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FOREWORD

The Symposium on Degradation of Metals in the Atmosphere was pre-
sented at Philadelphia, PA, on 12-13 May 1986, The symposium was spon-
sored by ASTM Committee G-1 on Corrosion of Metals. Sheldon W. Dean,
Air Products and Chemicals, Inc., and T. S. Lee, National Association of
Corrosion Engineers, served as chairmen of the symposium and are editors of
the resulting publication.
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Introduction

ASTM has provided leadership in generating information on atmospheric corrosion since
1906 when the first ASTM exposure program was initiated. Much of the early test work was
aimed at evaluating the effective life of protective coatings so that meaningful specifications
could be written. In 1964, Committee G-1 on the Corrosion of Metals was formed, and its scope
included “the promotion and stimulation of research” and “collection of engineering data relat-
ing to the corrosion of metals.” Subcommittee G01.04 on Atmospheric Corrosion has pursued
these goals through a series of symposia that have resulted in Special Technical Publications
(STPs).

The first of these symposia was held in Boston, MA, 25-30 June 1967 and resulted in ASTM
STP 435 [1). The next symposium was held in Philadelphia, PA, 24-29 June 1973, and the
papers were published in STP 558 [2], together with the papers of two other symposia. The
Golden Anniversary Symposium commemorating 50 years Atmospheric Exposure Testing at
the State College Rural Test Site was held at Pennsylvania State University, State College, PA,
18-19 May 1976, and the papers were published in STP 646 [3]. The Symposium on Atmo-
spheric Corrosion of Metals was held in Denver, CO, 19-20 May 1980 and resulted in STP 767
[4]. The approach of using symposia has allowed wide participation and more comprehensive
coverage of the subject. Contributions from sources outside the United States have also given
these publications an international scope.

The Symposium on Degradation of Metals in the Atmosphere was organized as a continua-
tion of the atmospheric corrosion series. The following goals were identified for the symposium:

* to highlight the performance of new alloys and metallic combinations, including metallic
coatings,

* to report on the behavior of metals and alloys used in atmospheric service,

* to provide updated information on the effects of sulfur oxides and other accelerators of
atmospheric corrosion,

® to report on studies showing correlation between atmospheric exposure results and labora-
tory tests designed to simulate atmospheric service, and

® to discuss the development and use of standards to control and minimize the atmospheric
corrosion of metals.

The atmosphere has undergone significant changes in the past two decades in the United
States. The efforts to reduce air pollution levels have resulted in significant reductions in
ground level sulfur dioxide concentration, together with reduced lead content in particulates
near highways. However, the use of tall stacks on coal fired electric power generating facilities
has created widespread concerns about acid precipitation. Increased usage of deicing salts to
maintain ice and snow-free thoroughfares have also increased the prevalence of chlorides in
nonmarine environments. The development of atmospheric monitoring systems and the wide-
spread availability of computers have made possible extensive modeling and correlation studies.
All of these developments have made the study of atmospheric corrosion a dynamic and chal-
lenging field in spite of eight decades of work.

The symposium that was held 12-14 May 1986 in Philadelphia featured 30 speakers on a wide
variety of topics. All the major engineering metals were covered, including weathering and
structural steel, stainless steels, zinc galvanized steel, aluminum and copper alloys. Several

C,opyrigln@ 1987 by ASTM International www.astin.org
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2 DEGRADATION OF METALS IN THE ATMOSPHERE

other papers on atmospheric effects, corrosion monitoring, clad metals, and computer model-
ing rounded out the program.

In 1976, the first plenary meeting of the International Organization for Standardization
(ISO) Technical Committee 156 in Corrosion of Metals and Alloys met and identified atmo-
spheric corrosion as a priority area for standards development. Two working groups were
formed to address aspects of atmospheric corrosion. Working Group 3 (ISO/TC 156/WG3)
was concerned with corrosion test methods, while Working Group 4 (ISO/TC 156/WG4) was
concerned with classification of atmospheric corrosivity. Working Group 4 is now sponsoring an
atmospheric exposure program that is described in this STP.

In view of the wide coverage and international participation in this symposium, this STP
provides a cross section of the state of the art in atmospheric corrosion testing in the mid 1980s.
Taken with the other ASTM STPs, it provides a comprehensive view of the subject. However,
the field is continuing to develop and more symposia will be needed in the future.

References

{1} Metal Corrosion in the Atmosphere, STP 435, American Society for Testing and Materials, Philadel-
phia, 1968.

{2} Corrosion in Natural Environments, STP 558, American Society for Testing and Materials, Philadel-
phia, 1974.

[3] Atmospheric Factors Affecting the Corrosion of Engineering Metals, STP 646, S. K. Coburn, Ed.,
American Society for Testing and Materials, Philadelphia, 1978.

[4] Atmospheric Corrosion of Metals, STP 767, S. W. Dean, Jr. and E. C. Rhea, Eds., American Society
for Testing and Materials, Philadeiphia, 1982.
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Air Products and Chemicals, Inc., Allentown,
PA 18105; symposium cochairman and co-
editor.

T. S. Lee

National Association of Corrosion Engineers,
Houston, TX 77218; symposium cochair-
man and coeditor.
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Sixteen-Year Atmospheric Corrosion
Performance of Weathering Steels in
Marine, Rural, and Industrial
Environments

REFERENCE: Shastry, C. R., Friel, J. J., and Townsend, H. E., “Sixteen-Year Atmospheric
Corrosion Performance of Weathering Steels in Marine, Rural, and Industrial Environments,”
Degradation of Metals in the Atmosphere, ASTM STP 965, S. W. Dean and T. S. Lee, Eds.,
American Society of Testing and Materials, Philadelphia, 1988, pp. 5-15.

ABSTRACT: Weathering steels ASTM A 242-Type 1 and ASTM A 588-Grade B and steels with
0.21 and 0.021% copper are tested for atmospheric corrosion resistance in marine, rural, and
industrial environments. The 16-year atmospheric exposure test results obey well the kinetic equa-
tions of the form C = AtB, where C is the corrosion loss, ¢ is time, and A and B are constants. The
corrosion resistance of steels is compared on the basis of times required to achieve a 250 pm thick-
ness loss calculated using the rate equations. In these environments, weathering steel ASTM
A 242 is at least 16 times more corrosion resistant than the 0.021 % copper steel and at least four
times more cortosion resistant than the 0.21% copper steel. Similarly; weathering steel ASTM
A 588 is about eight times more durable than the 0.021% copper steel and at least two times more
durable than the 0.21% copper steel.

KEY WORDS: corrosion, corrosion tests, atmospheric corrosion, industrial environment, marine
environment, rural envitonment, steels, weathering steel, kinetics, regression analysis

Atmospheric corrosion can lead to the deterioration of steel structures. Although the effects
of corrosion can be reduced by painting, it is often more advantageous to make use of mainte-
nance-free weathering steels. The term weathering steel applies to a class of low-alloy steels that
contain small amounts of such alloying elements as Cu, Cr, Ni, P and Si, which promote the
formation of a protective rust layer that acts as a self-healing barrier against further corrosion.
The attractive and protective rust layers that develop on these steels during outdoor exposure,
coupled with no need for maintenance, have provided the necessary impetus for the widespread
use of weathering steels over the years in a variety of structural applications including buildings
and bridges.

The weathering steels are covered by ASTM Specification (A 588-77a, Grade B) for high-
strength low-alloy structural steel with 345 MPa (50,000 psi) minimum yield strength to 102 mm
thick and by Specification (A 242-75, Type 1) for high strength low-alloy structural steel. Beth-
lehem produces both of these grades under the trade names Mayari R-50 and Mayari R, respec-
tively. The main difference between the two grades is in their P content, which in the case of
A 242 is about 0.10%, whereas for the A 588 steel it is held below 0.04% for improved tough-

'Engineer and Senior Research Fellow, respectively, Product Research Division, Research Department,
Bethlehem Steel Corp., Bethlehem, PA 18016.

