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‘from polarization resistance measurements using the CORFIT computer program
showed that wi th decreasing film thickness the corrosion reaction becomes
charge transfer controlled . Laboratory and outdoor exposure tests have shown
that corros i on rates increase drastically when the electrolyte l ayers become
very thin during the drying out process at RH <l00~. This phenomenon has been
studied in detail by eva l uating the effects of corros i on product chemistry ,
RH and SO . For these studies a two-electrode ACM has been used to wh i ch a

~~~~
. otent al difference AE — 30 mV was applied , the polarity of which was reversed

7 every 50 sec. The electrochemical results have been analyzed In terms of total
electricity f low during the dry ing-out period. The Inhib it ing effects of N3NO2
and dichan , a vapor phase inhibitor , have been eva l uated also in this manner
briefly with the result that inhibition is satisfactory in chloride but not
in sulfate environments. This effect was confirmed in weight loss experiments
under thin electrolyte layers , in wh i ch the electrolyte was allowed to dry out
at relative humidities RH< l OOt. These experiments showed tha t corrosion rates
are much higher - at least for neutra l environments - under thin layers than
during i ninersion in bulk electrolytes. For steel an accelerating effect of
additions of I ppm SO2 to air was observed , while for zinc S02 had an inhibit-
ing effect in acid chloride media reduc i ng corros i on rates to those observed
in acid or neutra l sulfate media.

A comparison of corros i on rates obtained under Identica l conditions in weight
loss and electrochemical experiments has been carried out for steel and zinc

function of RH and electro~~ çonc~ntrat~~~ ... It has been determined
/ that the electrochemkiV~i€a underestimate corros i on rates most likel y due to

resistive effects and uncertainties in the convers i on from polarization re—
sistance to corros i on rate data. This prob l em makes the electrochemica l

( techni que a semi —quantita tive tool in laboratory studies , wh i ch is , however ,
still very usefu l in indicating fast changes in corrosion behavior when one
of the parameters wh i ch determine atmospheric corros i~on kinetics is changed .

( Based on the comparison of wei ght loss and electrochemica l data a “cell factor”
can be determ i ned which can be used to correct the electrochemica l data ob-
tam ed In  outdoor exposure .

1The ACMs have been used extensively to mon i tor atmospheric corros i on behavior
jn outdoor cx sure On the Science Center roof , ACM data , RH and temperature

ç~ have cen moni tored simu l taneously for almost three years. in  St. Louis , Mo.
where an exposure program was conducted for the EPA , ACMs were also exposed
at up to four test sites. Time—of-wetness data have been determ i ned for both
locations , which show large fluctuation s with the time of the year. For the
Science Center roof, time-of-wetness corresponds closely to the time for
wh i ch RH~~8O~. The corros ion current has also been determined as a function 01 1
RH for four months In 1 978 by eva l uating the statistica l distribution of RH
and log 1 9 as a function of time . A log log dependence of the corros i on
current on RH seems to be Indicated .

In the final phase of this project surface analyses have been carried out for
4130 stee l and zinc which had been corroding under thin electrolyte layers.
These scanning Auger microprobe (SAM ) analyses have shown that sulfide in— T~Z~clus i ons in the steel act as nuc l eation sites for corrosion of the steel.
When $02 was present In the air , sulfate was observed on the steel and zinc
wh i ch acted as nuc l eation sites for corros i on in the case of steel. For zinc ,
nuc l eation sites were not observed in either case. The SAM data are especiall~
valuable since they show the distribution of sulfur compounds over the surface
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20. - continued

During the course of this program , the more importan t papers on basic aspects
of atmospheric corros i on have been collected . A report has been prepared
wh i ch lists these papers in a chronolog i cal sequence with the title , name
of authors and abstract if prov i ded by the authors. A total number of 171
papers has been listed.
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ABSTRACT

Electrochemical studies of atmospheric corrosion phenomena have been

performed over a 42 months period . The kinetics of corrosion reactions oc-

curring under thin electrolyte layers (lOO-l000 iim) have been studied for steel ,

zinc , Cu and Al by recording potentiodynamic polarization curves using a modi-

fied atmospheric corrosion monitor (ACM). Normal Tafel behavior was observed ,

the limiting current for oxygen reduction increased linearly with inverse film

thickness. Similar experiments in which corrosion kinetics were determined

from polarization resistance measurements using the CORFIT computer program

showed that wi th decreasing film thickness the corrosion reaction becomes

charge transfer controlled . Laboratory and outdoor exposure tests have shown

that corrosion rates increase drastically when the electrolyte layers become

very thin during the drying out process at RH<lOO% . This phenomenon has been

studied In detail by evaluating the effects of corrosion product chemistry ,

RH and 502. For these studies a two-electrode ACM has been used to which a

potential difference t~E = 30 mV was appl ied, the polarity of which was reversed

every 50 sec. The electrochemical results have been analyzed in terms of

total electricity flow during the drying-out period . The inhibiting effects

of NaNO2 and dichan, a vapor phase inhibi tor, have been evaluated also in this

manner briefly wi th the result that Inhibition is satisfactory In chloride but

not in sulfate environments . This effect was confirmed In wei ght loss ex-

periments under thin electrolyte layers, in which the electrolyte was allowed

to dry out at relative humidities RH<100%. These experiments showed that

corrosion rates are much high er - at least for neutral envi ronments - under

thin layers than during lninerslon in bulk electrolytes . For steel an acceler-
( I atlng effect of additions of 1 ppm SO2 to ai r was observed, while for zinc

1
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SO2 had an inhibiting effect in acid chloride media reducing corrosion rates

to those observed in acid or neutral sulfate media.

A comparison of corrosion rates obtained under identical conditions in

weight loss and electrochemical experiments has been carried out for steel

and zinc as a function of RH and electrolyte concentration. It has been

determined that the electrochemical data underestimate corrosion rates most

likely due to resistive effects and uncertainties in the conversion from

polarization resistance to corrosion rate data. This problem makes the electro-

chemical technique a semi—quantitative tool in laboratory studies, which is ,

however, still very useful in indicating fast changes in corrosion behavior

when one of the parameters which determine atmospheric corrosion kinetics is

changed. Based on the comparison of weight loss and electrochemical data a

“cel l factor” can be determined which can be used to correct the electrochemical

data obtained in outdoor exposure.

The ACMs have been used extensively to monitor atmospheric corrosion

behavior in outdoor exposure. On the Science Center roofs ACM data , RH and

temperature have been monitored simultaneously for almost three years. In

St. Louis , Mo., where an exposure program was conducted for the EPA , ACM5

were also exposed at up to four test sites . Time-of-wetness data have been

determined for both locations, which show large fl uctuations with the time

of the year. For the Science Center roof, time-of-wetness corresponds closely

to the time for which RH~’8O%. The corrosion current has also been determined

as a function of RH for four months In 1978 by evaluating the statistical

distribution of RH and log Tg as a function of time. A log log dependence of

the corrosion current on RH seems to be indicated .
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In the final phase of this project surface analyses have been carried

out for 4130 steel and zinc which had been corroding under thin electrolyte

layers. These scanning Auger microprobe (SAM) analyses have shown that

sulfide inclusions in the steel act as nucleation sites for corrosion of

the steel . When SO2 was present in the air , sulfa te was observed on the

steel and zinc which acted as nucleation sites for corrosion in the case of

steel . For zinc , nucleation si tes were not observed in either case. The SAM

data are especially valuabl e since they show the distribution of sulfur com-

pounds over the surface of the test samples after exposure to air + SO2.

During the course of this program , the more important papers on basic

aspects of atmospheric corrosion have been collected . A report has been pre-

pared which lists these papers in a chronolog ical sequence with the title,

name of authors and abstract if provided by the authors. A total number of 171

papers has been listed.
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I. INTRODUCTION

This report sumarizes work performed over a 42 months period under

contract with the Office of Naval Research in the area of atmospheric cor-

rosion. Despite its great importance as a corrosion mechani sm which can

l ead to catastrophic failure of airplanes, brid ges , electronic equipment ,

etc . comparatively little basic research has been carried out which evaluates

atmospheric corrosion phenomena. A large number of exposure tests over long

time periods have been carried out, in the United States for example by

various SASTM groups, and much work has been devoted to studies of organic

coatings which are used to protect metals from atmospheric corrosion. Uhlig (1)

has estimated that about $1.2 5 b i l l i on ann ua ll y are spent on corrosion pro-

tection by paints and lacquers to which an average cost for labor of applica-

tion equalling two or three times the cost of the paint has to be added . While

field tests provide reliable information concerning the corrosion behavior of

a given metal at a given test site , these tests have the disadvantage that

they take a long t ime and are difficult to interpret in terms of the infl uence

of the many atmospheric variabl es on the observed corrosion behavior.

rt has been recognized for a long time that atmospheric corrosion Is of

electrochemical nature ,and Rosenfeld (2), Evans (3), Barton (4) and Kaesche (5)

among others have made attempts to describe the electrochemical reactions oc-

curring under atmospheric corrosion conditions. The nature of the atmospheric

corrosion process presents an experimental problem which makes such studies

much more complicated than the normal electrochemical corrosion studies . The

electrol yte l ayers encountered under atmospheric corrosion conditions are

usuall y very thin and subject to changes when moisture condensates or evaporates .

4
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The presence and chemical composition of corrosion products is likely to

play an important role since they favor condensation at relative humidites

(RH) less than 100%. Gaseous pollutants can also be of major importance

although only SO2 has been considered in most exposure studies as an ac-

celerating factor. The characteristic feature of the atmospheric cor-

rosion process is the discontinuous nature of corrosion which can only

occur when electrolyte is present due to condensation from precipitation ,

dew, fog, etc. The total corrosion loss l( can be expressed as:

n
K = Z r  r

1 1—n 1-n

where r is the average corrosion rate during the time-of-wetness r. The

task to be carried out In monitoring the kinetics of atmospheric corrosion

and evaluating the effects of different constituents of the atmosphere on

the corrosion behavior , is therefore, the continuous determination of r

and r . A large part of this project was devoted to this problem.

The success wi th electrochemi cal corrosion cells - the atmospheric

corrosion monitor (ACM) (6) - in monitoring the time—of-wetness in outdoor

exposure (7) led to the proposal to develop an electrochemical approach

to basic studies of atmospheric corrosion phenomena.

The proposed program included an investigation of corrosion kinetics

under thin electrolyte layers (Task 1) wi th the purpose of determining

whether the relationships between potential and current which have been

(
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developed for exposure to bulk solutions are valid under atmospheric cor-

rosion conditions. It was necessary to develop a new experimenta l approach

for this task in which atmospheric parameters such as RH , SO2 level , etc.

were also to be var ied. In Task 2 these effects as wel l as the infl uence

of electrolyte and corrosion product chemistry were to be studied . Task 3

proposed to carry out weight loss experiments in the laboratory under con-

ditions which simulate atmospheric corrosion conditions. Electrochemical

corrosion rate measurements were to be carried out under identical condi-

tions and the results compared in order to determine whether the polarization

resistance measurements can be used as a quantitative measure of corrosion

rates in laboratory and outdoor exposure . An extension of the previous

efforts on moni toring of atmospheric corrosion phenomena was proposed in

Task 4 with the aim of improving the experimental technique and determining

the relationship between RH , time-of-wetness and corrosion rates. Since cor-

rosion products play an important role in condensation of electrolytes , time-

of-wetness and carrosion rates, it was proposed to perform surface analyses

of corrosion products formed on steel and zinc under conditions similar to

those used in the weight loss experiments and to determine the location of

initiation sites for corrosion as well as the distribution of compounds

such as sul fur and chlorine (Task 5).

Since a large number of publications dealing with atmospheric cor-

rosion phenomen was expected to be collected during the duration of the

proposed research , it was suggested to issue as part of this final report

a selected bibliography of atmospheric corrosion.

6
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C. Experimental Results and Discussion
Description of Experimental Methods

Under this contract a number of electrochemi cal methods have been

evaluated for use in studies of atmospheric corrosion phenomena in the

laboratory and in outdoor exposure. The design of the atmospheric corrosion

monitor (ACM) (Fig. 1) had been completed before this effort was started (6).

Various modi fications were then made in the fabrication of the ACM and In the

design for two- and three-electrode systems . The basic principle of the

ACM was first discussed by Tomashov (S)1 and Kucera and Mattson (9). A des-

cription of the ACMs built in V’is laboratory has been given earlier in

two publications (6,10).

In most cases, ten plates (0.06 cm thick) each of Cu and steel or

zinc are arranged in a holder in a way that adjacent dissimilar metals were

separated by mylar spaces (0.006 cm thick) leading to a sequence: metal A -

space - metal B - space - metal A (6). All plates of metal A are electri-

cally connected as are all plates of metal B. The whole arrangement is cast

in epoxy and then mechanically polished on one side to expose the cross-

section of the plates. The total exposed geometric irea of each type of metal

was about 4.6 cm2 (ten plates).

For the case of a di ffusion controlled corrosion reaction which can

be assumed to occur i n neutral , aerated solutions, the galvanic current

p flowi ng between the two groups of dissimilar metal plates represents the

corrosi on current 1corr (10 )
= ‘corr (1)

The recording of the ACM signal represents, therefore, a conti nuous record

of the instantaneous corrosion rate of the anode in the ACM (steel , zinc).

( For monitori ng of atmospheric exposure data it would be desirable to obtain -j

the total electricity flow by integrati on in additi on to the time dependence

of I~. However, since no simple, inexpensive Integrati on system wi th con-

7
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Fig. 1 Atmospheric corrosion monitor (ACM).

(
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tinuous display was available , only ‘g was recorded in outdoor exposure tests.

Since 1g changes over many orders of magnitude between dry and wet conditions ,

the galvanic current as measured wi th a zero resistance anineter (ZRA) was fed

into a logari thmi c converter, the output of which was recorded on a strip chart

recorder.

-For laboratory experiments, it was of In terest to measure the

corrosion rate of a metal under thin layers of electrolyte using the polar-

i zation resistance technique for two- and three-metal electrode systems (11).

Only one type of metal was used in this arrangement, alternating plates

serving as members of one of the electrodes. Usually a total of ten plates

was used for both systems. For the two-metal electrode system, a potential

pulse AE = 30 mV was applied using a potentlostat and a function generator.

After 50 sec the polari ty of ~E was reversed in order to avoid constant polar-

- 

- izati on of one group of plates as anodes or cathodes. Using the polari zation

resistance principle the corrosion current 1corr can be calculated from the

current 13Q measured at ~E = 30 my according to:

2B 1 - k I 2corr t~E 30 30 C )

where B i s a combi nation of Tafel slopes:

b b
B = 2

~
3O3(ba4bc) 

-

For this type of measurement, the Tafel slopes are not measured in the same

experiment. Assumptions have to be made, therefore, concerning the most

likely va lues of the Tafel slopes. For diffusion controlled processes,

b - ‘°andc b
8= a (4)2. 303

( Theoretical values of ba range from about 30 mV to about 120 my (11). For an

exact determination of corrosion rates and eva l uation of corrosion kinetics

under changing atmospheri c conditions, it is necessary to obtain the Tafel
9
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slopes at the same time as the polari zation resistance. This approach is

made possible through use of the computer program CORFIT (12) by which potentio-

dynami c polari zation curves (2mV/sec) obtained in a potential region of ±30 mV

from the corrosion potential are analyzed. The polari zation resistance ~~
the Tafe l slopes ba and bc and the corrosion current ‘corr are obtained

simultaneously. The ACM was modified for this approach to contain four plates

each serving as working and counter electrode and two plates as reference

electrode . 41-30 steel , Cu, zinc and Al 6061 were studied under the conditions

descri bed in Task 1.

For most experiments the ACMs were wet polished down to 600 SiC

paper , rinsed wi th dist. H20 and dried. The resistance between the different

groups of plates was measured and the ACM was judged acceptable if 1 M~ was

exceeded. For most experiments the ACM was placed in a glass cell through

which humid air or other gases such as argon or nitrogen are flowing at

selecte d relative humidities (RH). The RH could be varied by mi xing dry

and wet air using precision flow meters. Additions of gaseous pollutants could

be made in the same manner. For the studies reported here SO2 was added at

0.1 and 1.0 ppm levels. The flow rate of the gas through the cell was 2Q/min.

The gas mixing system was calibrated by measuring the RH in the test cell

and the flow rate and SO2 concentration at the exit side of the cell. Provi-

sions were made for electri cal connection of the ACM leads to the electronic

equipment through the glass cell.

For typical experiments a thin layer of electrolyte was placed on

a freshly polished ACM which had been positioned horizontally in the glass

cell . The electrochemical measurement was carried out until the surface

l ayer had dried out or until a certain test procedure had been carried out.

For some cases rust powder was placed on ACM surfaces and the response varia-

tions of RH and/or SO2 addi tions measured .

10
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C

A descripti on of certain details of the experimenta l techniques

including a unique wei ght loss technique under thin electrolyte l ayers is

given in the tasks in which they were applied.

(
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Task 1. Ki netics of Corrosion Reactions Under Thin Electrolyte Films

Whi le electrochemical corrosion studies are usual ly carried out in

bulk solutions with small samples which have been carefully cleaned , it is

characteristi c for atmospheric corrosion that only small amounts of electro-

lyte are present and only at certain times and that the corrosion product

chemistry plays a dominant role. In order to evaluate the kinetics of atmos-

pheric corrosion , a different experimental approach has to be used , therefore,

which takes into account the fact that corrosion takes place under thin electro-

lyte layers, the thickness of which can be time dependent , and that the metal

surfaces to be studied are in most cases covered wi th corrosion products.

In addition , the chemical composition of the atmosphere in contact with the

electrolyte might change due to different levels of gaseous pollutants.

A first attempt has been made to develop an experimental approach

for the study of atmospheric corrosion under carefully control led conditions

in the laboratory. A study of the literature (13) has shown that only very

few thin layer studies which simulate atmospheric corrosion phenomenon have

been published. Rosenfeld and his co-workers have been very active In this

field and an account of this work is given in Rosenfeld’s book. (2).

In the studies conducted during the first year of this contract it -

became evident that a number of experimental problems have to be solved before

electrochemical studies of the kinetics of corrosion reactions can be carried

out under thin layers of electrolytes (1000- 100 Mm). After evaluating the

approach of Rosenfeld and co-workers (2), who used rather complicated arrange-

ments of test, counter and reference electrodes, it was decided that a modified

version of the ACM would be best suited for electrochemical corrosion studies

under thi n layers. The ten metal pla tes of an ACM were connected In a way

that the inner two plates serve as reference electrode, the outer four plates

