Time

Figure 9: Cumulative Metal Loss For Manual Drain 6

4858

| mnm i Iw nun i n m m • • -- -- -. . . .. ........ ... . . .. .



Mean and Cumulative Corrosion Rates
In Manual Drain 2.

1000 1.4

~j---~~Wetting 2
-1.

L E

'Uin" ~ ~ ~ ~ ~ .. 10 ........... ..uu'.v.= ......

(cc

S 10= C

-0.8 2

2 0.6>0 1
0 -0.41r
>. 0.1 E

_ _ _ _ _ _ _ _[0.2 o

Average Rate
0.01 ,,0

07-Jan 17-Jan 27-Jan 06-Feb
12-Jan ?_,?-Jan 01 -Feb

Date.

Figure 10. Mean and Cumulative Rates, Manual Drain 2.

1000 450

-400 E

O 100 -350 cS" 0

-300 0
10 

0' -250 1
.2 C

0"0 200 u°. I "
o ~150 .

0.1 100 f

C50

0.01 ,. 0
07-Jan 27-Jan 16-Feb 07-Mar 27-.Mar

17-Jan 06-Feb 26 -Feb 17 -Mar
Time

-Corrosion Rote -0- inoitor Cam.

Figure 11: Average Corrosion Rate With Inhibitor

Injection

4059



Corrosion Potential Monitoring and Its Simulation
in BWR Conditions

Masanori Sakai
Hitachi Research Laboratory
Hitachi, Ltd.
3-1-1, Saiwai-cho, Hitachi-shi
Ibaraki-ken
317 Japan

Noriyuki Ohnaka
Hitachi Research Laboratory
Hitachi, Ltd.
3-1-1, Saiwai-cho, Hitachi-shi
Ibaraki-ken
317 Japan

Katsumi Ohsumi
Hitachi Works
Hitachi Ltd.
3-1-1, Saiwai-cho, Hitachi-shi
lbaraki-ken
317 Japan

Abstract

A simulation algorithm of corrosion potentials for BWR plant materials
has been demonstrated. Cathodic and anodic electrochemical kinetic
equations have been derived by analyzing kinetic models involving
water radiolysis products of oxygen, hydrogen peroxide, and hydrogen.
Corrosion rates of type 304 stainless steel with respect to corrosion
potentials are formulated by numerical analysis as well. An
electrochemical mixed potential theorem is applied to compute corrosion
potentials. Flow rate effects of coolants on corrosion potentials of plant
structural materials are expressed as a function of diffusion layer
thickness. A fundamental technique and a theory to simulate corrosion
potentials have been developed. Corrosion potentials in BWR conditions
can be simulated by these results.

Key terms: corrosion potential, ECP, stress corrosion cracking, water
chemistry, BWR

4O60



Introduction
Corrosion potential monitoring of structural materials is of great interest
as a means for stress corrosion cracking(SCC) mitigation. In BWR plants,
ECP(glectrochemical 2otential) is accepted as synonymous to corrosion
potential' ). An ECP threshold for SCC has been considered as a criterion
for water chemistry control. The hydrogen injection technique which
reduces ECP by reducing concentrations of oxygen and hydrogen
peroxide in BWR coolants has been one of practical approaches for water
chemistry control. ECP measurements by ECP sensors, e.g., silver/silver
chloride, are essential monitoring techniques for this hydrogen injection
effects on SCC mitigation. Since the emplacement of an ECP sensor into
plant components has been mainly restricted by plant structures,
especially for reactor core regions, ECP simulation becomes a significant
method to evaluate ECP at locations of infeasible ECP measurements.
Macdonald demonstrated simulated ECP data of practical BWR plants
under hydrogen injection conditions(1). ECP evaluations have been
discussed from various view points of electrochemistry, flow velocity of
coolant, and water radiolysis(2-5).
However, quantitative kinetic expressions presented earlier in the
papers to evaluate ECP did not properly take into account the processes
occuring in BWR conditions(1-5). They were, therefore, unable to explain
kinetics even for the case of oxygen alone. No electrochemical kinetics
relating to BWR water environments has been demonstrated yet.
Elucidation of electrochemical kinetics of water radiolysis products and
structural materials means obtaining a benchmark for ECP simulations.
In BWR conditions, oxygen and hydrogen peroxide are oxidants for
structural materials. Hydrogen and steels that are oxidized by the
above species are reductants. Electrochemical kinetics of oxygen and
hydrogen peroxide have closely related mechanisms(6-9). Moreover,
oxygen and hydrogen peroxide kinetics under BWR conditions are
different from those proposed for ambient temperature conditions(6-9).
A primary difference is that hydrogen peroxide is not only an
intermediate for oxygen reduction but it is initially present in the core
regions(1, 4).
Here, analytical model for cathodic and anodic reaction mechanisms
under BWR conditions are demonstrated and kinetic equations for ECP
simulations are derived.

Kinetics for Corrosion Potential(ECP) Simulation
The ECP is calculated by employing mixed potential theorem and solving
an equation with unknown electrode potential for which a cathodic and

1 ) In this paper, it is also convenient to express corrosion potential as ECP, even

though correct definitions of these terms may be different.
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an anodic charge transfer rates are equal to each other(1,10). In this
section, cathodic and anodic charge transfer rates are elucidated.
Cathodic Kinetic Model P Equations
Figure 1 shows the kinetic model of cathodic reactions for BWR
environments. A chemical decomposition of hydrogen peroxide is
assumed in Eq.[1](11).

H202 -* (1/2) 02 + H20 [1]

k4 and k5 appearing in Figure 1 are chemical decomposition rate
constants at steel surfaces and in BWR coolants, respectively.
Hydrogen peroxide is also decomposed by the electrochemical process
designated in terms of the heterogeneous rate constants k2 ' and k 3.
Oxygen reduction takes place two consecutive charge transfer reactions
which may occur simultaneously and parallel to another charge transfer
reaction designated by the heterogeneous rate constant k1 (9,12). The
consecutive charge transfer mechanism involving hydrogen peroxide as
intermediate is the most possible since the steels are covered with thick
passive films in BWR conditions(12). a j is the cathodic transient
coefficient for each charge transfer step for j=1,2 or 3. E0 , E1 0 , and E20
are the standard electrode potentials for each transfer step. Thus, ki,
k2, k2', and k3 are expressed as kio exp{-4a1F(E-EIo)/RT}[H+] 4,
k2oexp{-2a2F(E-E20)/RT1 [H+]2, k20'exp{2(1-V)F(E-E 20)/RTj, and
k3oexp[-2a3F(E-E30)/RTj[H+] 2, respectively. kjO [H+] 4, k20 [H+] 2 , k20',

and k30 [H+] 2 are the rate constants with units of cm/s. F, R, and T have
their usual significance. E is the so-called electrode potential.
From Figure 1, linear diffusion processes of oxygen and hydrogen
peroxide near vicinities of steels are expressed by Eqs.[2-3].