2Formerly Senior Scientist, Bethlehem Steel Corp., now Director, Microanalysis Research, Princeton
Gamma-Tech, Princeton, NJ 08540.
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ness and weldability. The complete analysis of the two Bethlehem grades is given in Table 1
along with the corresponding ASTM specifications. The revised A 588 Specification (A 588-82,
Grade B) has a higher upper limit for Si than the earlier (A 588-77a, Grade B) version (0.50%
versus 0.30%). This change was made in order to further enhance the corrosion resistance of
this steel based on published information on the effect of Si [1]. It is expected that the atmo-
spheric corrosion performance of the new grade (A 588-82, Grade B) will be better than that of
the earlier (A 588-77a, Grade B).

Atmospheric corrosion performance of weathering steels is usually measured in terms of
thickness loss over a period of time. In an earlier paper [2], the eight-year atmospheric corrosion
performance of A 588 weathering steel in industrial, rural, and marine environments was de-
scribed. It was shown that the atmospheric corrosion performance of A 588-77a, Grade B ex-
ceeds the ASTM specification that the weathering steel be two times more durable than carbon
structural steel with copper (0.20 minimum-percent Cu), and four times more durable than
carbon structural steel without copper (0.02 maximum-percent Cu).

We have now obtained 16-year atmospheric exposure test results which lend further support
to the above conclusion. Additionally, we have also obtained long-term atmospheric exposure
test results for the A 242-75, Type 1 weathering steel, which indicate an outstanding cotrosion
performance by this steel in all three types of test environments. This paper presents the results
of 16-year outdoor corrosion tests on the two weathering steels (A 588-77a, Grade B and A 242-
75 Type 1) in three different environments and compares their performance with that of carbon
structural steels both with and without copper.

Materials and Test Procedures

The composition of steels tested is given in Table 1. Plant-produced 38-mm thick weathering
steel plates are hot-rolled in our laboratories to 2.5-mm thickness, and from these sheets, panels
measuring approximately 150 mm X 100 mm X 2.5 mm (6in. X 4in. X 0.1 in.) are cut, grit-
blasted, stamped with identification, degreased, and weighed before atmospheric exposure.

The steel containing 0.21% copper is similarly prepared from 5 mm plate. The steel with
0.021% copper is procured in the form of cold-rolled and annealed 2.8-mm (0.11 in.) carbon
steel sheet. The latter steel is similar to that used by Coburn et al. [3] in an ASTM study to
determine the severity of various atmospheric test sites.

The test panels are exposed 30° from the horizontal, with skyward surfaces facing south at
three test sites (described below) representing a broad range of environmental conditions:

1. Kure Beach, NC: This is an internationally known marine test site located about 250 m
from the open Atlantic Ocean, and is operated by the LaQue Center for Corrosion Technology.

2. Saylorsburg, PA: This site is located in the Pocono Mountains about 50 km north of
Bethlehem. The site is operated by Bethlehem Steel.

3. Bethlehem, PA: This is an industrial site in the proximity (3 km) of Bethlehem Steel’s
integrated steel making facility.

A comparison of these sites over the years 1968 to 1984 is given in Fig. 1. This figure shows the
corrosion loss of 1.2-mm, thick-rolled pure zinc panels (Zn = 99.85%, Pb = 0.09%, Al <
0.005%, Cu < 0.005%, Cd < 0.01%, Mg < 0.005%, Sn < 0.005%, Fe = 0.02%) exposed as
controls at the same time as the test specimens. The zinc corrosion rate averaged 1.64 um/year
at the Saylorsburg site, 1.91 um/year at Bethlehem, and 2.12 pm/year at Kure Beach.

Exposed duplicate specimens were removed after one, two, six, eight, and 16 years of expo-
sure, cleaned in a molten sodium hydroxide (NaOH)-sodium hydride (NaH) mixture to remove
corrosion products, and reweighed to determine metalf loss according to ASTM Recommended
Practice G 1-81. Details of the sodium hydride cleaning process are given in Du Pont publica-
tion SP 29-370 [4]. Briefly, our procedure consists of immersing preheated weathered steel pan-
els in a carrier bath of fused NaOH containing about 2% NaH at a temperature of 643 K + 10.
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FIG. 1—Corrosion of pure zinc from 1968 to 1984 at each site.
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Sodium hydride, the active descaling agent, is generated in the bath by reacting metallic Na and
H in generators that are partially immersed in the fused hydroxide bath. The time of immersion
is approximately 20 min. Following immersion, the panels are removed from the bath, allowed
to drain for a short time, and then quenched in water, scrubbed, and allowed to dry before
weighing.

Results and Discussion

Results of the cotrosion tests are plotted as a linear function of time in Figs. 2 to 4. Each point
in these figures represents the average of the corrosion loss values from duplicate specimens.
The individual values for the duplicate specimens differ in general by less than 5% of the aver-
age value. On the basis of these data, the steels can be qualitatively ranked in terms of their
corrosion resistance as follows: A 242 weathering steel > A 588 weathering steel > 0.21 Cu
steel > 0.021 Cu steel. When replotted on logarithmic scales, Figs. S to 7, the same data fit well
to straight lines. These straight line relationships can be represented by equations of the form
shown below:

logC =1logA + Blogt 1)

where

C = corrosion loss in micrometers,
t = time in years, and
A and B = constants.

The constants of the equation are obtained by linear regression analysis of these data, and are
shown in Table 2 along with the associated correlation coefficients, R. The R values listed in the
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FIG. 3—Corrosion performance of steels at Saylorsburg, PA.
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FIG. 5—Logarithmic plot of corrosion performance at Kure Beach, NC.
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TABLE 2—Regression coefficients for 16-year atmospheric corrosion data.

Weathering Steel ~ Weathering Steel

ASTM A ASTM A
242-Type 1 588-Grade B 0.21 Cu steel 0.021 Cu steel
Test Site A* B¢ R? A B R A B R A B R

Kure Beach, NC 23 057 0991 28 0.63 0998 30 076 0999 32 1.44 0.99
Saylorsburg, PA 21 036 0994 29 0.42 0994 29 057 0.997 33 0.65 0.99
Bethlehem, PA 32 020 0999 42 0.31 0977 48 0.37 099 76 0.32 0.997

“A and B are coefficients of the equation C = AtB, where C is the corrosion loss in micrometers and t the
exposure in years.
bR is the correlation coefficient of the least-square regression of the logarithms.

table are 0.990 or greater in all cases except one, indicating that 98% (R ?) of the changes with
time are accounted for by the rate equations.

To make quantitative comparisons of the corrosion resistance of steels, Eq 1 should be put in
the exponential form by taking antilogarithms of the terms

C = A? 2

From Eq 2, Townsend and Zoccola [5] developed relationships to quantitatively compare the
corrosion resistance of steels on the basis of corrosion loss after a fixed time of exposure, corro-
sion rates after a given period of exposure, and ratio of times required to achieve a particular
thickness loss. They showed that the first two criteria understate the advantages of most corro-
sion resistant materials in the less-corrosive environments within the time period of typical cor-
rosion tests, whereas the last criterion provides a more satisfactory basis for comparison. The
selection of loss of thickness for computation of the ratio of times should, however, meet the
following requirements:

1. The loss shouid be large enough to distinguish differences between materials.

2. The loss should not be so large that even the least corrosion-resistant material cannot
achieve it within a reasonably short time.

3. The loss should be within the design allowances. That is, the loss should result in an insig-
nificant reduction in load-bearing cross-sectional area.

Based on these considerations, Townsend and Zoccola [2] select a loss of 250 um (0.01 in.) for
the calculation of time ratios. The times to exhibit a 250 um thickness loss are calculated by

solving Eq 2 for time
C* /B
té = ii-A_} (3)

where

t* = time in years to achieve 250 um corrosion loss,
C* = corrosion loss selected (250 um), and
A and B = constants of the rate equation (see Table 2).

The same considerations can be used to specify a loss of thickness appropriate to each situa-
tion. The time to achieve a specified thickness loss thus provides a general basis for comparing
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14 DEGRADATION OF METALS IN THE ATMOSPHERE

the atmospheric corrosion performance of weathering steels. This is especially significant con-
sidering that no standard criteria are available in current ASTM specifications for comparing
the corrosion resistance of various weathering steels.