~~~~~~ _ -- -—-- --— -— — -
-
-- -
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were used as counter electrode and the four pla tes between reference and

counter electrode served as working electrode. The advantages of this very

simple arrangement are that all three electrodes are located in the same

plane, which avoids the problems often encountered in other attempts to

study corrosion behavior under thin layers (14).

In the fi rst series of experiments (15 ) layers of 0.lN NaC1 or O.lN

Na2SO 4 we re deposited on steel , zinc , Cu and Al samples in thicknesses of

1000, 700, 400 and 100 pm exposed to laboratory air (RH. = 30-50%). After

a few minutes at the open circuit potential a potentiodynami c sweep ( 2mV /sec )

was carried out either in the anodic or cathodic direction. From the anodic

curve the anodic Tafel slope was determined and the corrosion current ‘corr
obtained by extrapolation to the corrosion potential. From the cathodic

curve the limiting current I~ for oxygen reduction was determined. These

data were compared wi th data for metals totally ininersed in bulk electrolyte.

Figure 2 shows the anodic curves, while Fig. 3 shows the cathodic curves

obtained for 4130 s teel. Tafe l behavior Is observed even at 100 j im film

thickness , the anodic Tafel slope seems to decrease slightly wi th film thickness

(Fig. 2). These findings are in contrast with those of Rosenfeld et al (2)

who reported “anomalous anodic polarization curves ” . Their results were
r

probably due to experimental problems related to the fast increase of the

current wi th potential observed in Fig. 2. Also l isted in FIg. 2 are the

corrosion d.c. 1corr ’ which are higher in Na2SO4 than in NaCl except at

1000 ~m. For compari son Fig . 4 shows the results obtained for i ron in b u l k

electrolytes. As also observed for Cu , the rate of the anodic reaction is

slower in NaCl than in Na2SO4.
The cathodic polarization curves In FIg. 3 show an increase of the

limi ting current 1L wi th decreasing film thickness. The limiting c.d.

13
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is inversely proportional to the thickness of the diffusion layer:

C
i L = nFD —~- (5)

where n = 4, since four electrons are exchanged per molecule of oxygen.

If one assumes 0 = 1.9 l0~ cm2/sec for the diffusion coefficient of oxy-

gen in O.lN NaCl at room temperature and C0 = 2.52 x lO~ mole/c& for oxy-

gen solubili ty , then one obtains (2):

= 1.91 x 10’ (A/cm) (6)

In Fig. 5 the limi ting c.d. 1 L is plotted vs. the inverse film thickness d

for Cu , 4130 steel and Al 6061 in O.lN NaC1 and O.lN Na2SO4. Straight line

relationships are observed wi th a slope which is close to the one calculated

in Eq. 6 except for the Al 6061 , for which a much lower slope is observed

probably due to the presence of the oxide film. At lower thicknesses (d =

155 or 110 ~m) deviations from the straight lines are observed in Fig. 5.

It is likely that these very thin films evaporate when applied to the metal

surface leading to an even thinner film at the time of the measurement. It

will be also noticed that the shape of the cathodic polari zation curves in

Fig. 3 has changes for the lower d-va lues which makes determination of

more difficult. The results In Figs. 3 and 5indicate that for d < 1000 i~’m
the diffusion l ayer thi ckness corresponds to the electrolyte thickness. Wi th

decreasing electrolyte layer thickness a pronounced increase of the rate of

oxygen reduction occurs which can lead - to similar increases of corrosion

rates provided that the corrosion reaction remains diffusion controlled even

at the l ower d-va l ues. The drying-out experiments discussed below have always

shown a drastic increase of the galvanic current duri ng the time peri od when

the visible electrolyte layer disappeared, which corresponds to a thinning

of the film.
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W h i l e  the polarization curves for steel (Figs. 2-4), Cu , Al and

Zn showed the genera l polariza tion behavior as a function of film thickness,

it was also of interest to investigate the corrosion kinetics as a function

of time simulating the drying-out process and also in the presence of

pollutants such as SO2. For these purposes, the recording of polarization

curves such as shown in Figs. 2-4 is not suitable since the measuring pro-

cess alters the nature of the test electrode surface and contaminates the

electrolyte with corrosion products and reaction products from the counter

electrode. The corrosion c.d. IcOrr and the Tafel slopes ba and b~ 
were ,

therefore , determined from polarizati on~-~u1ves obtained wi thin ± 30 mV from

the corrosion potentfaT .~~~ thereby avoiding excessive polarization . These

curves were then analyzed wi th the computer program CORFIT (12). Figure 6

shows as an example the inverse polari zation resistance R~
1 , the corrosion

current 1corr ’ the Tafel slopes and the constant B. Corrosion current

and R~ are related by:

babc 1 B1corr 
- 2.3(b a+

~B;T r•• - — 

(7)

The evaluation with the CORFIT program provides the error of each parameter

which is also shown in Fig. 6. The electrode area was 1.70 cm2 . The results

In FIg. 6 show that the cathodic Tafel slope bc decrease significantly during

the time of the experiment while the electrolyte,whlch Is exposed to labora-

tory air , dries out. This finding indicates that the corrosion mechan i sm

changes from diffusion control (bc ~~~
oo) at the beginning of the experiment to

charge transfer control (b
~ 

40-120 my) as the electrolyte layer becomes

thinner. The anodic Tafel slope ba i on the other hand , decreases only slightly

( during the time of the experiment. Similar results were observed in many j
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experiments with steel in NaCl or Na2SO4. The corrosion current density

decreased slightly during the experiment shown in Fig. 6 from about 5OisA/cm2

which is in the range of the values obtained by Tafel extrapolation (Fig. 2).