aCA(X,t)/&t = DA[a 2CA(Xt)/ax2] + (k5/2)CB(X,t) [2]

aCB(X,t)/&t = DB[a 2CB(x,t)/ax2] - k5CB(x,t) [3]

where A is oxygen, B the hydrogen peroxide, Cj the concentration for j=A
or B, and Dj the diffusion coefficient for j=A or B. Mass balances for A
and B at steel surfaces(x=0) are expressed by Eqs.[4-5].
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DA[OCA(X,t)/x'lx-o - (kl+k2)CAs - (k2 +k,/2)CBS [4]

DB[aCB(x,t)/IX]xO =0 (k 2+k3+k4)CBS - k2CAs [5]

where Cjs is the surface concentration for j-A or B. Under steady-state
conditions, Eqs.[6-8] are expressed as

WA(Xt)/& = =B(Xt)/t 0 [6]

X-SA for CA(x) = C , x>bB for CB(x) = CB* [7]

x--O for CA=CAS, x=0 for CB--CBS [8]

where 8 j is the diffusion layer thickness for j=A or B and Cj* the bulk
concentration for j=A or B. From Figure 1, an overall charge transfer
rate, il, is expressed by Eq.[9].

il = 2F [ (2kl+k2) CAs + (k3 - k2 ) CBS ] [9]

After combining Eqs.[2-8], simultaneous equations with two unknowns
of CAs and CBS can be solved analytically. Thus, the overall charge
transfer rate, ii, is expressed by the following Eq.[10], after
substituting the determined two unknowns into Eq.[9].

il = 2F(I"a I + 2"E 2) [10]

with ý 1=2kj+k 2 , -2=k 3-k 2  [11]
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E1 = (Al 02+A20l)/[ý302+4 k2oexp{ -(2a 2 F/RT)(E-E20) [+] 2 ] [12]

k-2 = [ý3A2-AIk2oexp{-(2a 2 F/RT)(E-E20)}[H] 2] /
[•3 4)2+Olk2oexp{-(2a 2 F/RT)(E-E20)}[H+] 2 ] [13]

ý3 =k ,+k 2+DAI8 A [14]

Al---CDAA-(C•DW2MA)[exp(- 2)+exp(X)+2)}2 /{exp(-Xl)-exp(Lj) [151

A2-21BC/(kWi5/Di) [1/{exp(-Xl)-exp(;.l)j} [161

SDl=[(DBI-A)[exp(-cl){exp(X2)-X2 -exp(,l)f exp(-2X2)-42 ] /
{ exp(-A1)-exp(Xl)} I +k +k4 /2 - DB4t2 A [17]

0 2=[DB/ (ksDB) {exp(-4.L)+exp(XL)}/{ exp(-X,1 )-expZl,) }] -k2' -k3-k4  [18]

XI=86e5417DB) , 2--A /(k5/DB) [19]

Equation [10] expresses the overall charge transfer rates of the cathodic
reactions appearing in Figure 1.
Anodic Kinetic Models & Equations
In this study, anodic reactions of hydrogen and structural materials are
assumed to have independent kinetics from each other.

Hudrogen kinetic Model and Equations. Figure 2 shows the
kinetic model of hydrogen oxidation on steels. An ad-atom of hydrogen
is assumed to be an intermediate for two consecutive processes of one
electron charge transfer. khl, kh2, kh3, and kh4 are expressed as
khlOexp{IlF(E-EhlO)/RTI, khloexp{-(1-Pj)F(E-EhlO)/RT], kh2oexpIP2F(E-
Eh20)/RTI, and kh20expH-(1-P2)F(E-Eh2O)/RTh, respectively. khlO and
kh20 are the standard rate constants, 01 and P2 the anodic transient
coefficients, EhlO and Eh20 the standard electrode potentials for each
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step of the two consecutive charge transfer reactions. Kw is the
dissociation constant of water, which is calculated at 561K to be 2.5x10-
18 (mol/cm 3)2 (13).
H+(H30+), OH-, and water are assumed to be in equilibrium, as usual in
charge transfer reactions.
From Figure 2, an overall charge transfer rate, i2, is expressed by
Eq.[20]:

i 2 = F [ kh, CCS + (kh3- kh) CDs - kM CES] [20]

where Ccs, CDs, and CEs are the steel surface concentrations of hydrogen,
the intermediate, and proton, respectively. Mathematics to solve for
the surface concentrations of Ccs, CDS, and CES in Eq.[20] are analogous
to those in Eq.[2-8] without the chemical reactions. Thus, equations [21-
24] for Ccs, CDS, and CES are obtained as

Ccs=[(DCCc/Sc)(kh2+kh3+DD/8D)(kh4+Dr/I.)+kh2kh4(l.58x l0"•DE)
-kh3kh4ODcC/8cl/e [211

CDS=[ (1.58xl0"9DESE)kk4(khl+Dc/C)+khl(DcC/I8c)(kh4+DFJE)]/O [22]

CES=[( 1.58x l0"Lrj)(khl+Dc/8c)(k2+kh3+Dbu)+kh lklDcCe/ 6 c
-(l.58xl0"DW8E)khtkh2]/I + 1.58x10 -9 [23]

0=-(kh1+DC]8c)(kh2+kh3+DD/8D)(kh4+DEwS,)-kh3kh4(kh1+Dc/8C)
-khlkta(khM+DEJ/E) [24]

in which subscripts C, D, and E designate hydrogen, the intermediate, and
proton, respectively. Dj, Cj*, and 8j are the diffusion coefficient, the
bulk concentration , and the diffusion layer thickness, respectively, for
j=C, D, or F.

Formulation of Stainless Steel Corrosion Rate, Corrosion rates
of stainless steel with respect to ECP are formulated by numerical
analysis, employing the current-potential curve measured by Hirayama
et al.(14). The authors measured the current-potential curve of type
304 stainless steel without supporting electrolytes at 563K in
deoxygenated conditions, by employing a potentiostat equipped with an
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IR compensation circuit(14). The current potential-curve showed
slightly different shape from that measured with supporting
electrolytes, e.g., sodium sulfate. Since coolants of BWR plants do not
have ionic concentrations in conventional electrochemical
measurements, electrochemical experiments are desired to be
performed under simulated high temperature water conditions. Least
square method is applied to the digitized data of the current-potential
curve measured in pure water at 563K, and then corrosion rate, i3 , of
the type 304 stainless steel with respect to an electrode potential, E,
which is equivalent to ECP, is expressed in polynomial form of Eq.[25]:

i 3 = 7.5973 + 68.052E + 305.08E2 - 241.97E 3 - 3800.9E4- 2143.6E5

+17770E 6 + 17681E 7 - 28244E8 - 33621E 9 (gA/cm 2) [25]

where E is the electrode potential of the stainless steel. Figure 3 shows
a current-potential curve expressed by Eq.[25]. The correlation
coefficient, r, was 0.9996.