The times required to achieve 250-um corrosion loss and the ratio of times for the various
steels are shown in Table 3. The table shows that time ratios calculated for 0.21 Cu steel relative
to 0.021 Cu steel fall in the 2.0 to 3.9 range. This result thus conforms to the ASTM specifica-
tion that copper bearing steel have approximately twice the corrosion resistance of structural
steel without copper.

The time ratios for ASTM A 242 in Table 3 indicate that this weathering steel is 16 to over 700
times more durable than the 0.021 Cu steel and four to 336 times more durable than the 0.21 Cu
steel with the greatest relative durability occurring in the industrial environment. ASTM A 588
weathering steel is about eight times more corrosion resistant than the 0.021 Cu steel and two to
four times more corrosion resistant than the 0.21 Cu steel.

Table 3 also shows that the Kure Beach, NC test site has the most severe environment in
terms of long-term corrosivity. Saylorsburg, PA ranks next followed by the Bethlehem, PA site,
which is the least corrosive to these steels.

On the basis of 16-year data, the times required to reach a thickness loss of 1250 um are
consistently higher for all the steel grades in Saylorsburg and Bethlehem compared to the times
previously predicted from eight-year data [2]. This result is interpreted as indicative of a signifi-
cant improvement in the environmental quality in the past eight years at Saylorsburg and Beth-
fehem. The improvement may, in part, be attributed to the cessation of operation of a zinc
smelter located 25 km west of Saylorsburg, and to the stringent pollution control measures that
are in effect at the Bethlehem steel plant in Bethlehem. These results are in general agreement
with the results of a separate study [5] in which it was shown that the long-term corrosivity of
Bethlehem and Saylorsburg environments relative to zinc coated and an aluminum-zinc alloy-
coated steel decreased in the period from 1964 to 1981. It was also shown in the study that
during the same period the corrosivity of the Kure Beach environment also decreased for coated
steel. The present work, on the other hand, shows that no significant change has occurred in the
corrosivity of the marine environment as it relates to weathering steels since identical times to
achieve the 250-um thickness loss are predicted on the basis of the 16-year exposure data and
the earlier eight-year data. It is possible that the reported increase in corrosivity of the Kure
Beach site in the past few years® has offset the decrease in corrosivity experienced in the previous
years. The net result of the two opposing trends would be to leave the corrosivity of the marine
environment essentially unchanged, as observed.

Conclusions

The main conclusions from an analysis of 16-year atmospheric corrosion test data for A 242-
Type 1 and A 588-Grade B weathering steels, 0.21 Cu steel, and 0.021 Cu steel are as foliows:

1. These steels can be ranked in order of decreasing atmospheric corrosion resistance as:
A 242 weathering steel > A 588 weathering steel > 0.21 Cu steel > 0.021 Cu steel.

2. On the basis of calculated ratios of times to exhibit a 250-um corrosion loss, A 242 weath-
ering steel is 16 to 700 times more corrosion resistant than the 0.021% copper steel and four to
336 times more corrosion resistant than the 0.21% copper steel. On the same basis, weathering
steel A 588 is seven to eight times more durable than the 0.021% copper steel and two to four
times more durable than the 0.21% copper steel.

3. Sixteen-year atmospheric corrosion behavior of the above steels in industrial, rural, and
marine environments is well represented by exponential rate equations readily derived by re-
gression analyses of the data expressed in logarithmic form. Eight-year data provide an equally

Baker, E. A. and Lee, T. S., in this publication, pp. 52-67.
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accurate prediction of corrosion at Kure Beach but give conservative predictions at Bethlehem
or Saylorsburg.
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DISCUSSION

IP. Albrecht (discussion question)—You have mentioned that the chemical composition of
Mayari-R 50 was changed in 1977. Can you, please, explain why it was found necessary to
change the chemical composition?

C. R. Shastry, J. I. Friel, and H. E. Townsend (authors’ closure)— As indicated in the text,
this change was made to further enhance the corrosion resistance of this steel, based on pub-
lished information on the beneficial effect of silicon [1].
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ABSTRACT: ASTM A-588 weathering steels, grades A and B, used in bridge structures in the
United States and abroad, are not as immune to atmospheric corrosion as originally predicted.
Under dry conditions and wet and dry cycles of nearly equal length, the steel forms a protective
rust layer and corrodes the least. However, under wetter conditions and in the presence of stag-
nant water, more rusting and the formation of nonprotective rust layers are found. The presence
of chloride as well as other acid-forming pollutants in the atmosphere enhances corrosion. The
rust layer forms coarse flakes, which lose adherence and protectiveness. Excessive flaking and a
greater-than-expected loss of section thickness result. The presence of salt and high humidity,
favorable for water condensation, promotes pitting under the flakes and sheets of rust. The rust
develops in the form of small mounds and grows stepwise in layers, with the iron for the growth of
the rust mound obtained from the metal underneath these mounds. Because of this, wide pits
develop under the mounds and corrosion proceeds by the differential aeration cell mechanism. In
areas where water stagnates, rusting occurs over the entire surface and a continuous rust layer
develops from a sedimentary deposit. The presence of chloride and soluble salts derived from
atmospheric contaminants promotes corrosion by not only increasing the conductivity of the con-
densed water, but by reducing the availability of oxygen at the corroding anodic sites as well.

KEY WORDS: weathering steels, atmospheric corrosion problems, flaking, pitting, chloride ef-
fects, mechanism of pitting, differential aeration cells, exterior and interior locations in bridges

ASTM A-588 weathering steels, grades A and B, have been used widely in the last two de-
cades to build bridges in the United States and all over the world. About 2240 such bridges are
in use in the United States and two Canadian Provinces [1]. Tests undertaken in the field as well
as in laboratories indicated that these steels form a uniform and adherent protective rust layer
as they weather in the atmosphere and, hence, would not require painting or any other form of
protection. In practice, though, this is not the case. Sections of these steels form protective rust
only when used under dry weather conditions or in wet-dry cycles of nearly equal lengths. How-
ever, under wetter conditions in the presence of high humidity and chloride or when water re-
mains stagnant on their surfaces for long periods of time, excessive rusting (upwards of 100 to
125 um or four to five mils per year) and the formation of nonprotective rust layers could pre-
vail. Coastal zones in Louisiana as well as in many other places experience high humidity, foggy
conditions, and relatively more rainfall. Bridges in these coastal zones also encounter salt in the
atmosphere brought by the wind from the ocean. Though in trace quantities, the adsorption

'Professor, Materials Group, Department of Mechanical Engineering, Louisiana State University, Baton
Rouge, LA 70803.
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and accumulation of salt and pollutants on structures becomes significant over a period of time
and because of this, the bridges in the industrialized coastal zones encounter more cotrosive
condensates. ‘

Two major problems seen on weathering steels in bridges and in other open structures are: (1)
the formation of coarse, nonadherent flake-type rust leading to greater-than-anticipated metal
loss, and (2) pitting underneath the rust. This paper examines these problems to understand
their modes and mechanisms of occurrence.

Field Study and Experimental

Seven bridges located in different parts of the State of Louisiana (LA) and one in the State of
Texas (TX), built with grade A or grade B of ASTM A-588 weathering steel were used as repre-
sentative test sites for the evaluation of corrosion problems. The locations of these bridges are
shown in FIG. 1. As can be seen, six of the bridges are located in the proximity of the Gulf of
Mexico, three on the western and three on the eastern sector of the state’s coastline, one at the
interior of Louisiana (at Leesville, or LV) and one in the far north, about 200 miles from the
coastline (near the Monroe, LA-Boeuf river bridge, or BR). The one at High Island, TX (HI) is
within 2 km from the Guif and the one at Empire, LA (the Doullut canal bridge, or DC) is on
the edge of a salt water lake. The youngest of the eight, the one at Luling, LA, (LU) that spans
the Mississippi river, is in a semiindustrialized area. These bridges were built in the mid-seven-
ties and the steels in these bridges have weathered in the open for nearly twelve years. The
Luling bridge is about three years old.