Ihe sharp increase of the limiting current observed during drying out in ACM

experiments (see below) and indirectly in the results of Fig. 5 could not be

followed entirely in these measurements because the potentiostat becomes

unstable when the electrolyte layers become too thin.

A comparison’ of the corrosion c.d. obtained for 4130 steel from

the polari zation curves in Fig. 2 and from the experiment of Fig. 6 wi th

the changes of the limi ti ng c.d. 1 L for oxygen diffusion and the changes of

the cathodic Tafel slope b
~ 

duri ng thinn ing of the eiectrnlyte suggests that

while the electrolyte film becomes thinner the corrosion mechanism changes

from diffusi on control (bc ~~~~~~ 
1 corr = 1L~ 

to charge transfer control

(b
~ ~ 

120 mV , 
~corr 

< For this case the anodic and cathodi c Tafel lines

intersect at a current which Is smaller than the limiting current. While

the limi ti ng c.d. 1 L increase to 190—230 pA/cm2 when a film thickness of

100 pm is reached, the corrosion c.d. 1corr observed are in general below

80 pA/cm2 even at the time when the electrolyte film is evaporating .

Further studies involved the comparison of the galvanic current

measured wi th Cu/steel ACM and the corrosion current 1corr obtained with

a three-electrode s teel ACM. The theory of galvanic corrosion shows that

for a di ffusion controlled process the galvanic c.d. 1 g equals the limiting

c.d. for diffusion 1L’ which in turn equals the corrosion c.d. ‘corr
i = 1  = 1  (8)g L corr

Experimental proof for Eq. 8 was provided in the experiment of Fig. 7 , in

which 1g as determined from a Cu/steel ACM and ~corr as determined from a

( steel ACM are compared. Both devices were covered with a l ayer of 0.1N NaCl

I
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and exposed to laboratory air at RH = 36%. Fig.  7 shows similar behavior

within a factor of two of the two measured quantities which confirms the

assumption that measurements made wi th a Cu/steel ACM represent the corro-

sion rate of steel. Due to instabilities experi enced wi th the potentio-

static three-electrode system the drying-out period could not be followed

wi th the modified all-steel ACM .

The experiments conducted during the first and second year of this

contract did not show any definite effects of SO2 on corrosion of steel

covered with thin layers of NaCl , Na2SO4 or with arti ficial rust which was

clean or doped wi th chloride or sulfates (10). In order to i nvestigate

this phe.-~menon in more detail the corrosion kinetics of steel covered wi th

0.1,1 or l.ON NaCl or Na2SO4 were studied as descri bed above starting wi th an

electrolyte thickness of about 1000 pm (15). In the presence of 1 ppm SO2,

which was added to humid air (RH = 38%) in the gas mixing system developed

under this contract, the corrosion kinetics were very similar to those ob-

served in the absence of 502 (Fig. 6). The cathodic Tafel slope bc showed

the same decrease with time while the electrolyte dried out; the corrosion

c.d. was slightly higher in the presence of SO2. The results for 0.1N NaCl

and 0.lN Na2SO4 are suninari zed in Figs. 8a and b, which contain also data

for bulk electrolytes free of SO2. When the experimental polarization curves

for bulk solutions through which SO2 had been bubbled prior to the recording

of the polari zation curve were analyzed with the CORFIT - program, analytical

solutions were obtained which included negative bc_values . Since Tafel slopes

are by definition positive one has to assume that the presence of SO2 gas

in the bulk electrolyte has altered the corrosion kinetics in a way that

the simple exponential relationship between potential and current was no

longer valid.
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~ RH=38%
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Fig. 8b Corrosion parameters of 4130 steel in thin layers and bulk electrolyte
0.lN NaC1 (Fig. 8a) or 0.1N Na2SO4 (Fig. 8b) in the absence andpresence of SO2.
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In O.1N NaCl (Fig. 8a) the corrosion c.d. i corr is higher in thin

layer electrolytes than in the bulk and after about one hour , 1corr is lower

in the presence of SO2. On the other hand , in O .lN Na2SO4 (Fig. 8b) icorr
is always higher in the presence of SO2. The corrosion parameters 

~ corr ,
ba~ 

b
~
) for 4130 steel (thin l ayers) and i ron (bulk) after 2 hours exposure

are listed in Table I. Except for O.1N NaCl the corrosion c.d. 1corr ~
always somewhat higher in the presence of SO2. The anodic Tafel slope ba
seems to be lower in the presence of SO2. The cathodic Tafel slope b

~ 
has

values in bulk electrolyte which are characteristic of diffusion control while

in thin layers the be-values are found to decrease wi th time and assume va l ues

which are characteristic of charge transfer control as discussed above. The

values of Icorr stay much lower (i corr < 60 pA/cm2) than one would expect

from the i L_values of Fig. 5 for d < 400 pm which confirms that the corro-

sion reaction becomes charge transfer controlled as the electrolyte layer be-

comes thinner. The small ininediate effect of SO2 was surprising ; however,

weight loss measurements carried out under i dentical conditions (see below)

confirmed that at low RH (fast drying out) the effect of SO2 is very small.

Further experiments related to the corrosion kinetics of atmospheri c

corrosion followed the results of Zinevich et al (16) who have studied the

kinetics of corrosion on i ron and zinc In moist environments using thin

metal films on glass substrates. The corrosion rate was calculated from the

changes of the electrical resistance of the current carryi ng layer , the

potential was measured by pressing the bri dge for the Cu/CuSO4 reference

electrode tightly against the metal surface . The authors concluded that

passivation phenomena occur in a moist a tmosphere and that the protecti ve

( properties of the passivati ng layers are determined by the RH and the con-

centration of activators such as SO2 and chlorides in the environment. In

order to study the reactions occurri ng under the conditions used throughout
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TABLE I. CORROSION PARAMETERS IN THIN LAYERS (4130 STEEL)
AND BULK ELECTROLYTE (IRON) AFTER 2 HOURS

icorr (IJA /011
2) ba(mV) b

~
(mV)

O,lN NaC1 59 80 158

O.lN NaCl + 1 ppm SO2 38 36 246

O.1N NaCl (Bulk) 14 80 885

iN NaC1 18 44 117

iN NaC1 + 1 ppm SO2 37 33 63

iN NaC1 (Bulk) 25 81 340

0.lN Na2SO4 34 55 190

O.1N Na2504 + 1 ppm SO2 44 34 240

0.lN Na2SO4 (Bulk) 30 74 
- 

571

iN Na 2504 15 42 84

IN Na2SO4 + 1 ppm SO2 25 65 104

iN Na2SO4 (Bulk) 10 46 445

1~
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this project , potential and pH measurements were carried out using micro-

electrodes (Microelectrodes , Inc.) positioned on the surfaces of one-metal

or galvanic ACMs . The galvanic current I~ or the current I_30 measured when

a potential difference ~E = ± 3OmV was applied between metal plates arranged

in an ACM as a two-electrode system (for a detailed description see Task 2)

were recorded continuously as were pH and potential E. The results are shown

in Fig. 9 for steel and Fig.lO for zinc . The current-time curves under thin

layers of O .OlN NaC1 (Figs. 9a and 1~~) and O.OlN Na2SO4 (Figs. 9b and lOb) are

characterized by a maximum which occurs shortly before the surface dries

out at ~1 = 49 ± 1% (laboratory air). For steel and Cu/steel the potential

becomes more negative while corrosion proceeds, with lower values in Na2SO4.

For the steel ACM the corrosion potential Eco,r becomes more positive when

the current maximum occurs while for Cu/steel the galvanic potential Eg levels

off. For the four experiments in Fig. 9 the pH decreased slowly from initial

values around 7.5 to final values around 5. When the surface dried out as

evidenced by a drop to ve ry low currents, potential and pH measurement became

very difficult for the experiments in Fig. 9. The potential became much more

positive , while the pH dropped to lower va lues. Integration of the current-

time traces resulted in the charge data- shown in Fig. 9, which will be dis- -~~~

cussed in more detail in Task 2.

For zinc maxima for the current (Ig~ I_30) and minimum for the

potential (Eg g Ecorr) are also observed (Figs l0a and b). When the surface

has dried out, the potential seems to shift drastically in the positive direc-

tion accompanied by a drop of the pH except for Cu/Zn in O.O1N Na2SO4 (Fig. lob)

where the pH seems to Increase. However, due to the uncertainties of poten- - 
-

tial and pH measurements at the time when the surface is just drying out,

the sharp changes Indicated at the end of the runs in Figs . 9 and 10 mIght

not reflect real effects.
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The results of these types of kinetic studies have not given

indications of passivat lon to occur in the time for which electrolyte was

present and corro~~on occurred. Measurements of surface pH showed a slight

decrease of pH to about 5 for s teel and Cu/stee l and about 6.5 for zinc

and Cu/Zn . The possibility that passivation occurs towards the end of the

corrosion process when the electrolyte layer disappears cannot be excluded

based on the potential measurements . Further studies in the presence of

SO2 wou ld be interesting with regards to the resulting potential and pH

effects. In order to compare the present results more closely with those

obtained by Zinevich et al (16) measurements should also be carried out

between RH — 75 and 100%. The Russian authors used this range and distin-

guished between unactivated surfaces (pure adsorbed moisture films ) and sur-

faces activated wi th chlori de ions. Passivation occurred in all cases,

although to different extents. 
-
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Task 2. The Effects of Electrolyte and Corrosion Product Composition ,
Pollutants and Relative Humidity S

In this taks , which was active throughout the entire program

period , various enviro nmental effects were evaluated in the laboratory

under conditions which were designed to simulate atmospheric corrosion

phenomena. Initial ly the dependence of the “critical relative humidity ”

RHcrit on the chemical composition of corrosion product l ayers was evalu -

ated and correlations between corrosion rates and RH determined as a func-

tion of rust composition. The effects of surface electrolyte composition ,

RH and presence of SO2 were studied next for Cu, steel , zinc and Al 6061

using polarization resistance measurements. The effects of NaNO 2 and

dichan , a compound proposed as vapor phase inhibitor , were studied in the

same manner.

a. The Effect of Corrosion Product Chemistry on Atmospheric Corrosion Rates

A number of authors have presented results which suggest that atmos-

pheric corrosion rates depend on the chemical composition of the corrosion

product (17,18). Weight loss measurements have been used exclusively. In

order to understand better the effects of corrosion product chemistry on RHcrjt
and atmospher4c corrosion rates , a number of experiments wi th Cu/Zn , and

Cu/steel ACMs have been performed as a function of humidity (10). Rust was

produced in the laboratory (19), which was then doped wi th various impurities

for a total of 2.5 w/o. This rust mixture was placed on a freshly polished 
-

ACM which was exposed in a glass cel l through which air at different RH with

and without SO2 (0.1 - 1.0 ppm) was flowing at a rate of 2 2/mm . In one set

of experiments the ACM was first exposed to RH 38% for 2h, the RH was then

)

—- - -  - S  - — — - 
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raised to a higher l evel for 2h and again returned to RH = 38%. Figure 11

shows the response for clean rust (Fig.lla) and rust doped wi th NaC I (Fig.llb).

The response to a change in RH is almo st inviediately, which demon-

strates the sensitivity of ACMs to changes in atmospheric conditions. Differ-

ent time dependence at constant RH is observed for clean rust and rust doped

with NaC1 : for clean rust 1g reaches a maximum after 31) m m .  and then decays,

while for rust doped with NaCl ‘g increases continuously except for RH = 51%.

At the hi ghest RH-value the current is more than luO times hi gher in the

doped rust than in the clean rust, which shows again the tremendous effect

of pollutants on atmospheric corrosion behavior observed earlier.