ECP Simulation
From Eqs.[1O], [201, and [25], an overall charge transfer rate, i,
involving both anodic and cathodic reactions is expressed by

i=il-i2-i3 [26]

Employing a numerical calculation, we can compute the ECP by solving
equation [26] for i=O in which case the unknown electrode potential, E,
is equal to ECP.
Flow Rate Effect on ECP
Holser et al. analyzed turbulent flow effects on diffusion limiting
currents(15). On the basis of their findings and after some
rearrangements of their equations, a diffusion layer thickness function
of a flow rate of the coolant is expressed by Eq. [27]:

S= 12.64 v -0.70 Dý 0.356 V0.344 d 0.30 (cm) [27]

where 8j is the diffusion layer thickness for species j=A, B, C, D, or E, Dj
the diffusion coefficient for species j=A, B, C, D, or E, v the flow
velocity(cm/s), - the kinematic viscosity(cm 2 /s), and d the pipe
diameter(cm). Sj for j=A or B, appearing in Eq.[7], is represented by
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Eq.[27]. Flow rate effects on ECP are predicted by diffusion layer
thickness changes calculated by Eq.[27].
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Figure 2. Hydrogen kinetic model under BWR conditions.
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the standard electrode potentials for each step, Kw the
dissociation constant of water.
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Twenty Years of Experience of Deo n-tion Resistant
Brasses in Swedish Tap Water Systems

Mats Under
Swedish Corrosion Institute
RoslagsviAgen 101, Hus 25
104 05 Stockholm Sweden

Abstract

Brass came early in extensive use for valves and fittings in tap water systems in
Sweden. The reasons were the comparatively low material cost, as well as the good
properties concerning casting, forging, machining and corrosion resistance. With the
increasing use of copper pipe systems, however, problems occurred with dezincification
of ordinary brass in waters with low alcalinity, which are common in large parts of
Sweden. In 1970 Swedish authorities issued regulations which required use of dezinci-
fication resistant brass in tap water systems. To receive approval the brasses had to be
tested with respect to dezincification resistance. A test method was developed at the
Swedish Corrosion Institute (SCI). The method was based on exposure of samples in 1%
CuCl2 solution at 75°C with a solution volume specific to the exposed brass area. The
method was standardized in Sweden and later on adopted as International Standard
ISO 6509. Approval criteria to be used in Sweden at laboratory testing were determined
after a field test of a number of brasses in very aggressive water. It was appointed that
the average and maximum dezincification depth must not exceed 200 pm and 400 pm
respectively. It was suggested that a possible revision of the criteria could be made after
some years of practical experience of approved brasses. For that reason samples were
removed from buildings and examined 1978 after 4 years' service. It was then concluded
by an expert committee that more stringent criteria were not needed.

During 1983-85 SCI investigated 211 samples from insurance cases of water leakage
from tap water systems. No case of dezincification appeared in approved brass while 12
cases were tbund in ordinary brass. In February 1993 an inquiry was sent to 16
companies and organizations including users and producers of alloys and products of
approved brasses. In all 16 answers it was declared that no damages due to dezinci-
fication of approved brasses were known and that more stringent approval criteria were
not needed.

The development of alloys which has taken place, particularly in Sweden, has resulted
in a large number of approved brasses for different methods of component production.
This has given a variety in chemical composition and of the content of dezincification
sensitive f3-phase of the approved brasses. Some of the approved brasses got laboratory
test results close to the approval limit, but these brasses have also been known for very
good service behaviour.

Today more than 50 dezincification resistant brasses are approved in Sweden for use
in tap water systems and many have been in use for about 20 years. The very good
practical experience tells that there is no reason for more stringent approval limits,
than those which have been used successfully in Sweden since it from the users point
of view would not result in better quality.

Key terms: Dezincification, dealloying, brass, tap water, testing.
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Introduction

Brass was early in extensive use as material for taps, valves and fittings in tap water
systems in Sweden. The reasons for this were the comparatively low cost as well as the
good properties concerning casting, forging, machining and corrosion resistance. With
the increasing use of copper pipe systems, however, problems arose as damages caused
by dezincification of ordinary brass occurred in areas with aggressive water. Ag-
gressivity with respect to dezincification is due to a low ratio of alkalinity to chloride
content of the water. This relationship has been shown by Turner', Figure 1. In Sweden
and other Nordic countries the cause for the water aggressivity is mainly the low
alkalinity which is prevailing in large areas.

Damages caused by dezincification comprised jamming valve stems, blockage due to
voluminous corrosion products, loss of mechanical strength and water leakage. To
counteract the dezincification problems the National Swedish Board of Physical
Planning and Building in 1970 issued regulations2 for use of dezincification resistant
brass in tap water installations. Instead of standardization of alloys a type approval
procedure was set up which permitted development of various alloys. To receive
approval the brasses had to be tested with respect to dezincification resistance. The
specified test appeared to be less reliable and therefore an improved method was
developed at the Swedish Corrosion Institute (SCI). The method was based on 24 hours'
exposure of samples to 1% CuC12 solution at 75"C with a solution volume specific to the
exposed brass area'. After exposure the dezincification depht is determined by
metallographic examination of cross sections of the samples. The method was
standardized in Sweden and later on adopted as international standard and national
standards in different countries. A detailed description of the test method is given in
ISO 6509.

The acceptance criteria are, however, not specified in the ISO standard. This paper
deals with the evaluation technique at laboratory testing, the establishing of acceptance
criteria by tests under service conditions and practical experience gained when many
approved brasses have been in use for about 20 years.

Evaluation at Laboratory Testing

The measurement of the dezincification depth after laboratory exposure according to
ISO 6509 is carried out by metallographic examination of a section perpendicular to the
exposed surface. At the development of the test method it was early found out that the
maximum depth only would not give a sufficient measure of the susceptibility oi the
brass. If only the maximum dezincification was used for assessment it appeared that
brasses with large difference in behaviour could get the same test result. This is
visualized in Figure 2. An attack in a solitary streak of P-phase in the longitudinal
direction of a rod will not be harmful e.g. in a valve stem while and average at,.3CIr. to
the same depth might be detrimental due to decreased mechanical strength Zs.d to
blockage by voluminous corrosion products. Hence it was concluded that the average
dezincification depth should be determined in addition to the maximum.