Rusts formed on the steels in these bridges as well as from analogous bridges or structures
from the States of California, Hawaii, and West Virginia were collected by hand scraping or
scraping with a blade from several representative exterior (sun and rain exposed) and interior
(sheltered from rain and sun) locations, brought to the laboratory, and subjected to several
analytical tests.

Chioride was found in the rust by dissolving the digestible salt fractions in the rust in deion-
ized, distilled water and using chloride-sensitive electrodes. The elemental make-up of the rust
was determined by dissolving it in nitric acid (HNO;) and using the atomic absorption tech-
nique. The average size and thickness of rust flakes and particles and sheets of rust were estab-
lished. The structures of rust phases were elucidated using X-ray diffraction (XRD) and infra-
red absorption spectrophotometry (IRS), and the morphology and growth characteristics of rust
phases in selected samples were found using scanning electron microscopy (SEM) and energy
dispersive X-ray analysis (EDXA). The results obtained are discussed elsewhere [2,3], and in
this paper an attempt is made to correlate the rust particle (flake) size data with the chloride
content in the rust samples.

A pitting evaluation of the steel in the bridge sections was carried out in-situ at the bridge site
after sand blasting the steel at selected representative locations to white metal to clean the sur-
face and the pits from rust and corrosion products. The depths of pits were measured using a
sensitive digital, linear gage (Model EG 307, Ono Sokki, Japan), by mounting it in a “Zero It”
translator held on a magnet, and holding it above the locations of the pits. Depths of about ten
pits were usually measured at each location, from which the maximum as well as the average pit
depth were determined. More readings were taken at locations where pit depth profile analysis
was desired. Both exterior and interior locations were examined, though more spots were cho-
sen for the interior, sheltered parts of the bridges. Such interior locations were on vertical walls
facing different directions, horizontal and inclined surfaces facing up and down, partially or
completely closed boxed locations where water normally collects and remains, and surfaces on
girders, beams, etc. These were also clustered at two strategic points, one on either side of the
bridges at pier locations, in two different piers.
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Results and Discussion

Flaking

The rust on the weathering steels generally occurs as flakes (grains) or particles. The exterior
sun-exposed surfaces have fine powdery rust particles of an average diameter of about 0.5 mm.
This is caused by repeated washing of the rust by rain, which not only removes some rust but
prevents the particles from growing into coarse flakes or grains. The sun exposure may also play
a role in stabilizing the thin amorphous rust layer that is found at the rust-metal interface.?

The exterior surfaces are generally devoid of any serious corrosion problems. They show no
pitting or excessive metal loss. In dusty areas where dust accumulation is appreciable, the rust
particles on such exterior surfaces tend to get somewhat coarse, still = 1 mm in size.

The rust formed at the interior, sheltered locations tends to be flaky or sheet-type. Stratifica-
tion is observed in the sheet-type rusts as well as in flakes, indicating different growth kinetics
depending on seasonal variations. Larger amounts of rust are likely to form during the wet rainy
or winter seasons than during the dry summer months, the latter essentially curtailing the
growth. Other factors, hitherto unidentified, such as phase transformations, may play domi-
nant roles in the demarkation of various layers [2,3]. X-ray diffraction and electron microscopic
analysis shows that during drying, a portion of the rust, found especially at the interface be-
tween layers, gets converted from y-FeOOH to a-FeOOH or §-FeOOH form underneath the top
layer. The formation of an o form of rust probably leads to loss of adhesion between different
layers also.

Large sheet-type rust with two or three layers has been found on the steel at the Luling bridge
[2]. This is a new bridge and the sheet-type rust seems to have developed from a sedimentary
rust deposit that has dried. There are not that many cracks in these sheets, which indicates that
the rust may not have dried appreciably, retaining some moisture all along. Similar sedimen-
tary-type rust sheets are formed in such areas where water pooling and retention is excessive.
The presence of salt in the stagnant water accelerates rusting and leads to the formation of thick
rust sheets.

Generally, the rust formation in sheets occurs in partially enclosed boxed locations at the
entrance to the piers where water accumulation and retention are rather high. The rust formed
in such boxed locations, not only on the steel plates but on the bolt heads as well, is thick,
nonuniform, and stratified, and deep pits have been observed in the metal underneath. The
stratified sheets also occur at the edges of steel plates in such boxes.

The sizes of the rust flakes formed on the steel surface at the interior, sheltered locations show
good correlation to the chloride content in the rust. The sizes of flakes from several bridges are
given in Table 1, in which the chloride-content of the rust samples as well as the pH of solutions
extracted from them are also indicated. The sizes generally vary over a range and, hence, the
maximum and average particle sizes observed are used in the analysis. These sizes are not felt to
be affected by the method of rust removal. The flakes are very coarse, sharp-edged, and loosely
attached to the metal in such bridges as Doullut canal (DC) and High Island (HI), which are in
close proximity to the ocean or salt water lakes. The atmosphere at these locations is not only
highly humid, it carties larger amounts of salt coming from the salt water.

The flakes are about 3 to S mm in mean diameter, when the chloride content in the rust is
high—2.5 to 6.5 ppm. As the chloride content decreases, so does the flake size (Fig. 2). When
the chloride content drops to below 1 ppm, the flakes are very fine, with an average diameter of
about 0.5 mm. There is thus a direct correlation between the chloride content and the size of the
rust flakes.

High chloride content in the condensed water in the rust would be favorable for moisture
absorption and retention, which in turn would enhance the corrosion rate. In addition, the

*Raman, A. and Sharma, L., “*Application of Infrared Spectroscopy in the Study of Atmospheric Rust
Systems, (V) Rusting of Weathering Steels Under Exterior, Bold-Exposure Conditions,” to be published.
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FIG. 2—Dependence of rust particle/flake size on chloride content in the rust.

chloride salts of the metals, such as ferrous chloride, would hydrolyze water and increase the
acidity of the electrolyte in the process, which would enhance the corrosion rate of steel.

The average section thickness losses caused by rusting and corrosion occurring at different
places were determined by directly measuring the thickness of the steel at several chosen loca-
tions in different bridges annually. The data collected over a two-year period indicated roughly
two times the average thickness losses derived with field coupons at various sites. The data,
however, are in conformity with the average thickness losses that can be derived from pit depth
measurements. The obtained values are given in Table 2. Thickness losses of 50 to 125 um or
two to five mils per year were found for weathering steel in sheltered regions under the bridges
located in the Gulf Coast area. Average losses of 1 to 2 mils per year derived from weight loss
data of the field coupons conform with the values reported by McKenzie [4] for weathering steel
in bridge spans in England. McKenzie has also reported data on pitting that are similar to data
obtained in this work. Because of the saline atmospheric conditions, the losses determined in
this work are attributed to atmospheric chloride derived from sea salt.

Pitting

Pitting is another problem on steels in coastal area bridges. It snows rarely in Louisiana and
deicing salts are used only occasionally. Hence the problem is not from deicing salt usage. Steels
on bridges located far away from the coastal area, such as at Leesville (LV) and the Boeuf river
(BR), do not show any serious or measurable pits.

The maximum and average depths of pits from several readings taken at various locations on
four of the six coastal area bridges on which measurements were made are given in Table 3. The
averages of all the maximum readings and the average readings at similar locations in the differ-
ent bridges given in Table 3 are included in the last two columns of the Table, from which some
general conclusions are drawn and interpreted in the following:

1. Sun and rain exposed exterior surfaces generally are devoid of pitting or show very fine
and very shallow pits, so closely located that it can be construed as a general form of uneven
attack.

2. Maximum pit depths are seen in partially enclosed boxed locations (#5 in Table 3), where
wild life in this area, such as owls, shelters and builds nests. Maximum depth readings of about
1.3 mm (52 mils) have been obtained at this location in the Doullut canal bridge. The average of
all maximum values from the four bridges in the Table is 0.7 mm (28 mils) and the average of all
readings in the boxed areas is about 0.42 mm (17 mils).
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TABLE 2—Average section thickness losses obtained from direct
measurements at various locations in bridge spans in
Louisiana and Texas.

Average Section Thickness Losses, mils/year?