The I~ values recorded after 2 hours at a given RH have been plotted

in Fi g. 12 for clean and doped rust in air and in air + I ppm SO2. A linear

relationsflip is observed In all cases which can be describ’ed as:

log ‘g = a + bRH , . (9)

where tne slope b depends on the rust composition and probably also on the

gaseous environment. If the constant a is chosen to represent log 1g at

the critica l humidity RHcrjt 
S.

a = log 1crlt - (10)

Eq.9 can be rewritten as:
/RH-RH \

log ‘g = a + b (\ 100
cri 

,~ 
• (11)

Eq. 11 can be transformed into Eq. 12:
S 

S 

/RH-RH 
~log 1g = log 1crit + bI (

\I00_R~~ri
t
t ) (12) 

S

where b’ represents the normalized Ig_value at RH 100%:

b’ — (1o~ Icr?t) 
(13)

g R H = i O ~%
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Fig. h a  Time dependence of galvanic current for Cu/steel ACM covered with
clean rust (Fig.lla) and not doped with 2.5 w/a NaC1 (Fig.llb) at
different RH. -
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Fig. bib Time dependence of galvan ic current for Cu/steel ACM covered with
clean rust (Flg.lla) and not doped wi th 2.5 w/a NaC1 (Fig.hlb) at
different RH.
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Fig. 12 RH-dependence of galvanic current for Cu/~ee1 ACM after 2h (data from

Fig.ll).
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the constants b (Eq. 9 ) and b ’ (Lq. 13) are related by:

b’= b (1OO~
RHc i

t) (14)

For the experiments shown in Fi g. 11 it is assumed that RHcrit corresponds

to RH at 1
9 

= 0.01 i~A whicfl corresponds to 0.0025 ~zA/cm
2 . The constant b ’ 15

characteristic of tne Surface reactivity and the environment. The much

higher b’ -values for rust containing NaCl show the accel erating effect of

this pollutant. The effect of sO2 i~ founa to be very sma ll. In further

experiments a number of different salts were added to rust and the response

of the rust covered ACM determi ned. The ga l vanic current 1g was measured

at four different RH levels (SI , 6b, 7/ and 88%) for a total of eight hours

(Fig.13 ). In all cases, I~ is higher for doped rust than for clean rust

indicating the important role which pollutants play in condensation of

electrolyte from the atmosphere. Chloride ions lead to higher currents

at all RH leveis , out it will be noticed that the nature of the chloride S

compounds affects tne current. NaC1 + NH4C1 leads to higher current flow

than FeCl 3 6H20 + NH4C1 , which produces more current flow than FeC13 6H2O.

The adaition of Na2SO4 to rust -leads to more corrosion than addition of

FeSO4~7H2O + (NH4)2S04 or FeS04 7H20, which is somewhat surprising consider-

ing tne role usually attributed to ferrous sulfate . S

At the highest RH studied , the spread of Ig
_va l ues reaches almost

three orders of magnitude showi ng the tremendous effect of impurities in

corrosion products on condensation , electrolyte conductivity and corrosion

rates. If one assumes that the ACM surfaces In Fig.13 become wet and corro-

sion stirts for RH ) ‘ 0.1 izA , one finds from Flg.13 that contaminants in rust

shift kHcrjt from about 72% tor pure rust to about ~5% for contaminated

rust. A unique RHcrjt wnlcn is often assumed to be close to 80% for steel

does, therefore, not exist. RHcrit will probably be much lower near sea-
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coasts than in other locations. The effect of chlorides is most likely not

due to its special corrosivity but to its lowering of RHcrit and consequently 
S

higher time-of-wetness.

b. The Use of Polarization Resistance Measurements to Study the Effects of
Relative Humidity and $02.

The studies discussed above had not shown a clear effect of SO2, but

had clearly documented the tremendous importance ot RH. In order to measure

instantaneous corrosion rates in a better defined manner , an experimental

approach differing from the previous use ot gal vanic couples (Cu/stee l or

Cu/Zn) was used to monitor corrosion rates. In order to measure the corro-

sion rate of a certain metal the previously used atmospheric corrosion

moni tor (ACM) was modified to consist ot only one material. Ten meta l

plates were used in the modified ACM separated by mylar spacers and electri-

cally connected as a two-electrode system in a manner that of two adjacent

plates one would be the anode and one the cathode. A similar approach is

being used by Kucera (9) who applies a constant voltage of 100 mV between

the two sets ot plates. It is , however, not possible to determine wi th any

accuracy the corrosion current from the current measured at 100 my polari-

zation. in addition , permanent polarization of each 5eV of plates with a - .

fixed polarity might lead to constant Irreversible changes of the test

samples which In turn might obscure the eftects to be studied. The corro-

sion current measurement was, theretore, carried out in our experiments wi th

• 30 mV pu l se applied potentiostatically for 50 sec. after which the polarity

of the pulse was reversed. In this manner, corrosion currents are monitored 
S 

S

using the polarization resistance concept for a two—electrode system ( 11).

( 
The corrosion current 1corr can be calculated from the measured current I

at potential pulse ~E as:
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1corr = 2B = kI, (15)

prov-idea B is constant during the experiment. As shown earlier (ii) the

parameter B, which is a combination of Tafel slopes:

a c  (16)
2
~

3O3(ba+bc) -

is a function of time, material and environment,and corrosion currents

can be calculated only as an approximation with the use of Eq .15. For
b

a diffusion controlled process (bc ~~~~~~~~~ 
B = 2.303 and values for B between 

S

10 ano 60 mV can be expected. The constant k will , therefore, have va l ues

between 0.7 and 4.0.

Typical results are shown in Fig.14 for a 4130 steel ACM which

was covered wi th a l ayer ot 0.Ol N Na2SO4 (initial thickness was 0.55 nmi)

and allowed to dry out in air + i ppm S0~ in a glass cell at RH = 30%, room

temperature. When the measured current nad decreased below O .li~A , RH was

increased to RH = 60% using a mixture  ot dry ana wet air at a flow rate

of 22/mm . to which SO2 was added in the desired concentr.ation. Atter one 
S

hour RH was changed again to 90% and then changed to 60% and 30% for one

hour each. The results in Fig.14 show that, in general , the positive and

negative pulse l ead to similar current flow, which indicates that no irre-

versibie cnanges have occurred during an anodic or cathodic pulse. lhe

current changes very rapidly following a change of RH to higher or lower

values.

~ . Results in neutral environments

in tnls series of experiments solutions of (1.01,4 NaC1 or Na2SO4
were applied and RH varied in the sequence 30-60-90—60-30% in air , air )

+ 1 ppm SO2, N2, and N2 + 1 ppm SO2. in this manner it was expected to

detect changes In the response to changing NH ot corrosion product fi lms

42
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Fig. 14 Corrosion current measurements for 4130 steel with the potential-
metnod.
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formea under different atmospheres on different metals. Figure 15 shows

results obtained under NaCI for 4130 stee l in air (Fig.15a) ana N2 (Fig.15b).

uuring the drying-out period (RH = 30%) higher currents are observed for
steel in air and air + 1 ppm SO2 than in N2 an d N2 + 1 ppm SO2, the time

until the surface is dried out (I <0.lizA) is also longer for air ana air

+ 1 ppm SO2. Tnese trends continue througflout the experiment. Addition of

SO2 at the 1 ppm level does not seem to increase the current. During the

wnole experiment the currents were in fact higher for air than for air +

SO2. When RH was Increased to 90%, the current was the highest in air

followed by air + SO2, N2, and N2+S02. At the fina l RH value (30%) the

current in air and air + 502 was more than a factor of ten hi gher than in

N2 and N2+S02.

A ditferent behavior is observed for Cu (Fig. 16), where in the

drying—out period the highest currents are observed for air + 502 (Fi g.16a)

and N~+SO2 (Fl g.16b), which suggests that SO2 acts as a depolarizer.

The maximum current in air duri ng arying—out is about a factor of ten lower

for Cu than for steel . When RH is increased from 30% to bO%, significant

current flow is observed only for air and air + SO2. At RH = 90% the highest

currents are recorded In air and air + SO2. -

Similar results have been obtained in O.O1N Na2SO4 as shown in

Table II(Cu), Table 111(4130 steel) ana Table IV , which lists the resul ts

for Zinc (99.9%). Taoles II-IV contain the time tdry unti l a surface has

dried out at RH 30%, the maximum current ~~~ at RH = 30%, the current
recorded when the surtace has dried out and the amount of electricity