For determination of the average the dezincification is measured in consecutive visual
fields (preferably minimum 25) along the maximum possible length of the specimen.
The measurement is made at a fixed scale in each visual field. The average is calculated
from the individual measurements. Details of the measurement are shown in Figure
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3. The technique with maximum and average dezincification depth for acceptance
criteria has been used at the type approval testing in Sweden and the use of average
depth has recently been adopted in the Australian Standard AS 2345-1992.

Acceptance Criteria

When the development of the test method had resulted in a proposal a joint inves-
tigation was carried out simultaneously at three different laboratories in 1973. Ten
brasses known for different dezincification resistance were tested and concordant
results were obtained at the 3 laboratories. The results were also in good agreement
with the service experience of the tested alloys. Seven of these 10 alloys were in 1974
tested 1 year under service conditions in hot water systems at 60" and 90"C in hospitals
in places with aggressive waters. The materials were exposed to tap water in copper
tube rigs which were installed in hot water circulation lines in the buildings. The tested
specimens had the shape of threaded rods with 8 mm diameter screwed into gun metal
holders which were brazed to the copper tubes. The water exposed end of the rod had
no thread and thus a narrow crevice was formed towards the gun metal holder. The
results from the field test were, particularly for the most corrosive water in
Gothenburg, in close agreement with the results from the accelerated tests3 . The
composition of the Gothenburg water at the time of the testing is shown in Table 1.

The results from these tests were used for establishment of acceptance criteria to be
used at type approval testing. The acceptance limits were set rather liberally since they
aimed at sorting out brasses with poor dezincification resistance and at approval of
brasses with comparatively good resistance. Total immunity to dezincification was
consequently not required. The acceptance criteria for approval in Sweden were that
after laboratory testing with the developed method the average dezincification depth
must not exceed 200 pm and in addition the maximum dezincification depth must not
exceed 400 pm.

A long term field test of 5 brasses was carried out during 3.5 years, 1978-1981, by
Granges Metallverken4 . The test was carried out in Gothenburg at the same site and
under the conditions used by SCI 1974. In addition all brasses were laboratory tested
according to ISO 6509. The test results supported the reliability of the test method and
the acceptance criteria.

Service Experience of Approved Brasses

Buildings in Gothenburg

To evaluate the service performance of dezincification resistant brasses which were
laboratory tested and approved according to the established criteria SCI in 1978
investigated valves and fittings which had been in use in copper tubes for about 4 years
in hot water systems in buildings in Gothenburg'. This city was selected since the water
at that time was known to be extremely corrosive with respect to dezincification. In
total 133 components from valves and fittings were examined. Seventynine of these
were made of approved brasses and 54 of ordinary, not approved brasses.

With guidance of an acceptable life-span of a tap water system a maximum corrosion

attack less than 100 pm after 4 years in a very corrosive water was regarded as
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tolerable. Using this limit only 15% of the samples of not approved brasses were
satisfactory while the corresponding portion of the components made of approved
brasses was 92%. Two of the 6 samples of approved brass with more than 100 Pim
corrosion attack had significant dezincification. One of these 2 had a localized attack
of 200 pim depth which was judged as being of minor importance. The other had a 800
pm deep attack in a solitary streak of 3-phase in the extrusion direction of a valve stem.
This longitudinal attack was judged to be of little importance for the functioning of the
stem. Two samples had other corrosion than dezincification namely intergranular attack
and crevice corrosion respectively. Two chillcast valve-samples from the same foundry
had severe localized corrosion attacks with interspersion of dezincification. The attacks
had connection with pores in the material which seemed to have been formed at the
casting.

With the experience from 4 years service in Gothenburg as a basis it was in 1980
concluded by an expert committee that there was no need for more stringent approval
criteria.

Insurance Cases

During 1983 SCI started an investigation of insurance cases of corrosion in water
systems in areas with corrosive waters. The aim of the investigation was to determine
the frequency of different phenomena which result in damages by leaking water in
buildings.

Insurance Companies sent in samples from 211 cases for investigation. In 199 of these
cases the damages had other causes than dezincification and occurred mostly in other
materials than brass. In the remaining 12 cases the damage was caused by
dezincification of not approved ordinary brass in brazing solder and fittings.
Consequently no case of dezincification appeared in components of approved brass.

Inquiries

Many of the dezincification resistant brasses which are approved in Sweden have been
in use for about 20 years and some of them were used even before the regulations were
issued. Informal inquiries during the years to users and producers have supported the
impression of very good service performance of the approved brasses.

For completion a formal inquiry was in February 1993 sent to 16 companies and organ-
izations including authorities, users and producers of alloys and products of approved
brasses. In the inquiry it was asked whether any cases of dezincification of approved
brasses were known and if so when and to what extent. Finally it was asked if the
approval criteria were considered too hard, too mild or sufficient. In all 16 answers it
was declared that damages due to dezincification of approved brass were not known.
Fifteen of the answers expressed the opinion that the approval criteria are sufficient.
In one answer it was stated that the criteria are sufficient to corrosive water but too
hard for not corrosive water.
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Approved Brasses

As a result of the development of alloys which has taken place, particularly in Sweden.
more than 50 dezincification resistant brasses are approved at present for use in tap
water systems. There are brasses for production of components by pressure die-casting,
chill-casting, hot forging and machining from rod. Some brasses require a final heat-
treatment others not. This development has given a variety in chemical composition and
content of dezincification susceptible 3-phase in the approved brasses.

An important matter regarding the suitability of the acceptance criteria is whether any
approved alloys in reality have got attacks close to the upper limits at the laboratory
test. That the latter has been the case is shown in Figures 3 and 4 presenting the
number of brasses as a function of maximum and average attacks respectively at
laboratory testing.

The nominal copper content of approved brasses covers a span between 61.5 and 66%.
The fraction of brasses as a function of nominal Cu-content is shown in Figure 6.
Brasses with the lowest Cu-content usually require heat-treatment as a final production
step to decrease the P-phase content. Brasses with the highest Cu-content are usually
alloyed with aluminium. Aluminium is favourable to the dezincification resistance but
on the other hand it favours formation of 3-phase. Aluminium containing alloys must
therefore have a copper content high enough to keep the P-phase content on a suitable
level. Other common minor alloying constituents are tin and silicon. All approved
brasses are alloyed with either arsenic or antimony. Antimony is preferred in alloys for
casting as it is easier than with As to keep it on a stable content in the melt. Arsenic
is preferred in alloys for extrusioii since Sb may contribute to brittleness during the
process. All brasses are in addition alloyed with lead which is necessary for the
machinability. The fraction of approved brasses a function of nominal Pb-content is
shown in Figure 7. The number of brasses intended for different production methods
is shown in Table 2.