Interior walls,
Exterior Horizontal and

Bridge Locations Vertical Surfaces Inclined Faces

ZONE 1: MiLp, RURAL ATMOSPHERE

Boeuf river (BR) about 1 inconclusive
Leesville (LV) inconclusive inconclusive
Average about 1
Estimate from field
coupon data about 0.2 about 0.5

ZONE 2: MEDIUM SEVERE, INDUSTRIAL, NEAR COASTAL ATMOSPHERE

Forked Island (FI) 2t02.5 inconclusive
Gibbstown (GT) 2t03 2to4
Luling (LU)- 2t03 2t03
(approach span)
Larose (LR) inconclusive 2t03
Average 2t03 2to4
Estimate from
field coupon data about 1 1to 1.5
From pitting data e 210 4

ZONE 3: SEVERE, NEAR MARINE ATMOSPHERE, CLOSE TO GULF COAST

High Island (HI) 3 4105
Doullut Canal (DC) 3 Jtod
Luling (LU)- 1.5t02 41095
Main Span
Average 3 3t
Estimate from
field coupon data 1to2 1.5t02
From pitting data et 2to0 5%

“Multiply the values by 25 to convert to pm/year.

¢Conservative estimates from the average and maximum pit depths mea-
sured. The losses could be higher than these values since some of the metal
in the pitted area is also being uniformly corroded off. Thus the maximum
values could be higher by 0.02 or 0.04 mm or one or two mils in selected
localized areas of attack.

Such deep pits have also been found at the open edge locations of a pier in the Luling bridge.
The highest reading of 1.03 mm (41.2 mils) is equivalent to similar readings obtained in boxed
locations.

The pits at these locations are also considerably wider compared to pits at other locations.
They are generally round and about 6 to 12 mm (0.25 to 0.5 in.) in diameter.

Such wider and deeper pitting is caused by excessive rusting when water remains stagnant in
this area or the rust stays wet for longer periods of time. The characteristics (composition, pH,
etc.) of the rust formed under the debris were not studied and, as such, the effects of the birds’
nesting cannot be assessed. Since deep pits have also been found at Luling and in Hawaii in
areas where birds have not taken shelter, the bird excretions may not be a factor. However, the
nests and debris would block the flow of water and thereby contribute to the collection of stag-
nant water and thus increase corrosion. Although there are drainage holes, they get clogged
also. Periodic cleaning and removal of the debris and rust collecting at this location should
minimize the severity of the attack considerably.
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3. Not only the horizontal surfaces in boxed areas, but similar upward-facing surfaces out-
side boxed locations (#6 in Table 3) do experience greater than average pitting as well. This 1s
again caused by the rust and debris collecting at such points, preventing water from draining.

4. Pits, somewhat less severe, but about half the size of the pits seen in the boxed locations,
are seen on the bottom surfaces of horizontal and inclined beams (#4, 7, 10 in Table 3). The
average of the maximum readings on such surfaces from various bridges is about 0.32 mm (13
mils) and the average of all the readings is about 0.23 mm (nine mils). In comparison, the pits
on similar beams, on surfaces facing upward (#3, 9 in Table 3), are slightly less deep. The
average value of the maximum readings is about 0.25 mm (ten mils) and the average pit depth
from all readings is about 0.19 mm (7.6 mils). The readings on the top surfaces were consis-
tently smaller than the readings on the bottom surfaces.

The reasons for the somewhat larger pits on the bottom surfaces of beams are not readily
discernible. Even if one would argue that these values are about similar for both the top and
bottom surfaces, the very fact that the surfaces facing down show somewhat wider and deeper
pits is important, for it possibly points to a mechanism of pitting on steels not dependent or
controlled by gravitational forces. Given similar circumstances, one could expect more rusting
and deeper pitting on the top (skyward) surface than the bottom (groundward) surface because
of more water dripping off from the bottom face. It is possibie that in this process or otherwise
some rust falls off from the bottom face, thus exposing fresh metal. This could explain the
observations.

5. The bottom surfaces of girder beams at the edges on both sides of the bridges (#8 in
Table 3) seem to experience less severe pitting than the bottom faces of the inner beams. This
could be from somewhat better drying caused by more aeration and heating of the exterior
plates by solar radiation.

6. The vertical faces of the beams and side plates (#1, 2 in Table 3) experience perhaps the
least amount of pitting. The average of maximum pit depth is about 0.22 mm (nine mils) and
the average of all readings is about 0.15 mm (six mils). These low values can be explained by
considering that the vertical faces hold less of the water that collects and drains down continu-
ously.

The above discussions pertain to maximum as well as average pit depth values at different
locations. The bridges are about twelve years old and the maximum pit depths of 1 to 1.2 mm
(40 to 50 mils) obtained after sand blast cleaning, which itself would remove some thickness of
the metal, would give rise to about 0.1 to 0.12 mm (four to five mils) in average thickness loss
per year. Assuming an average loss of metal from uniform corrosion of about 0.02 t0 0.04 mm (1
to 2 mil) per year (a conservative value; see the comment under Table 2), the maximum pitting
rate could be about 0.12 to 0.16 mm (five to seven mils) per year in localized areas. It should be
realized that pitting is a statistical phenomenon. That is, pits of different pit depths would be
seen at all locations, though, pits of about the average size would prevail widely. This implies
that shallower as well as deeper pits, though smaller in number, would be found at each loca-
tion. This prompts the need for pit depth profile studies.

The pit depth profiles for four different locations on the Luling bridge are shown in Fig. 3. All
of them show bell-shaped plots. Figure 3a shows pit depth variations at a spot corresponding to
the boxed locations, where water pooling was high. Sheet-type rust was found in this area.
There are more pits in the 0.35 to 0.5 mm (15 to 20 mils) range than in other ranges, giving a
peak at around 0.45 mm (18 mils) in the bell-shaped profile.

Figure 3 b corresponds to the nearly vertical face of a trapezoidal box corresponding to loca-
tion #1 in Table 3, This figure shows that there are more pits in the 0.1 to 0.2 mm (four to eight
mils) depth range than in others. Likewise, Fig. 3¢ and 3d, which represent pit depth profiles
corresponding to location 2 in Table 3 (vertical face at the interior) and location 4 in Table 3
(horizontal surface on beam, facing down), show that more pits occur in certain depth ranges
than in others. The peak occurs at a pit depth value close to the average of all values.
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FIG. 3—Pit depth profiles for selected interior (sheltered) locations in the Luling Bridge-Main Span
{A588-grade A, Kawasaki Steel).

The number of pits ranged from 1.5 to 3 per cm? (10 to 20 per in.2) in most locations, but was
much less, about 0.8 per cm? (5 per in.?), in the boxed areas. The pit density was much larger
wherever fine pits were seen.

Pitting Mechanism

In deducing the mechanism for pitting on the weathering steels, the following have to be
taken into account:

1. In Louisiana and Texas, pitting occurs only in coastal area bridges, which rust a lot and
form coarse flakes. Bridges located inland that form fine powdery rust in the sheltered areas do
not show any serious pitting. Likewise, the exterior sun-exposed surfaces do not show pits.

2. Wider and deeper pits are noticed under multilayered flakes or sheets of rust in regions
where water collects and stays for a long period of time or the rust remains wet, as for example
in partially boxed locations or under the rust and bird debris.

3. The larger the size of the rust flakes, wider and deeper are the pits.

4. Pitting occurs to a nearly equal extent in grade A and grade B varieties of ASTM A-588
steel. Grade B is in use in the High Island bridge, whereas grade A is found in others given in
Table 3.

S. Pitting occurs to a nearly similar extent on different varieties, of grade A steel having
slightly different compositions, containing normal (up to 0.05%) or very low concentrations
(<0.005%) of sulfur. Thus, the grade A variety in use at the Luling bridge that contains very
low amounts of sulfur pits to nearly similar extent as the grade A variety at other bridges. Thus,
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the extent of pitting does not seem to depend on the amount of sulfur or the sulfide inclusions
present in the steel.