~dry 
wnicn had been flowing in the drying-out period . 

~~~ 
and ~~~ are the

maximum currents measured at RH = 60% and 90%, ~~~ Is the current recorded

at tne end of the experiment. Lurrent values are for a negative (-30 mV) pulse.
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In order to further eva l uate the effects of SO2, experiments were

performed in wnicn the surface was allowe d to dry out at RH = 30% in air

or N2, RH was then raised to ~0% for one hour and then 0.1 ppm SO2 was

addea to the gas stream. After one hour the SO2 concentration was increased

to 1.0 ppm followed by one hour at RH = 90% and one flour at RH = 30% with-

Out SO2. Only small effects were observed tor steel and Cu. A small in-

crease of the current was founa for steel when the SO2 concentration was

raised to 1.0 ppm. However, the overdli trend during the time at RH = 90%
was a decrease of the corrosion current independent of SO2 additions. For

Cu/NaC1 in air the corrosion current increased when 0.1 ppm SO2 and 1.0 ppm

SO2 were audea. In the latter case tne ci:” .~ent reachea a maximum and then

decreasea again. In N2 no eftect of SO2 additions was observed for Cu,

S stee l or zinc as can oe seen in Tables II-IV by comparing the difterent

values. An interesting feature was observed when RH was l owered again

to 30% for Cu/NaC1 in air. The corrosion current did not decrease as is

usual ly observed , which might be a result of modifications of the corrosion

product film produced at high RH in the presence of SO2. m i s  film was

black , while fi l ms formed in air were similar to copper oxide films . A more

detailed study of the effect woLld be interesting .

The results obta i ned for zinc (Table IV ) were similar to those

for Cu and 4130 steel . For all three metals higher corrosion currents were

obtained at RH = 90% In NaCl solutions than In Na2SO4 despite the fact that

the currents during the drying-out period were rather similar. This behavior

is similar to that observed for steel surfaces covered with rust containing

chlorlaes (10) or Cu/steel ACMs covered with FeC1 3 solutions . The effect of

sulfa te additions was much smaller In these experiments (10) (see above).
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~3-. Results in acid environments

A number of experiments were carried out in O.Ol N HC1 and 0.O1 N

H2SO4 in  a i r  or N2 in order to evaluate the effect of acidification of the

electrolyte during atmospheric exposure . Ihe resu l ts are listed in Tables

II-IV. During the drying-out period much higher currents were observed in

air than in N2, during the period of changing RH the differences between

ai r and N2 become much smaller. For Cu a much higher current flow is ob-

served for HC1 in air or N2 during the dry i ng—out period than for NaCl.

The current flow and the total Cbs are higher for Cu than for steel . When

RH is rai sed to 90% significant current flow occurs in air but not in N2.

For HC1 and H2S04 more electricity was flowing during the drying-out period

for Cu in  N 2 environment , while in the following stages of the experiment ,

corrosion was more pronounced in air. -

For zinc in HC1/air the current suddenly increased sharply during

the drying-out period . This behavior was due to shortening of the plates

of the sensor by a solid layer of corrosion products which were formed at

hi gh rates in the acid environments.

~~. The effect of SO2 additions on the drying-out process.

Due to the importance of the drying process of thin layers,the

effec t of SO2 on corrosion under thin layers drying-out under various environ-

mental conditions was studied In more detail for steel and zinc under 0.O1N

NaCl or Na2 SO4 in air or N2 containing 0.1 or 1.0 ppm SO2. The resul ts for

steel are shown on a linear scale suitable for Integration for air (Fig.17a)

and N2 (Fig.17 b). In air increasing SO2 contents increase the corrosion rate

of steel to a small extent. In N2 , however, no acceleration due to SO2 I s

observed and corrosion rates are more than a factor of ten lower. This result

shows that a reaction which invo l ves direct reduction of SO
2 

Is unlikely.
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Fig. 17a Current flow for 4130 steel under O.O1N Ned drying out at RH • 30%
In air (Fi g.j7a) and N2 (Fig.llb) atmospheres.
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Fig. 17b Current flow for 4130 steel under 0.O1N NaC1
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The observed lack of an effect of SO2 might be explained by assuming that

oxygen is needed for SO2 to form sulfates which acce l erate corrosion rates.

Similar results have been obtained for 4130 steel in Na2SO4.

For zinc (Tabl e IV it is more difficult to determine the effects

of SO2 on the drying—out process. In both NaC1 and Na2SO4 the total Cb

~ dry~ 
are lower in air + SO2 than in air. In NaCI a higher 

~dry 
value is

S measured for N2+S02 than for N2, while in Na2SO4 corrosion appears to be

higher in N2 an d N2+S02 than in air or air + SO2. The weight loss data ob-

tam ed for zinc (see bel ow) show that corrosion is faster in N2+S02 than in

N2, but indicate that corrosion rates in air and air + SO2 are higher than

N2 or N2+S02. 
- 

- 

S

c. Electrochemical Evaluation of Vapor Phase Inhibitors

Vapor phase inhibitors (VP!) show promise in protection of materials

from atmospheric corrosion. The materials which have been shown to be use-

ful are of organic nature and contain oxidizing agents such as NO2 or com-

pounds which absorb strongly. Useful VPIs have to have ~ va por pressure
high enough to make evaporation and absorption on metal surfaces or dissolu-

tion in surface films possible and low enough to prevent early loss of the S

VP! material.

Time and funding restraints limi ted this task to some preliminary

studies which invo l ved NaNO2 and dichan (dicyclohexylam ine nitrite ) dissolved

In O.U1N NaCl or Na2SO4. Potentiodynamic polarization curves have shown that

both NaNO2 and dichan not only act as oxidizing agents but also produce a

passivation effect which is more pronounced in Na2SU4 than in NaC1 , NaNO2

being more effective than dichan .

( Further experiments were carried out using Cu/steel ACMs which

were covered with thin l ayers of NaNO2 or dicha n in the standard manner.

In the absence of inhibitor the galvanic current is high and rusting occurs
53
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in less than two hours . For O . I N  NaC1 + OJN NaNO2 no rusting occurred ,

wh ile for a l ower NaNO2 concentration the current was initially low but

increased sharply after some time when pitting of the steel occurred .

NaNO2 was more effective in NaCl than in Na2SO4. Dichan inhibited rusting

when 3 g/Q was added in (J.1N NaCl but not in 0.1N Na2SO4 (Fig. 18).
The behavior during drying out in air or air + SO2 of NaC1 or

Na2SO4 (O.OlN) solutions containing O.OlN NaNO2 or O.O1N dichan and the

response of the corrosion product films to varying RH-va lues was also fol-

l owed with polarization resistance measurements as shown in Fig. 19a-d. The

results of these measurements are sumarized in Tabl e V . From Fig.j9, which

shows tne results for NaC1 , it can be seen that NaNO2 l,Fig . 19a) and dichan

(Fig. 19b) are similarly etfective in reducing corrosion rates. ouring the

drying-out period the Inhibition efficiency In NaC1 based on the integrated

current (Tabl e V )  for NaNU2 is 95.5% in air and 96.5% in air + 1 ppm SO2,
while for dlc nan the corresponding values are 96 .5% and 98.4% . An etfect

of SO2 is seen at RH = 90%, when current flow is much higher in air + SO2
than in air. In the initial drying-out perioa such an effect of SO2 is not

observed . -

In Na 2SO4 solution much higher currents are measured than in NaCl .

In Na 2SO4 + dichan appreciabl e current fl ow occurs at RH = 90% in air and

a-f r + I ppm SO2 (Fig. 19d), while in Na2SO4 + NaNO2 the current flow Is much

lower (Fig. 19c) . According to Tabl e V, the Inhibitor efficiency is- 91.4%

for NaNO2 and 92.1% for dichan in air , but only 68.0% for NaNO2 and 81 .9%

for dichan In a i r  + 1 ppm SO2.
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b. 0.O1N NaCl + U.OIN dichan
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Fig. 19 eurrent flow for 4 130 steel under solutions containing inhibitor

exposed to air and air + I ppm SO~ at varying RH.
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Task 3. Comparison of Weight Loss and Electrochemical Data under Thin
Layer Electrolytes

In the previous tasks elec t rochemical techniques modified for cor-

rosion studies under thin layers have been used . A number of factors which

are assumed to infl uence atmospheric corrosion reactions have been evaluated

such as RH , electro lyte and corrosion product composition , effect of SO2
and nature of the metal . Since the fo rmation and disappearance of electro-

lyte layers is so important fn atmospheric corrosion as will also be dis-

cussed in the task on corrosion monitoring , most experiments were related

to this phenomena. 
- 

S

While the electrochemical techniques have the advantage of pro- 
S

S viding a continuous record of the instantaneous corrosion rate, certa in

assumptions have to be made upon converting the measured electrochemical

parameters into corrosion current densities (c.d .) - . It was, therefore , 
S

decided to carry out wei ght loss measurements and electrochemical experi-

ments under identical conditions and compare the results obtained with both

techniques. In order to meet this goal , a new weight loss technique (20)

has been developed in which thin layers of electrolyte were placed on

horizontal metal plates which were exposed to a controlled environment - 
.-

until the surface layers had dried out. For comparison , weight loss data

were also obtained by tota l inviiersion In bulk electrolyte for 4 hours which

is approximately the time for drying out at RH = 60%.

S 
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a. Weight Loss Data

Flat plates (2 ”x2”) of 4130 steel and zinc (99.9%) were exposed

horizontally in glass cells through which air or argon at constant RH

wi th or without 1 ppm SO2 flowing at a rate of 22/mm . A 0.5 mm thick

layer of electrolyte was placed on the samples , the unexposed side of

the specimen was coated wi th turco mask. Experiments were carried out

at RH = 30, 45, 60, and 75%. The weight loss was determined after re-

moval of the corrosion products in inhibited HC1 (steel) and amonium

acetate (zinc) taken into account a correction factor for blank samples.

The corrosion product chemistry of similar samples has been determined S

by scanning Auger microprobe (SAM) analysis as discussed in Task 5.

Figures 20-22 show the results obtained in O.O1N solutions of NaCl ,

Na2SO4, H2S04, NC1 and in deionized water. For steel (Fig. 20a) addi-

t i0fl 5 of O.Ol N NaNO2 and O.O1N dichan were made to NaC1 and Na2SO4 at

RH = 60%. Increasing RH increases the weight loss for experiments In

air most likely due to the longer time period during which corrosion

could occur. SO2 has an accelerating effect which increases wi th in-

creas ing RH. NaNO2 and dichan have a marked inhibiting effect in NaCl , 
S

but only a small effect in Na2SO4. 
S
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a. air and air + 1 ppm SO2,

14C 4130 STEELIAIR SC78-2778
I I  I I I~~~~~I F I
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FIg. 20 WeIght loss data for 413u steel in bulk and under tnin layer electro-
lytes.
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S

The experiments in argon (Fig. 20 b) , which were carried out in S

order to obtain more information about the mechanism by which SO2 affects

the corrosion process , showed much lower weight loss , which seemed to be

independent of RH in the absence of SO2. Addition of 1 ppm SO2 increased

the weight loss An wi th increasing RH. However , even the highest An values

are much lower than those observed in air.

The results for steel in air and air + 1 ppm SO2 show that exposure

to a thin layer of electrolyte leads to much higher corrosion rates than

exposure to bulk NaC1 or Na2SO4. In the case of HC1 and H2504 the effect

is not so drastic but increases wi th increasing RH.

For zinc (Fig. 21) no effect of SO2 was observed in air for NàCl

and Na2SO4. For H2S04 surprisingly the weight loss was lower than In the

neutral solutions and i ndependent of RH. In HC1 a strong effect of RH was

found in air , in air + SO2 the weight loss was much lower than in air and

similar to that observed in H2S04. In argon An was very low , no definite S

effects of RH and SO2 were observed. In NaCl and Na2SO4 corros i on rates -f
were much lower in bulk solutions than under thin layers which were drying

out duri ng the corrosion process. For HC1 and H2S04, on the other hand , S

corrosion was much higher in the bulk electrolyte (Fig. 21a). S

S 
- 

Experiments were also carried out in deionized water to eliminate

the possible effect of anions on the action of SO2. Di fferent effects of 
S

SO2 were observed for steel and zinc (Flg.22): for steel An increased wi th

Increas ing RH and SO2 accelera ted corrosion, while for zinc tIm also increased

with RH, but SO2 had an inhibiting effect.
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D. argon and argon + 1 ppm SO2
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Fig, 20 WeIght loss data for 413U steel in bulk and under tnin layer electro-.
lytes. S
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a. air and air + 1 ppm SO2
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Fig. 21 weIght loss data for zinc in bulk and under thin layer electrolytes . 
S

68 

~~~~~~~~ _
~~i I~~~I~~~ ~~~~~~~~~~~~ 

r—--



Rockwell International
Science Center

SC5O3O. 7FR

b. argon and argon + 1 ppm SO2
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Fig. 21 Wei ght loss data for zinc in bulk and under thin layer electrolytes .
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Fig. 22 Weight loss data for 4130 steel and zinc under l ayers of dist. H20ln air and alr 4 -l pp m SO2.
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The effect of electrolyte concentration c on corrosion rates during

drying out of thin electrolyte layers was also investi gated in Na2 SO4. For

both 41,sO stee l and zinc an approximately linear increase of the weight loss

with log c was observed (FIg. 23). The results obtained for 4130 steel at

RH = 60% in air and air + SO2 are summarized in Table VI which contains also

the inhibitor efficiency E for additions of NaNO2 and dichan . The bulk

electrolyte data are also listed , the poor inhibitor efficiency in Na2SO4

is also observed in bulk solutions. Additional data for iron chlorides and

sulfates (O.OIN), which might be involved in the atmospheric corrosion pro-

cess , are also listed in Table V I.

b. Electrochemiáal Measurements 
-

The electrochemical measurements (20) were carried out with steel -

or zinc ACMs at an applied potential of i~E = ±30 mV with reversal of polarity

after 50 sec as discussed above, and wi th ga l vanic cells (Cu/steel and Cu/zinc).

The results obtained under a layer of U.OIN Na2SO4 at different RH values

are shown In Fig.24 for steel , Fig.25 for Cu/steel , Fig.26 for zinc , and

Fig.27 for Cu/zinc . The current-time curves for steel and Cu/stee l are 
S

characterized by a steep increase of the current which is more pronounced

when the visible electrolyte layer starts to disappea r especially at low RH. 3

For both types of ACMs the time at which the current maximum occurs and at 
S

which the current decreases to values less than 1 ~iA both increase with in-.

creasing RH except at RH = 30% and 45%, (Fig. 24 and 25) where the main

effect of increasing RH is an increase of the maximum current and tota l cur-

rent flow. While significant corrosion occurs for only 2 to 3h at RI-i = 30%

C 
and 45%, this time increases to about 6h at RH 75% and 9 hr for steel and S

13 h for Cu/steel at RH 90%.
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Fig. 23 Weight loss data for 4 130 steel and zinc under tnin layers of Na~S04as a function of concentration. RH = 60%.
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For zinc (FIg. 26 ) differences in the current-time behavior for 
S

different RH values are not so pronounced . The time at which the surface

dries out is much shorter than for steel , being less than 3h for RH ~ /5%.