Discussion

The experience of dezincification resistant brasses in Sweden has shown that there is
a most satisfactory agreement between results from laboratory testing according to ISO
6509 and the service performance of approved alloys after 20 years. During this period
no case of damage due to dezincification of an approved brass has appeared in the
consultancy service at SCI. Furthermore the different field tests and investigations of
components from tap water systems which have been carried out as well as other
experience including a recent inquiry have supported that the used comparatively
liberal acceptance criteria are sufficient. This means that more stringent approval
criteria which have been used in some other countries should not be needed since they
from the users point of view would not result in better quality. The Swedish opinion is
shared with the other Nordic countries. This fact was confirmed 1989 in the Nordic
Product Rules NKB 12 and 13 for brass fittings and valves respectively.

As the alloying constituent (normally As or Sb) which is necessary for inhibiting
dezincification of a brass (with Zn-content higher than ca 15%) only protects the a-
phase the microstructure of a duplex a + 0 brass is determinant for its resistance. In
this respect the distribution rather than the percentage of the susceptible 1-phase is of
great importance.
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If the f-phase has formed a continuous network through the material the dezincification
can proceed rapidly in a corrosive water. If on the other hand the ft-phase is
discontinuous the parts of it which are located at the metal surface and exposed to
water from the beginning will corrode but this attack ceases when it reaches the
inhibited a-phase. This fact is important and supports the standpoint that total
immunity at laboratory testing is not required for approval. It seems that the laboratory
method and the used approval criteria have sorted out brasses with too high grade of
continuity in the P-phase distribution.

It also seems that the Swedish expert group made a good decision in 1980 when it
concluded that more stringent approval criteria were not needed even though some
localized dezincification was discovered in a small number of components after 4 years
service in a very corrosive water.

Very good dezincification resistance can be obtained by minimizing the P-phase content
by heat treatment at 500-550'C as a final production step. This additional procedure
seems however not to be generally needed. More than 50% of the brasses which are
approved in Sweden are not heat-treated but have in spite of that shown an inviolable
service performance.

Lead pick up in the water from leaded copper alloys has attracted attention in different
countries for some years. Some of this lead probably originates from corrosion of the
metal and some from a film which is spread on interior surfaces at the m~chining of
valves and fitting. The dezincification resistant brasses have an additional advantage
in this connection since they have a rather low lead content compared with e.g. leaded
gun metal in combination with the high corrosion resista. e.

Conclusions

Results of long term field tests and service experience for 20 years justify the following
conclusions:

- The Swedish regulations issued 1970 for approval of dezincification resistant brasses
for tap water systems have been successful.

- The ISO standard 6509 is a reliable method for prediction of dezincification
resistance of brasses.

- The evaluation at laboratory testing according to ISO 6509 should be based on both
maximum and average dezincification depth.

- The acceptance limits used for approval in Sweden and the other Nordic countries
at laboratory testing according to ISO 6509 have appeared to be sufficient. These
limits are:

average dezincification _5200 pmn
maximum dezincification <400 pm
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Table 1. Water composition at the test site at the time of the field tests.

pH 8.5
Conductivity, mS/m 17
Ca, mg/l 18
Total hardness, °dH 2.3
Fe/mg/l 0.02
Mn, mg/i <0.05
HC0 3", mg/I 15
Cl', mg/l 13
SO4

2 ", mg/I 30
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Table 2. Number of approved brasses for different production methods, with and
without final heat-treatment.

Numbers of brasses
Production method Not heat- Heat-treated Total

treated

Pressure die-casting 11 0 11

Chill-casting 9 1 10

Hot forging 4 10 14

Machining from rod 2 13 15
and tube

All 26 24 50
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Figure 1. Influence of the content of C" and HCO3" in water on
dezincffication of brass according to Turner'.

The lined area represents corrosive water.
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Brass A Brass B

Figure 2. Cross-section through two brass pieces with different dezincification re-
sistance. Dark areas represent attacks in 3-phase starting at the bottom
edge of the pieces. If only max. dezincification depth is used as criterion
A and B are judged equally resistant.

Figure 3. Illustration of three consecutive microscope visual fields along a cross-
section of a tested brass-specimen.The attacks (dark areas) have started
at the central horizontal line. Measurements for calculation of average
dezincification depth are made at the crosses.
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Figure 5. Number of approved brasses as a function of average dezincification
depth at laboratory testing according to ISO 6509.
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Abstract

It has been well established that deaeration is an essential means for corrosion protection of
water piping in power generating plants. However, the existing mechanical vacuum or steam
injector systems are too expensive for treating large quantities of and once-through potable
waters. Recently, a hollow fiber membrane made of polyolefin which can economically
separate dissolved oxygen i n water was developed. Compact deaeration equipment which can
treat water of 1 to 12 m3/h as the standard specification was manufactured by using a module
with a fine and thin hollow fiber membrane and a water-sealed vacuum pump. By passing
through the deaeration system, water containing 8.2 ppm oxygen content was easily reduced
to 0.5 ppm at 25 C under standard operating conditions. Deaerated water was continuously
supplied to water piping in buildings and thereby 'red -water' problems were completely
eliminated 2 to 3 weeks after installation. The existing rust became black in color due to the
reduction of FeOOH to magnetite in the absence of dissolved oxygen. The deaeration system can
also be applied to copper tubing in the hot water supply and is able to avoid localized corrosion
such as pitting and erosion-corrosion.

Case studies of this deaeration system with a hollow fiber membrane are given for
low-pressure boilers, cold and hot water distribution systems, and also closed cooling water
systems in buildings.

Key terms: deaeration, hollow fiber membrane, water piping, red-water, buildings
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1. Introduction

Corrosion occurring i n water distribution systems of urban buildings
has been a serious problem in the last few decades. Fresh water in Japan
i s corrosive to the metal piping systems because of the softness of the
water. The Saturation Index(S.I.) of city waters in major cities generally
ranges from -1.5 to -2.0. Therefore, these waters do not form a
protective films of calcium carbonate scale inside the galvanized pipes.
Raising the Saturation Index to a positive value i s not an effective
means for the water in Japan. For corrosion problems encountered in
water piping, the Welfare Ministry of Japan conventionally allows the
addition of S mg/I (SiO, or P20s equivalent) of sodium silicate or sodium
polyphosphates as corrosion inhibitors. However, in soft water
protection from corrosion is not expected from the addition of a small
amount of these chemicals. It is well recognized that polyphosphate
treatment is only effective as a sequestering action to prevent
red-water problems rather than inhibiting corrosion. In recent years
countermeasures due to physical means such as magnetic and
electrostatic devices have been proposed instead of the addition of
chemicals. But, the corrosion protection mechanism of these methods is
not yet clarified and the reproducibility of the protection effect is
unreliable.