6. The pH of the solution extracted from the rust using distilled water is generally about
seven to nine, that is it lies in the slightly alkaline range. However, some of the rusts from the
grade B varieties under similar conditions have given lower pH values in the range of five to
seven. These are for rusts in the interior, sheftered locations of bridges where rain is not a factor
affecting pH. Pitting has been found underneath all these rusts. Thus, pitting in the sheltered
locations seems to occur at all pH ranges. In this context, it can be noted that no pitting has
been observed on grade B varieties in the northern bridges in the State of Louisiana, even
though the pH of the extract from some of the rusts coliected from these bridges gave values in
the slightly acidic range.

All the above mentioned facts can be reconciled by employing the well known “Differential
Aeration Cell Mechanism” developed by Evans. The principle of how these cells cause pitting in
steels is illustrated in Fig. 4. As early as 1924, U. R. Evans [5] suggested the principle of such
cells to explain the pitting attack at the central regions of a salt solution dropiet held on the steel
surface. Evans states that “differential aeration is a factor of rather special significance” for
steels [6].

The differential aeration principle calls for the depletion and eventual lack of oxygen in the
central regions of such droplets, whereas the peripheral regions get a continuous supply of oxy-
gen. The oxygen-starved central regions become anodic and corrosion progresses by the intro-
duction of Fe?*-ions into the anolyte. The increase in positive charge concentration in the an-
odic regions leads to the attraction and diffusion of anions (chloride ion diffuses faster than the
oxide ion) toward the central anodic regions of such droplets, accumuiation of which leads to
the formation of ferrous salts (ferrous chloride) in the anolyte. Supersaturation of the anolyte
could lead to precipitation and deposition of a porous salt layer on the active anodic site. Such
salt deposits have indeed been observed [7,8].

The ferrous chloride as well as other such salts formed in the central regions of droplets hy-
drolyze the water, leading to the accumulation of H* ijons and a lowering of the pH to acidic
levels. The liquid in the pits of iron has been shown to contain 4.6 M FeCl, in chloride solutions,
with the pH dropping to about 3.8 [9).

Early works discussed by Evans [6] and Wranglen [10] as well as the works of Szklarska-
Smialowska [11], Wranglen [10], and Gainer and Wallwork [/2] indicate that pitting in steels
starts at the sulfide inclusions.

OUTWARD CREEPING OF
\CATHODIC AREV

STRATIFIED RUST

DIFFERENTIAL AERATION CELLS

(A) EVANS SALT SOLUTION (B) PROPOSED MODEL FOR
DROPLET MODEL PITTING UNDER A RUST
MOUND OR FLAKE

( C = Cathodic, A = Anodic, F = Site of First Attack)

F1G. 4—Mechanism for pitting in steels and formation of stratified rust mound.



RAMAN ON ATMOSPHERIC CORROSION OF WEATHERING STEELS 27

Various reactions that take place at the cathodic and anodic areas in and around the pit,
nucleated and grown by sulfide inclusions, are given by Wranglen [10]. Essentially, these in-
clude the formation of H,S, HS™, and S?~ ions in the anolyte, which enhances the corrosion
rate. At the resultant pH of about 3.5, the normal sulfide inclusions in steels would dissolve,
leading to the formation of these species.

The pit has a tendency to grow laterally and expand because of the “‘well known power of
alkali (that diffuses to the peripheral cathodic sites) to creep over dry metal” [6]. The rust form-
ing reactions occur in the regions midway between the cathodic and anodic areas, leading to the
formation of ferrosoferric oxide (Fe;04) or FeOOH [6]. The formation of rust prevents mixing
of anolyte and catholyte, leading to the prevalence of occluded cells [9].

Pourbaix [9] has shown that when the pH is about the same in both the aerated peripheral as
well as the nonaerated central regions of a differential aeration cell, the cell will operate freely if
the pH is maintained in the eight to ten range [13]. This is because passivation of steel occurs
readily in this pH range on the cathodic sites. The potential of the cathodic regions increases,
whereas the potential at the active interior regions would remain more negative and anodic. The
large potential gradients are explained by Pickering and Frankenthal [/4] as caused by the IR
drop in the anolyte from H, gas bubbles evolved within the pit.

A similar mechanism can be invoked to account for pitting on weathering steels. The sulfide
inclusions could help in nucleating the pits, but they are not absolutely necessary. The steel, as
it rusts, could be expected to form more rust in some regions than in others because of conden-
sation and the uneven accumulation of water droplets. Wherever more water remains, more
rusting occurs. Such areas in sedimented rust layers or in rust mounds would act like salt solu-
tion droplets on the steel surface. There will be more air and oxygen supply to the peripheral
cathodic regions and correspondingly less oxygen supply to the central regions of such rust
mounds or spots. If chioride or sulfate salts are present, one could expect a concentration of
these salts at the central regions creating similar situations as in Evans’ model. The differential
aeration cell mechanism would then function, causing more dredging of the metal at the central
regions of the rust mound, which eventually becomes a stratified flake. Such rust mounds as
those shown in Fig. 45 have actually been observed in Hawaii. The pit does not grow deep, but
spreads laterally because of reasons already cited.

For this proposed model to work, the flake or the mound must be semiadhered to the steel
surface. This seems to occur readily. Depending on seasonal variations, stratification occurs
and, theoretically, a spiral-shaped, hemispherical pit, as illustrated by Shreir [/5] should result.
However, most of the pits found on weathering steels do not have such shapes, probably from

the uneven distribution of condensed water and/or diffusion of cations toward the peripheral
zones.

Conclusions

Excessive rusting, formation of coarse flakes that adhere loosely to the steel, and pitting are
some of the common problems encountered in weathering steels in bridges exposed to humid,
salt-laden atmospheres in the coastal zones of Louisiana and Texas.

The flake size is proportional to the chioride-content in the rust. The higher the chloride-
content, the coarser, thicker, and sharper the flakes. Thus, coastal area bridges develop coarse
flakes that peel off easily.

Section thickness loss is maximum at some localized, interior sheltered locations, as much as
0.04 to 0.10 mm (two to five mils) per year in some of these bridge spans, caused mainly by
chloride accumulation.

The bridges far away from the coastal region as well as the exterior surfaces of all bridges in
Louisiana and Texas develop fine, powdery rust and do not show any serious corrosion problem.
In places where salts are used extensively for deicing purposes, the situation could be different.

Pits are generally found in the sheltered areas in the coastal zone bridges. The pitting appears
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to be related to flake size, rusting rate, section thickness loss, and the chloride content of the
rust. Deep pits occur in regions where the chloride content is high and the thickness loss is
maximum, and vice-versa. Most of the pits are about 0.25 mm (10 miis) deep in the interior
locations of the bridges after about twelve years’ exposure. The horizontal as well as the inclined
surfaces at the interior, sheltered locations, facing down, seem to have somewhat deeper pits
than the analogous surfaces facing upward. Vertical surfaces experience the least severe pitting.
Partially enclosed boxed locations and regions where water accumulates and stagnates a lot
develop wider and deeper pits. Pit depths of as much as 1.3 mm (52 mils) have been recorded
here. This is probably caused by excessive rusting (about 0.1 to 1.02 mm or 4 to S mils per year
loss as opposed to about 0.02 mm (1 mil) per year average normal loss) in the presence of stag-
nant water pools or highly wet rusting conditions. Chloride and salt accumulation is also higher
in these areas. Serious metal loss (more than 125 pm per year (five mils per year)) occurs here
(see comment under Table 2).

The mechanism of pitting on weathering steels in bridges is dependent on the formation of
differential aeration and occluded celis. Sulfide inclusions may activate the pitting tendency,
but the mechanism of pitting on weathering steels does not seem to require such sulfides or
other inclusions to nucleate the pits.

Uneven wetting on the surface and retention of water in some areas more than in others would
cause more rust to form in such regions, which would activate the formation of differential
aeration cells. More rusting occurring underneath such regions and seasonal variations of the
rusting kinetic lead to the stratification of the rust mound and to lateral spreading or widening
of the pitted areas. As such, sharp and deep pits do not form, but wider and less deep pits occur
as on regular structural steels, such as ASTM A 36.

Increased salt (chioride) content in the atmosphere and, hence, in the rust enhances the rust-
ing and pitting rate. Hence, the deepest and widest pits have been observed in chloride-laden
areas.