At RH = 75% the current decreases slowly from 3 i-iA to 0.5 1.LA over a 3h period

after the large current drop associated with disappearance of visible electro- S

lyte has occurred . The corrosion loss in this time period as determined by

Integration of the current-time curve is , however, very small as compared

to the initial corrosion period . For Cu/Zn a sharp current maximum is not

observed during the drying—out period (Fig. 27), instead the current decreases

continuously from high va lues measured when the electrolyte was placed on

the freshly polished ACM surface and dropped sharply when the surface dried

out. The results for RH = 30% and 45% are again rather similar. Drying-out

occurs after 4h at RH = 75% and about 7.5h at RH = 90% .

In order to eva l uate the effects of electrolyte concentration ,

experiments were performed in which the concentration of Na2SU4 was varied

from 1 0’  to lO-~ N (Fl g.28—3l ). In both cases the characteri stic features

for both metals shown in Figs. 24-27 are preserved . With decreasing concen-

tration the current flow decreases. For steel and Cu/steel no clear current

maximum is observed at lO~~N. For steel the surface dries out in about 4h S

at 10— 1 N and in 3h in lO~ N, for Cu/steel the corresponding times are 6h

and 3h. For zinc and Cu/Zn, drying out occurs faster than for steel as ob-

served above (Fig.26 and 27). While the maximum current and the total

charge Q Increase wi th RH for both types of sensors, the time for drying out

seems to be independent of Na2SO4 concentration except for Cu/Zn at C • O.1N,

which is contrary to what was observed for steel and Cu/steel .
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Fig. 30 Current at AE = ±30 mV for zinc during drying out as a function of
S P4a2S04 concentration. RH = 60%, T = 21 ± 1° C.
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c -  Correlations between Weight Loss and Electrochemical Measurements

A correlation between the weight loss data and the electrochemical

measurements is important from a mechanistic point of view as wel l as for

interpretation of the data obtained in outdoor exposure of ACM5 such as

discussed in Task 4. An attempt will be made in the followi ng to establish

such correlations by comparing the weight loss An with the area under the

current-time curve of the electrochemica l data. The amount of coulombs Q.
obtained by graphical integration for steel or zinc ACMs does not correspond

exactly to the electrochemical equivalent of the weight loss since the 130
_

values have not been converted to corrosion currents ‘corr The factor k

(Eq.15 ) is not known exactly; moreover, previous results (12) have shown that

it changes with time. For a qualitative evaluation of correlations between

the two types of measurements (An vs. Q) , this compl ication is , however,

of minor significance. For the ga l vanic cells a quantitative relationship

should exist provided the corrosion process is diffusion control l ed.

The analysis of Cu/steel ACM data for surfaces covered with syn-

thetic rust as prepared or doped with various salts has shown that there is

a linear relationship between log 1~ and RH E (21),Fig. 12] . The data obtained

in the present study show a linear relationship between log Q. and RH for

the four ACMs under 0.O1N Na2SO4 in air (Fig. 32) in a form similar to the

one discussed above. The slope of the straight line in Fig. 32 is close to

+1 except for Cu/steel , where the slope is +1.5. 
-

The dependence of the charge ~ on the Na2SO4 concentration at RH =

60% is given in Fig. 33 for the two-electrode ACM5 (Fig. 33a ) and the gal-

vanic ACMs (Fig. 33b). An approximately linear relationship between Q and

log c is obtained in both cases; while the charge has similar values for

the two galvanic cells , it is about twice as much for the steel ACMs as for S

the zinc ACMs . The weight loss data obtained for steel and zinc are compared 
S
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wi th the integrated charge in Fig. 34 as a function of RH and in Fig.35 as

a function of electrolyte concentration . For the former case there is a

linear relationship wi th a slope of 3.6 mg/Cb for steel (Fig.34a ) and 1.34

mg/Cb for Cu/steel (Fig. 34b) taking into account the areas of the weight loss

sample (25.8 cm2 ) ,  the steel ACM (2.3 cm2 )  and the Cu/steel ACM (4.6 cm2 )

When weight loss and electrochemi cal data are compared as a function

of Na 2SO4 concentration , a linear relationship seems :to be i ndicated for

zinc wi th a slope of 1.8 mg/Cb , but not for steel . The dashed line in

Fig. 35a corresponds to the slope of the curve for steel in Fig. 24a . A

linear relationship is also observed for Cu/steel wi th a slope of 0.92 mg/Cb.

Due to the scatter of the weight loss data for zinc as a function

of RH (Fig. 2la), there is similar scatter in the An—Q plots of Fig. 35a .

The comparison of the results 01 tam ed wi th weight loss and electro-

chemical techniques under i denti cal conditions has shown essentially linear
C 

correlations (Fig. 34 and 35). However, the electro.chemical data underestimate

the corrosion rate - as determined from the weight j oss data - to an extent
which depends on the type of the measurement and the metal studied. According

to Faraday ’ s law a charge density Q = 1 Cb/cm2 corresponds to 0.29 mg/cm2 for

iron (z=2) and 0.34 mg/cm2 for zinc (z=2 ) . $ 
~~

‘

The weight loss data have been converted into charge densities 
~wL

using this conversion factor and are compared in Table VI wi th the charge

densities obtained from the galvanic current (Q
9
) and polarization resistance

(Q 30) measurements. For steel there Is a fairly constant ratio 
~9
1
~WL of S

about 0.20 for the RH-dependence and 0.22 for the concentration dependence ,

which could be called the cell efficiency or “cell factor ” as discussed by

Kucera (22) who determined in outdoor exposure a cel l factor of 15% for steel

polarized at i~E = 100 mV.
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I

0 (Cb )
Fig. 35b Correlation between weight loss (An) and electrochemical ( Q) data for

steel and zinc (Fig. 3ba ) and Cu/steel and Cu/zinc (Fig. 35b) for
different concentrations of Na2SO4. -
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For zinc the ratio 
~g’~wL 

Is larger , in one case (0.lN Na2SO4,
RH = 60%) it exceeds one. Due to the scatter in the weight loss data, an

average cell factor cannot be determined for zinc .

The data obtained wi th 30 mV pulses have not been converted to

corrosion currents due to the uncertainty of the correct conversion factor.

The charge density Q30 Is therefore too small. The corrosion current ‘corr
is related t~ ~~ 

by

_ 2B — (151corr 
— 

~~~~~ 

~~ 
- k130

The parameter B can have values between B = 6.5 and 52 mV for theoretical

Tafel slopes which for i~E = 30 mV leads to a range of k = 0.43 to 3.47.

The Q30-data have to be multiplied wi th this factor to obtain charge densities

which can be compared wi th the weight loss data. Since the Tafel slopes

are not known for the ACM data discussed here, the conversion factor k

cannot be ca lculated . However , since for diffusion control :
= 1corr

the ratio:

I I Q
L , corr _

k ...9._ (16)130 £30 430
F

can be determined from the experimental data. As Table VI shows the experi-

mental k -values fall between 1.5 and 4.4 for steel and between 3 and 13.6

for zinc, which indicates , at least for steel , that the kinetics of the

corrosion process show the expected behavior.

Another factor whi ch can affect the electrochemical measurements
Is the IR-drop due to low solution conductivity . This effect would lead to

an effect ive 
~
Eeff <AE and corresponding smaller 130 values .

An IR-drop effect can be seen by comparing the weight loss (Fig. 23)

and electrochemical (Fig. 33 ) data for steel. While the weight loss data

91 
_______

_ _ _  - 

- 

~~~~~~~~~~~ ~~~•:~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~



Rockwell International
Sci.nc. C.nt.r( SC5030.7FR

TABLE VI. Comparison of Charge Data Obtained in O.O1N Na2SO4/air. (Q in Cb/cm2)

Test Condition 
~w L  

Qg ~g”~W.L. ~3o 
Qg/Q30=k’

A , Steel
I, RH(%)

30 1.90 0.320 0.17 0.209 1.53
45 2.75 0.433 0.16 0.276 1.57
60 3.62 0.954 0.26 0.345 2.77
75 6.49 1.254 0.19 0.588 2.13
90 n.d. 3.252 0.746 - 4.36

11~ Iog c (N)
-4 1.85 0.324 0.18 0.073 4.44
-3 2.40 0.496 0.21 0.243 2.04
-2 3.81 0.954 0.25 0.346 2.76
-1 4.57 1.165 0.25 0.377 3.09

0.22

B, Zinc

I, RH(~t)
3u 0.89 0.42 0.47 0.05 8.11
45 0.48 0.46 0.96 0.07 6.50
bO 0.87 0.59 0.68 0.11 5.36
75 0.90 0.68 0.76 0.19 3.50
90 n.d. L14 0.39 2.95

II, log c(N)
-4 0.70 0.25 0.36 0.04 5.83
-3 0.98 u.3 1 0.32 0.06 4.97
-2 1.06 0.59 0.56 0.11 5.36
-l 1.45 2.55 1.76 0.19 13.63

n.d. - not determined
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increase in a linear fashion with log c, the Integrated charge Q decreases

steeply with decreasing log c (and lower conductivity). 
~~eff 

decreases
most likely in a similar manner leading to k-values which depend on the

conductivity of the electrolyte. A more detailed analysis of the effects

of IR-drop cannot be given at present. An evaluation of this phenomenon

Is p lanned using AC impedance measurements from whi ch the so lution res istance
and the polarization resistance can be detennined simultaneously.

The discussion of the correlation between weight loss and electro-

chemica l data has shown that the ACM measurements can at present be used

only as a qualit ative measure of corros ion rates. Since for steel a constant
cell factor was found, the necessary corrections can be made when ACM data
are converted into corros ion rates. Cell factors should also be determined
in outdoor exposure to evaluate whether similar correlations are observed

as in the laboratory test.

Despite the uncertainties associated wi th the electrochemical

techniques , they are valua ble for researc h and monitoring purposes to follow

large changes of corrosion rates wi th any desired time resolution which

is not possible wi th weight loss techniques.

(,
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Task 4. Electrochemical Monitoring of Atmospheric Corrosion Phenomenon

The task on electrochemi cal monitoring was initiated at the very

beginning of this project. The objective of this task was to collect on a

continuous basis a record of the changes of atmospheric corrosion behavior

over a period of several years and to analyze these data in terms of time-

of-wetness tw and -- if possible -- corrosion rates. This goal was approached

by using atmospheric corrosion monitors (ACM) of the galvanic type (e.g.

Cu/steel or Cu/zinc ) which have the advantage that the experimental approach

Is very simpl e requiring only a measurement of the galvanic current. Provided

that the corrosion reaction is diffusion controlled , the galvanic current

equals the corrosion current. Integration of the daily current-time curves

would represent under these conditions a measurement of the corrosion rate of

the anodic metal (steel, zinc ) in the ACM and provide a measure of the corrosivity

of a given test site. In the work carried out under this contract, corrosion

rates have not been calculated due to the lack of a simple, Inexpensive inte-

gration system and the uncertainty of the exact corrosion mechanism as dis-

cussed In Tasks 2 and 3. Instead , the logarithm of the galvanic current 1
9

has been recorded s imultaneously with RH and temperature T. From these data
the time-of-wetness has been determined as the time during which ‘g exceeds the
background current of the amplifier. In addition , for a selected time period

In 1978, the distribution of different 1~ and RH levels as a function of

time has also been obtained In order to determine the relationship between

and RH.

The recording of the 1
9
-data on a daily basis results in a very

large variety of Information which cannot be reproduced here. Figure 36 is

a typical example for formation and disappearance of electrolyte between the )

94
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early evening and the early morning hours. Based on the observations made

wi th these sensors it has been concluded that the ACM surface is covered

wi th bulk electrolyte formed from dew in the last five hours before the sur-

face dries out. The drying out process leads to a strong rise in the current

as can be seen in the linear 1
9
-time trace of Fig. 36. This behavior illus-

trates again the importance of the drying-out process which has been dis-

cussed in detail in the previous tasks.