Galvanized steel pipe has long been used for water supply systems in
buildings and city water distribution. But, the corrosion resistance of
galvanized steel pipe deteriorates due to an increase in the
corrosiveness of polluted water. Today, plastic-lined steel pipe has
usually been recommended for a water supply system. However, severe
corrosion still occurrs at the pipe joints. Copper tubing, which is the
main plumbing material in hot-water supply systems, is also suffering
failure from pitting and erosion-corrosion. Yet to date there have been
no effective means to mitigate this damage.

On the contrary, deaeration has long been used as a reliable corrosion
preventive measure in the fields of high-pressure boilers and nuclear
power reactors. In the U.S. ,the first cold-water deaerator was installed
in a building in 1924, which employed a high-vacuum mechanical
deaerating apparatus and which reduced the DO to 1.4 ppm.) However,
existing deaeration methods using the mechanical vacuum or steam
ejector processes are generally too expensive for preventing equipment
corrosion in buildings.
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Recently, a hollow fiber membrane which shows a high gas separation
efficiency has been developed. Using this hollow fiber membrane, the
deaeration apparatus was constructed and deaeration of cold-water was
accomplished economically for the water supply systems in buildings.
This deaeration method using a hollow fiber membrane should be a
promising corrosion preventive process in the field of water treatment
not only for steel but also for copper tubing systems.

2. Deaeration Equipment Using a Hollow Fiber Membrane

Figure 1 shows the schematic diagram for the gas separation
mechanism for the system using a fine and thin, hollow fiber membrane.
The hollow fiber membrane is made of polyolefin which is 0.2 mm in i.d.
and 500mm in length. A module consists of several tens of thousand
fibers which is encapsulated in a PVC case. The outer chamber of a
bundle of fibers is evacuated by a water-sealing vacuum pump.
Feedwater enters the deaeration module and the oxygen molecules are
exhausted. The oxygen concentration in water decreases from 8.2 to 0.5
mg/l(25C) as it passes through the module under standard operating
conditions.

Water

0 1

Fig. 1 Deaeratmg module and gas separation mechanism.

A deaeration module (165mm o.d. x 500mm length) has the capability to
treat 1000 liters of water per hour.
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Figure 2 shows
the flow diagram of the Revere wsi

deaerating system. The Circulating purv Heat M le

sealing water for the -- PFcgr

vacuum pump was Feed water Prefilter

recycled and cooled by Dran Is

heat exchange with val t

feedwater. The feedwater s e

was supplied to the Water-sealed

deaerating module after v'"n p *
the removal of solid
substances. Fig. 2 Flow diagram of deaerating system

3. DO Concentration and Corrosion Rate for Mild Steel

The corrosion rate of mild steel in water is generally controlled by the
diffusion rate of dissolved oxygen, although an abrupt decrease in the
corrosion rate may occur at high water velocities because of the
passivation phenomena. Figure 3 shows the relation between the
corrosion rate of mild steel and the DO content in water.

In corrosion testing, mild Mild steel City water

steel specimens were exposed to Flow velocity wate/s

city water of different DO levels .6O.c
- 25"C

at a water flow velocity of 0.1 2o5*C

m/s for 4 weeks. Generally the --- -

corrosion rate of mild steel is -
wtradasinraewih0 100fA

proportional to the DO content 0
water and also increases with Jf00 /

water temperature. From the.
figure we concluded that
corrosion of the steel pipe can be 0 6 10 1?

virtually eliminated by lowering 00 concentration (mg/1)

the DO level to 0.5 ppm. Thus the Fig.3 Relation between DO concentration

water supply piping may be expected and corrosion rate for mild steel in water

to last at least three times as long under the deaerated condition.

4. Installation of the Deaeration System in Buildings

The membrane type deaeration system can be installed either on a
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elevated tank or on a receiving tank. Eead

Figure 4 shows a schematic drawing _Elte

of the installation of a membrane
type deaeration system. Water from
the elevated tank is treated by SUR*
passing through the deaeration unit nuiy

and supplied to the water supply Lift Ipe

main. Thus the DO content in water
can be kept at levels less than 1.0 -ce• tau*

mg/I at the end water faucet. The • e
choice of the best system is made h ",
by considering the highest peak-load 77/7777/777777777777

of water usage. Fig. 4 Installation of deaerating unit in a building

Fortunately, residual chlorine legally required as a disinfectant is not
removed by passing through the hollow fiber membrane, because most of
the residual chlorine is dissolved in water as hypochlorite in an ionic
state. The DO content of water can be easily recovered to some extent by
the use of an air-bubble making faucet. Thus the corrosion of the inside
surface of the steel pipe can virtually be eliminated, and accordingly,
the red-water problems are also resolved.

In hot-water systems, deaerated water can be supplied to the water
expansion tank and localized corrosion, such as pitting,
erosion-corrosion and cuprosolvency encountered in copper tubing can be
avoided. The pitting corrosion mechanism of copper tubing seems to be
complicated. In the previous work2) it was discussed that the formation
of a particular passive film on copper is a prerequisite factor for the
occurrence of pitting under the presence of dissolved oxygen and
residual chlorine in hot water. Thus deaeration is an effective means for

the prevention of pitting.
In the closed system dissolved oxygen is consumed by the corrosion

reaction, but corrosion problems sometimes occur due to DO
accompanied by replenished water. Therefore, in the closed cooling
water system, water replenishment can be made through the deaeration
unit, and water in the system is also partially extracted and returned to
the loop after deaeration. Thus, in water that is nearly free of DO,
corrosion of the water recirculating loop will be negligible.

5. Case Studies of Deaeration Corrosion Protection
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A. Non Chemical Water Treatment in Low-pressure Boilers
In low-pressure boilers, deaeration is a very effective means for

corrosion prevention. In the usual injection of chemicals such as
hydrazine as a deoxygenating agent, feed-water pipes are sometimes
susceptible to pitting corrosion at the entrance of the feed water pipe,
because the reaction of the deoxygenating chemicals with DO is
relatively slow at ordinary temperatures. In low-pressure boilers the pH
of boiler water is commonly maintained at about 11.0 to 11.5 by alkali
addition for scale control. However, without the addition of alkali, the
pH is easily attained by the decomposition of bicarbonate ions
sufficiently contained in boiler feed-water. Thus, combined with an
automatic softening apparatus, non-chemical water treatment has
successfully been accomplished in the low-pressure boiler.

B. Application to the Cold- and Hot-water Supply in a Hotel
Figure 5 shows
changes in the 0.5 o - ------ --- -0.4 J.--- . ... J

total iron E 0"3 C 1 ! 1 .. c water ,....

concentration in 0.2 i -• --- -- •----- i
water with time. o 0.1 _ -' .-- ,_L2 -4 -A -1- . -- -
Water samples of o I -, -_ _ ---_-

200ml were taken M s I nLtaKPR--
every 5 seconds row (day)
after turning on a .... ... ....aftr trnng n •-- Hot water A -0 Hot water B

faucet. Within a year H - A_ otwte _

after construction 20o---1----- -

red-water complaints E j.--
were already reported. 0 oxl ! - _ K_ - -.