If ieft unattended and uncorrected, such severely pitted and rusted areas would weaken the
structure considerably. Boxed locations in bridges need the maximum attention.
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DISCUSSION

H. E. Townsend® (discussion question)— Steels at the strength level (50,000 PSI Minimum
yield strength) of weathering grades (ASTM A 242 and A 588) are generally felt to be resistant
to stress corrosion cracking, except in the presence of certain specific environments such as
hydroxide and nitrate. Why then do you state that you expect to find stress corrosion cracking in
structures made of these materials and exposed to the atmosphere?

A. Raman (author's closure)—There are many unknowns and practically no experimental
work has been undertaken to study the characteristics of weathering steels under conditions
that would induce stress corrosion cracking (scc). I feel that scc would be possible in some of
these varieties, especially at the highly stressed areas, because of the following reasons:

1) Some of these varieties have fairly low fracture toughness values, just enough to meet the
specifications, say 15 to 20 ft-lbs at 0 deg.C.

2) They have quite a bit of sulfide inclusions and some of them have pinhole porosities.

3) The strength level is high enough to enable cracking in the scc mode.

4) Asis known, during the scc the crack tip potential varies back and forth due to passivation
and depassivation or film rupture, etc. processes, and such variations are found to be possible in
the case of weathering steels that produce massive corrosion products. The rest potential has
been found by us to vary by as much as 200 mV in chloride solutions toward the more negative
side. (Unpublished results). Such variations occur during passivation and passive film rupture,
in our case the thick film rupture.

5) Hydrogen evolution reaction is the dominant cathodic reaction in chloride media. (Un-
published results). The hydrogen produced could aid the crack growth. Thus, if not pure scc,
hydrogen assisted scc would be possible.

6) In atmospheric exposures under neutral conditions of electrolyte fairly large amounts of
hydroxides are produced and the pH goes up (unpublished results). This could aid scc.

It is also not wise to treat all exposure conditions equally and exclude the possibility of scc
totally.

'Bethlehem Steel Corp., Homer Research Labs, Bethlehem, PA 18016.
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ABSTRACT: This paper presents a study of the effects of surface chromate passivation treat-
ments on the corrosion rate and appearance of 55% Al-Zn coatings on sheet steel after weathering
in an industrial atmosphere for a period of six years. Weight loss measurements were employed to
determine corrosion rates, and surface appearance was evaluated by photoelectric reflection meter
measurements and visual observations. It was found that increasing amounts of chromium (Iridite
9L.6) applied to the surface of 55% Al-Zn coated sheet steel markedly decrease both the corrosion
rate of the coating and the rate at which the surface gradually darkens in appearance and loses
reflectivity caused by weathering. The bright reflective surfaces observed on six-year-old speci-
mens with 14 mg/m? chromium on the surface indicate that this level is a suitable minimum for
preventing nonuniform weathering appearance problems and for optimizing the corrosion resis-
tance. The applied surface chromium should not exceed about 31 mg/m? chromium because of
yellow surface discoloration at these higher levels.

KEY WORDS: chromate coatings, weathering, zinc-aluminum alloys, coatings, atmospheric cor-
rosion, corrosion tests

Al-Zn coated sheet steel is currently in widespread use as roofing and siding in metal build-
ings [I]. The coating consists of 55% aluminum, 1.6% silicon, and balance zinc (by weight)
and is applied to steel sheet by the continuous hot-dip process. Developed by Bethlehem Steel
Corporation and marketed in the United States under the trademark Galvalume, the material
reportedly offers over two times greater life in atmospheric environments than galvanized steels
having equivalent thickness zinc coatings [2].

Just before final coiling on the production line, a clear protective chromate conversion file is
applied to the coated sheet steel surface using Iridite 9L6 (Trademark of the Richardson Com-
pany, Des Plaines, IL). The main purpose of this treatment is to provide protection against wet-
storage staining corrosion that can occur on coiled or stacked sheets in humid environments.
The total amount of chromium deposited on the sheet surface can be varied by adjusting chro-
mate solution composition, temperature, and immersion time.

Previous studies have been devoted to defining the amounts of deposited chromium required
for adequate protection against storage staining [3] and X-ray photoelectron spectroscopy
(XPS) analysis of typical chromate passivation films [4]. This report deals with studies of the
effect of chromate treatments on the corrosion rate and appearance of the Al-Zn coating during
weathering in the atmosphere.

'Senior engineer, Columbia General, Inc., Columbus, OH 43216.
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Test Results

Inspections of a number of buildings were made in response to field reports that color varia-
tions were occurring on roofing made with Al-Zn coated sheet steel. The nature of this nonuni-
form weathering appearance is illustrated by Fig. 1, which shows an area on a roof after atmo-
spheric exposure for about seven months. The initially bright and shiny roofing sheets have
darkened at different rates during weathering. This phenomenon has been observed on nearly
flat as well as sloped roofs. Sheet specimens taken from the area shown in Fig. 1 were examined
in the laboratory. The light-colored area (Panel 3B) was found by wet chemical analysis to con-
tain 8 mg/m? of total surface chromium whereas the dark-colored area (Panel 3A) contained
only about 2 mg/m?, In order to ascertain the initial levels of chromium before atmospheric
exposure, the unexposed (underside) surfaces of the two panels were analyzed and were found
to contain the same level of chromium as the exposed surface in each case. Thus, it is reasonable
to assume that no significant loss of chromium occured on the exposed side. No correlation was
evident between the degree of discoloration and bulk coating composition, coating microstruc-
ture, or coating thickness.

A more extensive study was then performed on a series of commercial Al-Zn coated sheets
produced with various levels of applied surface chromate. Specimens, 10.2 by 15.2 cm, were
exposed to the atmosphere at Bethlehem, PA, for about six years. Photographs of typical speci-
mens for each of four different surface treatments are shown in Fig. 2. Note that the relative
brightness of the surfaces is related to the amount of chromium deposited by the passivation
treatment, with the brighter panels containing higher levels of chromium.

These specimens were examined further in the laboratory by means of a Photovolt Corpora-
tion Model 610 Photoelectric Reflection Meter in order to quantitatively characterize their ap-
pearance. Three diffuse reflectivity readings were obtained on each of eight replicate specimens
of each material. The meter was calibrated using a Gloss Standard 60-213-35 (Gardner Labora-
tory, Inc.). The average diffuse reflectivity (plus or minus one standard deviation) is plotted in
Fig. 3 versus the amount of deposited chromium. In accordance with the visual appearance,
brighter, more reflective specimens contained higher initial surface chromium levels, and
darker, less-reflective surfaces had less chromium. The change in slope of the curve at less than
9-mg/m? chromium may be related to the requited minimum of 6 mg/m? chromium found to
prevent wet-storage stain in laboratory wet-pack tests [J]. This level of 6 mg/ m? also corre-

2|

8.0mg Cr/m? 1.7mg Cr/m?2

FIG. 1—Color variations on Al-Zn coated steel roof in Northeastern United States about seven months
after exposure.
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F1G. 2——Photographs of typical 10.2 by 15.2-cm Al-Zn coated specimens exposed for six years at Bethle-
hem, PA.

sponds to the point where the passivation film begins to incorporate water-soluble (hexavalent)
chromium compounds in addition to the water-insoluble (ttivalent) chromium compounds de-
posited at lower total applied chromium levels. In other words, at low levels of applied chro-
mium the element is present in the film primarily as trivalent oxide whereas, as the total applied
chromium increases above 6 mg/m?, a new surface layer forms which essentially consists of a
hexavalent chromium compound [4]. It has been suggested that the availability of this water-
soluble hexavalent chromium is needed to attain higher levels of protection in the wet pack
corrosion test [3].