Further exampl es for I~ RH and I measurements on the Science Center

roof are shown in Figs. 37 and 38. There is an inverse relationship between

RH and 1, while RH and ‘g show very similar behavior. The effect of rain can

be seen for 10-30-1975 in Fig. 37a and the effect of a number of very dry days

in Fig. 37b. The total hours for which I~ has exceeded the background

current are a l so shown in Figs. 37 and 38. When these early measurements

were analyzed , it seemed that the rise and decay of tg correlated wel l with the

time at which RH exceeded 40% (6,10). It should be noted that both I~ and RH

can have large changes In a relatively short time period which makes it diffi-

cul t to determine the exact relationship between I~ and RH from the daily

records. There is close agreement between both time periods; however, as :~the following discussion will show, RH 40% is too low for the “critical

relative humidity ” on the Science Center roof. As an example for a correla-

tion between tw and the time for which RH~ ’80%, the cumulative hours for both

types of data are plotted In Fig. 39 for March 1977. There is very close

agreement which seems to Indicate that the time for which an ACM signal Is

observed Is very close to time t80 for which RH exceeds 80%. An analysis of

C the data obtained on the Science Center roof was then Initiated which determined

for the time period between 1976 and 1978 monthly averages of the t~- and
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t80-values . The results of this analysis in Fig. 40 show that average tw~
values as high as 22.8h/day (95%) and as low as 4.5h/day (19%) can occur.

For the rather dry year 1977 , t~ did not exceed 17h /day (7 1%), while for

the rainy time between December 1977 and Apri l 1978 , t~ exceeded 16h/day

(67%) for five consecuti ve months. For the time between June and September

1978 the t -data were determined as the time for which I~ exceeded 0.05 ~A

which l eads to somewhat lower va l ues than the previous practice where the

time at which the signal exceeded the background current was used . It will

be noticed referring to Fig. 36 that for most of the wetness period the cor-

rosion current is rather low; si gnificant corrosion occurs only during the last

few hours. It might be advantageous to define the time-of-wetness as the time

at which a certain corrosion rate, for example lj.~n/year is exceeded , which

would correspond to about 0.1 uA/cm2 for steel and 0.07 ji A/cm2 for zinc . Such

an approach would reduce the tv-data in Fig. 40 considerably. Further dis-

cussion concerning this important question is necessary.

Atmospheric corrosion data have also been recorded at several test

sites in St. Louis, MO, where the author has conducted a thirty month ex-

posure study of a number of metals and non-metals as part of the RAPS/RAMS

program sponsored by the EPA (23). ACMs were exposed at up to four test sites

for the time period between October 1975 and March 1977. The ACM signal has

been recorded on tape, the present analysis has used hourly averages.

FIgure 41 shows as an exampl e the cumulative t -data for four test sites In

December 1976. It can be seen that there are discontinuities reflecting

different climatic conditions. For sites #103, 106, and 112 time-of-wetness

amounts to 20-30% per day while for site #122 it was less than 10%. In order

to relate tw-data to RH and temperature T, plots of tw l RH and I have been
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FIg. 40 Monthly averages of the time-of-wetness t~ and the time t80 for which
RH exceeds 80%, Science Center roof.
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prepared for the time period . In general , tw~ 
and RH-values showed similar

changes. The reasons for the different behavior at site #112 where some

corrosion activity occurred for several days at which no signal was observed

at the other sites cannot be explained based on daily or monthly average

atmospheric data. This different behavior might be due to small , local vari-

ations In atmospheric parameters leading to different periods of dew, etc.

The temperature at site #122 is always lower than at the other three sites;

it Is interesting to note that time-of-wetness values were recorded at site

#103 even at daily average temperatures as low as -10°C. These results show

that a detailed analysis of factors l eading to atmospheric corrosion has to

use atmospheric parameters determined as hourly averages or shorter intervals

in order to explain the results obtained with the sensitive electrochemical

techniques .

A compari son of t~- and t80-data In Fig. 40 shows that In almost all

cases tw is higher which suggests that a better correlation could be obtained

for an even higher “critical” RH. The data for I~ and RH were, therefore,

analyzed In a still different manner following a suggestion of Peter Serada,

who is heading a task group on time-of-wetness measurements In ASTM GO1 .04,

in which the author is participating. Two identical galvanic cells developed

in Sereda ’s laboratory In Canada which consist of very small (1.20 x 1.25Cm) gold

and zinc electrodes fabricated like an integrated circuit which are mounted

on a gal van ized steel panel , have been exposed at the same location as the

Cu/zinc ACM on the Science Center roof. Plots have been prepared which show

the percent of time for which RH and I~ exceed certain levels. For Sereda ’s

(
~) 

cel l the potential difference AE between gold and zinc was measured and plotted

in a similar way. From these plots (Figs. 43, 44 and 45), the dependence of
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log ‘g on RH and AE on RH can be constructed as shown in Fi gs. 46 and 47.

The RH-percent of time curve has a characteristic shape with almost identical

data for June and July 1978, a small shift to lower va l ues for September

and a somewhat larger shift to higher RH-values for August (Fig. 43). The

distribution of log ‘g wi th time is shown in Fig. 44. For the distri bution

of i~E data for the two Au/Zn cells in Fig. 45 relatively large differences

for different months are observed with August havIng the highest values and

also some smaller differences between the two cells. The resulting plot of

log 1g as a function of RH suggests an exponential relationship with signi-

ficant corrosion occurring only for RH >70-90%. (Fig. 46). Contrary to the

Au/Zn results (Fig. 47) for which there are no definite differences for the

four months under investigation , differences occur for the Cu/Zn ACM. For

example, 1g 
= 0.05 ~A corresponds to RH = 82% for July and 93.5% for June.

For the Au/Zn cells a measurable potential difference is observed only for

RH ~~
‘ 90% (Fig. 45). These differences between two designs , which might be due

to different measurement principles , different mass , different spacing of the

electrodes, etc. deserve further evaluation . The result In Fig. 47 which

Indicates that a potential difference between Au and Zn exists. only in the very

narrow range between RH ~ 90 and 100% is somewhat surprising since the labor- 1

atory and outdoor exposure data obtained with galvanic AMCs have shown corrosion

activity at much lower RH values.

The task on electrochemical monitoring of atmospheric corrosion

phenomena has produced a vast amount of information which can be used as a

basis for a better understanding of this type of corrosion . Instrumentation

for monitoring purposes has been tested over a time period exceeding three

) ;S
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Fig. 44 Distri butIon of log Ig as a function of time for June to September 1978,
Cu-Zn ACM.
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Fig. 45 Distribution of potential difference in Au-Zn cells for June to September

( 1978.
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Fig. 46 Dependence of log Ig on RH for June to September 1978, Cu-Zn ACM .
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years. From the continuous recording of RH , temperature and ACM output

correlations can be obtained between these parameters. An exponential re-

lationship between the logarithm of the galvanic current, which is closely

related to the corrosion rate, and RH Is indicated for Cu/Zn and Cu/steel S

ACMs. The data obtained in St. Louis , Mo. were not analyzed in any detail

under a previous EPA contract and only a few time-of-wetness data have been

prepared under this contract. Since the RAPS/RAMS data contain minute averages

for the electrochemical data and atmospheric data such as wind direction ,

wind speed, RH, temperature and concentration of pollutants such as SO2, H2S,

03 and particulate matter such as su l fates and nitrates, an opportunity exists

for a thorugh statistical analysis of the Influence of atmospheric conditions

on the response of the ACM5. The results of such an analysis could then be

compared with the weight loss data for weathering steel and galvanized steel

which have been compiled for a 30 month period. This would result in a very

important evaluation of the usefulness of electrochemical measurements for

the determination of corrosivity of test sites . Due to lack of funds such

an analysis has not yet been prepared.
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Task 5. SAM Analysis of Corrosion Product Chemistry

Duplicating the procedure used for the weight loss experiments dis-

cussed in Task 2, 4130 steel and Zn specimens with thin electrolyte layers

(0.5 nm ) on their surfaces were exposed to air , air plus 1 ppm SO2, nitrogen,

and. nitrogen plus 1 ppm SO2 (RH = 75%). The dried samples were transferred

to the SAM for analysis of the corrosion products. The exposure period was

limi ted to 30 minutes because exposure until the surface had completely dried

out produced corrosion products which were non-conductive as evidence by

charging in the SAM.

a. 4130 Steel

Figure 48 shows a photomicrograph of the steel surface after exposure

to distilled water in air (RH = 60%). Localized attack originated at in-

clusions at points 1, 4 and 5. These inclusions were approximately 5O um

in diameter; Auger analysis indicated that they were chromium sulfide . Rust

spread radially outward from the chromium sul fide initiation sites reaching

a maximum diameter of approximately 0.5 nm after a 30 minute exposure.