In this figure, 5 - -i
comparatively high o N--•- -

levels of total iron
were detected, Time (day)

particularly in the hot-
water system before Fig. 5 Changes of total iron in waters with time.
installation.
The DO value dramatically decreased after installation of the

deaeration unit and thereafter a low level of iron was maintained.
Turbidity and color changed in the same manner as the iron
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concentration. These results indicate that no more corrosion is occurring
in the presence of the low level of DO. The existing FeOOH rust will be
electrochemically reduced to magnetite after the total consumption of
dissolved oxygen.

Fe + 8FeOOH -. 3Fe630 + 4H20

C. Red-water Problems in a Company Dormitory
This building has been used for 18 years since construction. Galvanized

steel pipes have been used for both cold- and hot-water supply systems.
A very high content of iron due to severe corrosion has been detected in
the hot-water system. Figure 6 shows the change in iron content of
water with time before and after installation of the deaeration
equipment. Total iron is decreasing

gradually with time. This
indicates that the existing
rust was stabilized under
the low DO content. In the 16
cold-water system the
total iron was lowered E
below the drinking water 4

standard (0.3mg/I) shortly _-
after installation. It is

also demonstrated that a2Bef~lnstl -."'•i• :;:-

deaeration is very 27<K. ......

effective, even with 9-Mar .
severe corrosion of the ,.20-May 15- 0

galvanized pipes in 19-Jun Os 5s 10 S

hot-water systems. samP)

Fig. 6 Changes of total iron content before and after installation.

D. Application to Closed Systems
Deaeration equipment was applied to the closed system of

air-conditioning water pipes in an intelligent building equipped with
business computers, in which no interruption of cooling water service
due to corrosion trouble is allowed. Galvanized steel pipes were used for
the water recirculating system. A Fan-coil unit made of copper tubing
was installed in the circuit. Mild steel specimens were exposed in the
deaerated cooling water of the bypass line for 56 days. Table 1 shows
the water quality and results of corrosion testing after 6 months of
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Table 1 Water Quality and Corrosion Rate in Closed System
System A System 8 System C

Water temperature(C) 28.7 30.7 11.8

PH 8.5 8.9 8.7
O(mg/1 0.3 0.35 0.34

Conductivit0 (pS/cm) 202 198 199
M-A__ai.(mo/_ CaC03) 59 60 54
Ch__ride(m__) s18 17 17

Total Hard.( 1l CaC03) 89 79 77

Silica (m_/i) 8 14 7

Fe(mg/I) 0.03 0.05 0.08
Cu(mg/_) 0.04 0.04 0.04
jZn(mcgll) 1 0.171 0.081 0.31

Corrosion rate(mdd)* 1 1.27 1.88 1.42

Average corrosion rate of mild steel specimens (three pieces).
Testing period: 56 days in each loop.

installation. The average corrosion rates calculated from weight loss
were 1.27 to 1.88 mdd. These are very low compared to 30 to 60 mdd
obtained in the air-saturated waters. The total amount of iron and
copper in the water was also very low in concentration. Although the
copper content in water is low below 0.1ppm, copper deposition was
found on some specimens, which shows that the dissolved oxygen was
almost completely expelled from the cooling water loop system. The zinc
content came from the corrosion of galvanized steel pipe ranging from
0.08 to 0.31 mg/I, which means that the corrosion of the galvanized
steel pipes is also very small.

6. Conclusion

In soft water corrosion protection measures to be taken are limited
because of drinking use. Deaeration using a hollow fiber gas separation
membrane was successfully applied as the corrosion protection of the
cold- and hot-water supply systems in buildings. It was demonstrated
that corrosion and red-water problems were virtually eliminated by
reducing the DO content below 0.5 ppm in water. Deaeration without the
addition of chemical agents should be reconsidered as a corrosion
protective measure from the view point of environmental concerns.
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Abstract

Corrosion phenomena, namely the aggregate effects of one or more material
degradation mechanisms, cost society large amounts of money. Large amounts of
disposable money are the results of even larger amounts of human labor. These
monies and these labors are unnecessary if corrosion control is successful. The
economics of the control are favorable. There are also favorable ecoomics to
developing technology for corrosion control. However, many environmental activities
and "Save the Earth Movements" work against the favorable enonomics for corrosion
control. With the proper actions, the development of corrosion control technology and
many of these pro-environment activities can be complimentary.

Corrosion

The purpose of this paper is not to define corrosion. This has been done by many
sources, in many different ways and with many different resulting controversies. For
purposes of this discussion, it does not matter whether corrosion is purely involving
electron changes at the atomic level or not. What is important is strictly that corrosion
results in the degradation of materials. The degradation of materials, in tum, results in
the impairment of structural integrity of systems, introduction into the environment of
unwanted materials in the form of corrosion products and advanced effects such as
impairment of human safety. None of these results of corrosion are desirable in terms
of the preservation of the world in which we live.

Losses such as those associated with corrosion are best measured in currency units.
When this is done, the magnitude of the world's corrosion losses are estimated to be
between many hundreds of millions of dollars and several billion dollars per year.
Corrosion losses are not small items. They tend to be overlooked because their
disastrous affects are spread out over long periods of time. Therefore, the immediacy
of addressing a corrosion problem is often masked by other problems which elicit
themselves as apparent emergencies. This is unfortunate, because corrosion, properly
addressed on a continuing basis, can be stifled. The benefits are both short term and
long term economically favorable.
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Corrosion Control

Corrosion control basically falls into two different categories. The first category
actually involves keeping corrosion from happening. We should properly call this
corrosion prevention. Corrosion prevention is accomplished using materials which do
not deteriorate at an accelerated rate in the environment in which they operate.
Additionally, corrosion prevention can be accomplished by removing any one of the
elements required to produce corrosion in a specific environment. For an example, if
the cathode of a corrosion cell is removed from electrical contact with the anode,
electron transfer cannot occur. If electron transfer cannot occur, the anode will not
corrode in that cell. Corrosion may also be prevented by applying surface coatings,
linings and other devices which isolate either the anode or the cathode of a corrosion
cell from contact with an electrolyte. Similarly, hard coatings and linings may resist
abrasion and erosion, thus preventing corrosion by these mechanisms.

A second type of corrosion control involves the slowing of the kinetics of the corrosion
process. This is truly a rate control phenomenon. Most important among the rate
control technologies is the use of corrosion inhibitors. Generally, corrosion inhibitors
interfere with the reactions causing corrosion. The degree of interference translates
directly to a percentage of corrosion inhibition. Often, the control can be effected by
changes in inhibitor concentration or by other environmental considerations such as
moisture content, oxygen content, acid content, temperature, pressure, etc.

Corrosion reaction retardants behave in such a way that they directly affect the rate of
reaction. They need not decouple contact between or among the elements required to
produce the corrosion.

Electrochemical corrosion control techniques such as anodic protection, cathodic
protection, etc. are truly rate controlling corrosion reaction inhibitors. Electrochemical
techniques are not corrosion preventing except when they operate perfectly. Needless
to say, perfection and human experience do not coexist in the same world for any
extended period of time.

Corrosion Control Deterrents

As has already been pointed out, corrosion costs the world tremendous amounts of
money and labor. As such, effective corrosion control is economically favorable. This
control is sufficiently economically favorable that research which results in effective
corrosion control technology is also economically favorable. The reason for separating
the costs of research from the costs of corrosion control is simply that the costs of
research tend to be somewhat higher than the costs of the actual control. This rests in
the sociology elements and not in the other technical elements associated with stalling
or halting corrosion processes.

Unfortunately, society does not always perform in the most logical or beneficial
fashions with respect to economics.

As world governments build structures in their own and in foreign lands, they tend to
not provide for "sinking funds". The accountant allows for depreciation in value, but
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the creator does not allow for the maintenance of value. This, is a deterrent to
corrosion control.

Bridges rust, concrete cracks, glass flows and etches, plastics embrittle, etc. Stated
differently, naturally occurring processes tend to promote material degradation.
Mankind tends to be lax with setting up preventative maintenance funds. The reason
probably lies in the fact that this would make politicians less effective in their jobs. The
establishment of preventative maintenance funds would make the apparent costs of
goods and services in a society higher at the outset. This is simply politically
unattractive.

Unfortunately, economic analysis continues to show over and over that what appears
to be socially unattractive may actually be highly beneficial. The problem lies in the
apparent appearance of the short run costs versus the true long run costs. What
appears to be expensive in the short run would actually be inexpensive in the long run.
The taxpayer is forced to bite the bullet in the beginning and to pay the extra money for
the corrosion control.

Alternatively, if corrosion control is properly packaged by politicians and sold to their
constituency, all parties benefit. More real dollars are paid upfront. Less real dollars
are paid long term. Normally corroding structures last longer and better serve their
functions with improved safety.

A second deterrent to corrosion control is best termed "Acts of God". Weather
changes, earth quakes, volcanoes, tidal upsets, "dry years", "wet years", all affect
corrosion control in a somewhat adverse and/or unexpected fashion. Corrosion is
typically designed for average conditions. The engineer often neglects odd events
such as the aforementioned.

A new deterrent to corrosion control has sprung up in society as a result of mankind's
efforts to save the environment. The latter involves the conflicts between conventional
corrosion control technology and conventional environmental protection technology.
For example, the use of hexavalent chromate as a corrosion inhibitor in carbon steel
systems and in carbon steel and yellow metal systems containing water has historically
been the most effective corrosion control technology available. From essentially 1990
forward, this technology is banned as a result of the various environmental movements.
Chromates tend to be toxic to living organisms as well as being carcinogenic to many
organisms. Because of these unwanted effects to living species, the environmentalist
has won out over the corrosion control scientist. In briefest essence, the use of
chromates to inhibit corrosion in open environments is banned.

Alternative corrosion control technologies do exist. However, substitute corrosion
control technologies do not exist. Each of the corrosion control technologies which
have been developed to replace the use of hexavalent chromate have proven to be
either more expensive and/or somewhat less effective. It is for this reason that we
choose to look at the different technologies as being chromate alternatives and not
chromate substitutes.
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The ban on chromates is not the only divorce between corrosion control technology
and environmental protection technology. Many other corrosion inhibitors have
unwanted environmental side effects. Even the use of chlorine as a microbiocide,
macrobiocide and/or disinfectant in water systems is severely restricted by the
environmentalist. In the future, other oxidizing type, broad spectrum biological control
agents promise to be banned and/or severely restricted as a result of the efforts of the
environmentalists.

Society pays a tremendous price when selecting among these alternative technologies.
As with the case of hexavalent chromate salts, biocides which are alternative to
chlorine and oxidizing by nature, are either less effective or more costly than is
chlorine. This means that corrosion control for microbiologically influenced corrosion
and other forms of corrosion which result from the proliferation of biological organisms
are less effective due to environmental considerations.

Other potential corrosion control technologies are stifled by efforts related to the
environmentalists. For example, the use of electrochemical protection promises to be
severely regulated by consideration of the effects of the related electric fields and
magnetic fields. Nondestructive inspection techniques and remote monitoring
techniques involving x-ray technologies and radioactive isotopes will be severely
regulated by environmental concerns. Corrosion inhibitors other than hexavalent
chromate promise to be severely regulated. Many of the regulations are already
promulgated or in the process of being promulgated. In general, heavy metal corrosion
inhibitors promise to be restricted from discharge to air, water or ground. Monitoring
costs associated with such materials increase the cost of corrosion control.

Industrial systems are being built with double walls, dikes, and other environmental
protection barriers. A significant portion of the costs associated with these structures
is a direct increase in the cost of corrosion control technology.

Another item which works against effective corrosion control is the cost of designing
associated structures to be environmentally acceptable. Perhaps this refers to nothing
more than the esthetics of blending into the environment. Nevertheless, there is an
associated, positive incremental cost. This works directly against the promotion of
corrosion control. This is highly undesirable in tne long run.

The Marriage Of Corrosion Control and Environmental Technologies

For the overall well being of society, it is necessary that both the end products of the
environmentalists and the end products of the corrosion control scientists be
compatible. These technologies can be easily and effectively wed. In order to do this,
the economist must dovetail the efforts of the corrosion control scientist with those of
the environmental scientist.

When the latter is done properly, it becomes apparent the environment can be
protected and corrosion can be minimized by prudent planning and acting in the
beginning. Where continuing corrosion control technology must be applied to a
system to protect the environment and the system, this is best done in the early stages
of design. In fact, environmental research and corrosion control research can be
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combined in a cost effective fashion. What is required is simply that the outcome of
the research be compatible with the needs of both technologies. The cost of the
research will not double as there will be synergies realized through the focus of the
combined efforts.

Mankind will benefit dramatically from the realization of both corrosion control and
environmental protection. People who make their career in the areas where
environmental and corrosion control technology overlap will realize more interesting
careers and more varied experiences. System operators will have the benefit of lower
corrosion product inventories in their system coupled with more consistent operation.
Finally, personnel safety and structural integrity of systems will be greatly heightened.