The morphology of the attacked surface after exposure to 0.O1N HC1 in

air was similar to that resulting from exposure to distilled water. The dif- -
~~~~~

ference was the presence of a “crater” In the center of most of the rust spots.

The chromium sulfide Inclusion was in the center of the “crater” as shown In

Fig. 49a. Sulfur was found in a wide region around the chromi um sulfide

inclusions suggesting that the inclusions underwent dissolution. The sulfur

distribution is shown in the Auger map of sulfur in Fig. 49b. Chlorine

was detected over the entire region of the bottom of the crater; however,

/ )
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Fig. 48 Morphology of the attacked surface of 4130 steel
after exposure to distilled H20 In humid air.
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Fig. 49 (a) Photomicrograph of attacked region of 4130 steel with O.O1N
HC1 layer on the surface, (b) Auger sulfur map of region shown
i n (a).
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neither sulfur nor chlorine were found in regions outside the crater. It

is not clear whether the crater results from metal dissolution , or whether

it is the region which was originally occupied by the partially dissolved

chromium carbide particle.

The attacked surface of the steel resulting from exposure to a H2S04
layer In humid air had an appearance similar to that which resulted from

exposure to an HC1 film. However, unlike the HC1 results no craters were

observed where the substrate had been dissolved . Instead in the center of

some of the rust spots there was a region which had a “salad bowl ” appearance.

Such a region is shown in Fig. 50. Sulfur was detected in the bottom

(indicated by spectrum 78) but not on the wal ls of these regions. Since

chromium was not observed, these results suggest that corrosion initiated at

some sites where there were no sulfide inclusions.

The surface of 4130 steel after exposure to dist. H20 in air + 1 ppm

~°2 (Fig. 51) has the same appearance as the surface resulting from exposure

to air without SO2 (Fig. 48). However , two types of initiation sites for cor-

rosion were observed as in the case of exposure to H2S04 in air (Fig. 50). The

particle in the attacked area in the center of the photomicrograph is

chromium sulfide . Auger analysis indicated the presence of sulfur In the

center of the other rust spots , but no chromium could be observed . Sulfur

was not detected in the mounded area or on the unattacked surface. These

results suggest that in the presence of SO2, sulfide inclusions are not re- S

quired for Initiation.
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Fig. 50 Unattacked area in the center of a rust spot S

which resulted from exposure to a thin surface
fi lm of H2S04 in air. Note polishin g mark at I

the bottom of the “salad bowl .”
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Fig. 51 The attacked surface of 4130 steel after
exposure to distilled H20 in air and 1 ppmSO2.
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The results for specimens exposed to SO2 with thin layers of HC1 and

H2S04 on their surfaces were similar to those for specimens exposed to

distilled water in air + SO2 as discussed above (Fig. 51). Rust spots were

observed both with and without sulfide inclusions. The specimen exposed to

the HC1 layer had chlorine over the entire surface; whereas, that which had

been exposed to H2S04 had sulfur only in the center of the rust spots. These

results differ from those for exposure to acid layers in air in that no

craters were found on the surfaces.

The morphology of the attacked surface was the same for the four

N2 exposure experiments (N2 + H20, N2 + SO2 + H20, N2 + HC1 , and N2 + SO2
+ HC1). The mounded disc shaped rust spots, which result from exposure

to air In the experiments in air , did not occur when steel specimens were

exposed to nitrogen ; rather, the attacked surface had a stained appearance.

This is shown in Fig. 52 for the spec imen which was exposed to a thin HC1 layer.

The particles are ferric or ferrous chloride. Chromium sulfide particles were

observed on the surface; however, they apparently were not initiation sites

for corrosion .

A change in surface composition occurred whenever there was a change in

the environmental species. High chloride concentrations over the entire

surface were observed after exposure to HC1 i n N2. Exposure to H20 or HC1

in N2 + SO2 resulted in a high sulfur concentration over the entire surface.

However, the sulfur was present only in the surface layers of the surface

oxide film since it was quickly removed by sputtering . S
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Fig. 52 The surface of 4130 steel after exposure to a thin
surface layer of 0.01 N HC1 in N2.
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b. Zinc

The zinc (99.9%) specimens which had been exposed to thin layers of

distilled water, HC1 or H2S04 in air were covered wi th a uniform film

approximately 2000A thick. There was no evidence of localized attack. The

films on the surfaces formed under a thin HC1 layer or a thin water layer were

oxides. The former had chlorides on the surface and in the near surface

layers. A sulfate surface film was formed on the sample exposed to H2S04.

The surfaces resulting from exposure to air + SO2 had uniform zinc sulfate

films . No difference in composition was found between corrosion products re-

sulting from a thin water layer on the surface and that resulting from a

thin H2S04 layer. Figure 53 is a photomicrograph of the Zn surface after

exposure to a thin surface layer of H2S04 in air + SO2. This Is typical of

all exposure conditions. The film resul ting from exposure to a thin HC1 layer

contained chloride in addition to sulfate. There was no evidence of localized

attack.

The substitution of N2 for air did not change the results . Whenever

SO2 or H2SO4 were present, the surface film was zinc sulfate; otherwise It

was zinc oxide. No attack was evident when HC1 was placed on the surface;

however, chloride ions were present In the fIlm. When this film was sputtered

by argon ion bombardment, chloride was detected throughout the entire film.

S 
The results for 4130 steel have shown that corrosion initiated at

chromium sulfide inclusions when the steel was exposed to dist. H20 or HC1

in air. When exposed to H2S04 in air or to any of the three solutions in
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Fig. 53 Photomicrograph of a typical surface region of Zn
surface after exposure to thin surface layer of
H2S04 in a ir and SO2. 
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air + SO2, both chromi um sulfide inclusions and areas wi thout inclusions

were initiation sites for corrosion . Sulfate was detected in the center

of the latter areas, but not in the surrounding rust areas. Heiml er and

Vannenberg (24) have made simi lar observations with the SEM. A repeat of

the present experiments with pure iron which would have eliminated the sulfide

inclusions as initiation sites for corrosion could not be carrie~d out before

the end of this project.

Initiation sites for corrosion were not observed for zinc . The cor-

rosion product contained sul fate in al l cases of exposure to air + SO2~
N2 + SO2 and , of course, to H2S04. The presence of sul fate in the corrosion

products of zinc exposed to HC1 in air + SO2 probably is the reason of the

similarity of weight loss data obtained under these conditions and for exposure

to H2S04 (see Task 2). The sulfate film is apparently more protective than an

oxide film. S

(5- 
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Task 6. Atmospheric Corrosion Literature

During the duration of this program, publ ications dealing with basic

aspects of atmospheric corrosion have been collected . A bi bliography has

been prepared which has been published separately as part of this final S

report . 171 papers are listed with the title of the paper, the name of the

authors , journal reference and abstract if provided by the authors.

It is interesting to note that before 1950 usually only one and before S

1960 only 2 or 3 papers are listed per year. Between 1960 and 1969 the average

was about 5 papers except for 1968 where a symposium on atmospheric corrosion

was held which resulted in the publ ication of an ASTM Special Technical

Publ ication. From 1970 on more than 10 papers are usually listed per year. S

This increased activity is mainly due to contributions from Europe, Japan S

and the USSR. The number of papers from the USA is still very small averaging

two per year compared to more than three per year from the USSR and more

than five per year from other countries. The low level of activity in basic

atmospheric corrosion research in the USA is surprising considering the

importance of this form of corrosion. It Is hoped that more attention wi ll

be paid to atmospheric corrosion in the future. Recent symposia organized by

the principa l Investigator of this project (Electrochemical Society Meeting

October 1978, NACE Research Conference March 1979) seem to indicate an increased

interest in atmospheric corrosion. The Corrosion Division of the Electro-

chemical Society is organizing a major international symposium on atmospheric S

corrosion to be held in October 1980. 5 
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D. Sumary and Conclusions

The emphasis in the initial phases of this program was on developing

an improved approach to electrochemical monitoring of atmospheric corrosion

phenomena in outdoor exposure. This work was based on results which had

been obtained prior to the start of this project on evaluation of the per-

formance of atmospheric corrosion monitors (ACM) based on gal van ic couples

such as Cu-steel and Cu-zinc. ACMs have been exposed continuously on the

Science Center roof since 1976 where RH and temperature have also been re- 5

corded ontinuously. As a result of this effort it has been possible to

validate the usefulness of the experimental approach. ASTM Subconiiii ttee

GO1.04 has asked the principal investigator to lead a task group which

will develop a standard reconmended practice for outdoor monitoring of

atmospheric corrosion based on the ACM concept.

The electrochemical data obtained on the Science Center roof In Thousand
5 

Oaks, Cal ifornia have also been analyzed in terms of time-of-wetness data

which are now available for the time between January 1976 and September 1976.

Large fluctuations from month to month and for the different seasons of the

year can be observed. Further analysis involved the determination of the

dally varlations of the galvanic current 1g and RH over a four months period . 
S

Based on these results it seems that a well defined critical RH does not

exi st , variations in atmospheric conditions can presumably lead to changes

In surface chemistry which in turn can lead to changes In the RH at which

condensation first occurs. Nevertheless, the analysis of the distribution

of 1g and RH leads to a correlation between the two parameters which shows S
a stee p Increase of wi th RH for RH)’70% in the form of:

(
~ 

S
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log log ‘g 
= C

0 
+ c

1 
RH (18)

It would be desirable to perform similar experiments at test sites with

different climatic conditions in order to determine whether Eq. 18 applies

in al l cases and to obtain numerical values for the constants c0 and c1.

ACMs have also been exposed in St. Louis, Mo. where an exposure program

has been conducted for the EPA. A large number of atmospheric parameters

have been monitored continuously at each test site in this project, which

provides a unique opportunity to develop correlations between time-of-wetness,

corrosion rates and atmospheric conditions. Unfortunately, due to lack of

funding it has not been possible yet to perform the necessary statistical

S analyses. S

The main part of this project was devoted to electrochemical studies

S of atmospheri c corrosion phenomena in the laboratory. The atmospheric I.

corrosion process is different from the more frequently studied corrosion

process under total inmnersion insofar as corrosion occurs only during certain

time periods during which electrolyte is present - to so—called time-of-

wetness t~. The chemical nature of corrosion products plays an Important

role in determining t~. The corrosion reaction occurs within thin electro-

lyte layers which condensate at RH<100% due to th~ action of the corrosion

products. In order to study this complicated process a new experimental

approach had to be developed which can simulate as close as possible the

conditIons occurring under natural exposure. The few experimental techniques

discussed in the literature have all serious drawbacks, the classical electro-

chemical technique for thin-layer studies cannot be used since it creates r
the situation of crevice corrosion. The approach utilized in this study

r i 
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took advantage of the existing ACM design which was modified to provide two-

and three-electrode systems. The advantage of this technique is that all

electrodes are located in the same plane which is very important for thin

layer studies. Such ACMs were exposed in glass cells through which humid

air at any desired RH was flowing. SO2 could be added using a gas mixing

S system designed under this contract.

In the first set of thin layer studies potentiodynamic anodic and

cathodic polarization curves were recorded for steel , zinc , Cu and Al under

layers of NaCl and Na2SO4 of 100 to l0O0~~m thickness. Normal Tafel be- S

havior was observed contrary to Rosenfeld’s results (2) with little infl uence

of layer thickness on Tafel slopes or corrosion rates. The limiting current 
S

for oxygen reduction was found to be directly proportional to the Inverse

film thickness. By determining the corrosion kinetics under thin layers as

a function of time using computer analysis of polarization resistance measure-

ments (12) it was found that as the electrolyte layers dry out and become

thinner, the corrosion mechanism changes from diffusion to charge transfer

control. The corrosion rate can, therefore, increase to some extent during

the drying out process but eventually will remain smaller than one would

expect from the amount of oxygen which reaches the surface. These kinetic

measurements are believed to be the first results reported under the condi-

tions of thin layer corrosion. 
S

Analysis of the ACM data from outdoor exposure and the results of the

kinetic studies had shown that corrosion during the drying out period of

electrolyte layers presents an Important contri bution to the overall cor-

() rosion loss. The drying-out process was, therefore, studied in more detail

using the two-electrode polarization resistance technique . A large amount
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of data has been obtained in this manner in which the effects of electrolyte

composition (0.OlN NaC1 or Na2SO4), additions of ~°2 
(0.1 or 1.0 ppm) and S

nature of the test metal (4130 steel , zinc , Cu and Al 6061) were evaluated .

These data were also used to determine whether corrosion rates calculated

from the electrochemical represented the true corrosion rates. For this

purpose weightioss data were obtained under identical conditions using hori-

zontal plates which were covered with layers (0.5 nm ) of NaC1 , Na2SO4, HC1 ,

H2504 (0.OlN) or dist. H20 and were allowed to dry out at different RH values.

By comparison wi th weight loss data obtained in exposure to bulk solutions

S it was found that corrosion under thin l ayers leads in most cases to much

higher corrosion rates, which confirmed the trends observed by the electro-

chemical ACM data in outdoor exposure. A direct comparison of weight loss

and electrochemical data showed that the electrochemical data underestimate

the true corrosion rates probably due to IR-drop effects and uncertainties

1n the conversion from polarization resistance data into corrosion rates.

A cell factor can be calculated which could be used to convert electro-

chemical data obtained in outdoor or laboratory experiments Into corrosion

rates. Despite these shortcomings the electrochemical techniques are
S
y~~

believed to be extremely valuable for detecting changes in corrosion be-

havior due to changes in environmental conditions and for monitoring purposes.

The importance of corrosion product chemistry and the usefulness of

various compounds proposed as vapor phase inhibitor was also studied with

electrochemical techniques. Chlorides present in rust were shown to greatly

increase corrosion rates by increasing the time—of-wetness. NaNO2 and S

0
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dichan were shown to be effective in the presence of chlorides , but less

effective in the presence of sulfates.

In the fina l phase of this project surface analyses (SAM) of corrosion

products formed under thin electrolyte layers in air or nitrogen with or

without 1 ppm SO2 were performed. For 4130 steel chromium sulfide inclusions

were observed as initiation sites for corrosion in the absence of SO2. If

SO2 was present corrosion was found to occur also on a second kind of sites

which contained sulfates. Both steel and zinc surfaces were covered with

sulfate when SO2 was present in air or nitrogen . These results might explain

the inhibiting effect of SO2 observed for zinc covered with MCi or dist. H20

in air + SO2 compared to air exposure .

As part of this final report a compilation of important papers dealing

with basic aspects of atmospheric corrosion has been prepared which contains

abstracts of the papers if provided by the authors . This report has been

issued separately.

It Is hoped that the results of the research discussed in this final

report and the publications published or to be published will stimulate

further research in this area . The number of symposia on the topic of

atmospheric corrosion is Increasing, the principa l investigator has arranged

and chaired two recent symposia. A number of publ ications have appeared

which make reference to the results of our investigations and use the

electrochemical techniques developed. Gonzales (24), for example, has

performed polarization resistance studies in laboratory and outdoor exposure

() 
S
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using ACMs as discussed in this report. Other authors have used the basic

principles discussed in our earlier papers 
S

Release of the unpublished results of this investigation should l ead to

further discussion and additional research.
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