Corrosion products were removed from duplicate (10.2 by 15.2-cm) specimens of each mate-
rial using 20% chromic acid at 80°C for 1 min, and corrosion weight losses were determined.
The Fig. 4 plot of the weight loss (average 3 standard deviation) versus initial surface chro-
mium reveals the beneficial effect of higher chromium levels on lowering the corrosion rate. The
weight loss of the 19 mg/m? chromium specimen is 38% lower than that for the 1 mg/m? chro-
mium specimen. As in Fig. 3, there is an apparent change in slope of the curve at less than
9 mg/m? chromium, which again may be related to the incorporation of water soluble chro-
mium as discussed above.
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Conclusions

Based on the bright, reflective surfaces observed on the specimens with a level of 14-mg/m?
chromium (Iridite 9L6) in Fig. 2, we believe that this level is a suitable minimum for outdoor
applications where surface appearance is an important consideration. The surface chromium
should not exceed 31-mg/m? chromium because of yellow surface discoloration at these higher
levels.
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DISCUSSION

V. §. Agansula' (written discussion)—It was suggested that the top surface contain Crte,
which is soluble chromate and helps in protecting the substrate. How can you assume that it was
a hexavalent chromate and not a trivalent? In most chromate coversion coatings Cr ¢ treatment
produces Cr*3 as Cr,0; such as in alodine treatment. We have found no evidence of Cr*® at all
ever under XPS analysis.

H. J. Cleary (author’s closurej)—The reviewer is referred to Refs 3 and 4 of the paper. Both
water-soluble and water-insoluble chromium compounds have been found to be present in chro-
mate passivation films. The water-soluble (hexavalent chromium) unreacted portion of the film
is not observed until the total chromium in the film exceeds 6 mg/m? [ 3]. The reviewer may not
have employed the processing conditions required to produce such films. Moreover, XPS mea-
surements have demonstrated the presence of hexavalent chromium at the outer surface of the
film [4].

‘Naval Air Development Center.
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ABSTRACT: A total of 38 types of stainless steel have been exposed for 1 to 15 years at a coastal
site and 32 years in a semirural atmosphere. The resistance of stainless steels to degradation in the
atmosphere was directly related to alloy chromium and molybdenum contents. Only American
Iron and Steel Institute (AISI) Type 410 showed any signs of corrosion in the semirural environ-
ment. Significant corrosion product tarnishing occurred on all nonmolybdenum-bearing stainless
grades after only one year of exposure in the marine atmosphere. Stainless grades that had been
sensitized by an autogenous welding operation were susceptible to preferential corrosion at weld
and heat-affected zone surfaces when exposed at the 250-m lot on Kure Beach, NC. Galvanic
attack and corrosion product staining was observed for certain dissimilar metal couples between
AISI Type 304 and other commercially pure metals, nickel-base and copper-base alloys. A photo-
metric technique was used to quantitatively describe subtle changes in the appearance of three
stainless steel surface finishes during exposure in a semirural atmosphere.
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Alloys of iron that contain at least 10.5 wt% chromium appear to remain ‘“‘stainless” in un-
poliuted rural atmospheres. Increasing the chromium content of a steel decreases the amount of
weight loss caused by corrosion [1-5], which is related primarily to a change in the mode of
attack from uniform corrosion over an entire specimen surface to more localized pitting, as
noted in Fig. 1. The corrosion products from very shallow pits can stain the surface of a ferrous
alloy containing more than 12 wt% chromium in polluted and marine atmospheres. Specific
combinations of other elements (for example, nickel, molybdenum, copper, silicon, and phos-
phorus) can significantly alter the resistance of iron-chromium alloys to all forms of corrosion
(which has led to the development of over 170 different grades of stainless steel). Molybdenum
enhances the resistance of stainless steel to localized attack in atmospheres containing chlorides
(Fig. 2) [6~8]. Small quantities of nickel (less than 5 wt%) reduce the corrosion rates for Fe-Ni
steels [9] and inhibit the propagation of pits in steels containing chromium and molybdenum.
The weight loss for stainless steels exposed to aggressive atmospheres does not appear to be
significantly influenced by alloy nickel content (Fig. 3) [10-13].

Moisture and particulate matter enhance the corrosive effects of gaseous pollutants, such as
hydrogen sulfide and sulfur dioxide, particularly in the form of deposits on metal surfaces ex-
posed in urban and industrial locations [14]. Such deposits can (1) isolate regions on a metal
surface to create localized anodic sites and (2) concentrate cotrosive species, such as chlorides

'Senior corrosion engineer, research specialist, and corrosion technologist, respectively, Allegheny
Ludlum Steel Division of Allegheny Ludlum Corporation, Technical Center, Brackenridge, PA 15014-1597.
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FIG. 1—Relationship between specimen weight loss and alloy chromium content for steels exposed for
Jour years in cited atmospheres. The mode of corrosion also changed with alloy chromium content [3].
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FIG. 2—Relationship between specimen weight loss and alloy molybdenum content for cited austenitic
and ferritic stainless alloys exposed for five years in an industrial/urban atmosphere {7].

or sulfuric acid, under cyclic conditions of wetting and evaporation. For example, AISI Type
430, 304, and 316 stainless steel have been observed to pit because of the combined effects of the
sodium chloride and sulfur compounds present in surface deposits [15]. Aggressive chloride
solutions can also form under deposits that have been intermittently wetted by sea spray. Or-
ganic acids, such as acetic and formic acid, have also been observed in atmospheric precipita-
tion [16], but in concentrations that were too low to corrode stainless steels.



KEARNS ET AL. ON CORROSION OF STAINLESS STEELS 37

Weight Loss (mg/sq.-cm)

100 3 23.8
(o] wt pct Ni

Test Site: New York City ©

0.04-0.22
% wt pct Ni
*

10

7.5-9.
wt pct
a
p

8
Ni
0.

[4
PN

-
o

Ni

—— b i — 1 i o H

0.1 A—t *
6 8 10 12 14 16 18 20

Alloy Chromium Content (wt pct)

FIG. 3—Relationship between specimen weight loss and alloy chromium for cited nickel contents. Speci-
mens were exposed for 15 years in an urban atmosphere [12].

The galvanic interaction of certain metals with distinctly different corrosion characteristics,
such as Type 304 stainless and magnesium, can lead to accelerated corrosion in regions of con-
tact. In addition, the bright or lustrous finish of a stainless steel can be marred by the corrosion
products of certain nonferrous metals. The occurrence of galvanic corrosion and corrosion
product tarnishing at joints between dissimilar metals has been evaluated in the present study
by exposing, for over three decades, panels of American Iron and Steel Institute (AISI) Type
304 that had been riveted to a variety of commercially pure metals, nickel-base and copper-base
alloys.

A bright or lustrous stainless steel surface finish can be preserved with a minimum of mainte-
nance in architectural and automotive applications. However, changes in the appearance of
stainless steels—more subtle than pitting or corrosion product tarnishing—do occur in terms of
metallic color and gloss. The color of a stainless steel not only varies with the atmospheric condi-
tions, but also depends on alloy composition, heat treatment, and surface finish. A photometric
technique has been used in the present study to quantitatively describe changes in the appear-
ance of stainless steels with various surface finishes during exposure to the atmosphere.

Experimental Procedure

Materials

Thirty-eight different types of stainless steel representing thirteen compositional classifica-
tions were tested. Chemical compositions and surface finishes for the said classes of stainless
steel are given in Table 1. Specimens were cut from commercially produced sheet and strip that
was typically 0.13 cm thick.

Six commercially pure metals, one copper-base alloy and one nickel-base alloy (Table 2),
were exposed to characterize a test site located in Brackenridge, PA, relative to sites that had
been used in previous studies sponsored by ASTM. In addition, a nickel-base alloy (INCONEL?®
[Trademark of International Nickel Company] alloy 600) panel, 3 panels of a weathering steel
(USS COR-TEN® [Trademark of U.S. Steel Corp.] A steel), and 15 carbon steel (AISI 1006)



38 DEGRADATION OF METALS IN THE ATMOSPHERE

TABLE 1—Partial chemical compositions for stainless steels exposed at the Brackenridge and
Kure Beach test sites.

AlSI Composition, wt%
Type/.
Tradename Finish® C Mn Cr Ni Mo Other
1. “Straight-chromium” ferritic stainless
4 0.039 0.37 13.27 0.16 0.02 = (.18
409 2D 0.042 0.36 11.37 0.17 0.09 Ti=0.46
430 CRAD 0.080 0.46 17.40 0.30 0.09
2. “Straight-chromium’ martensitic stainless
410 2D 0.072 0.32 12.60 0.15 0.01
3. High-chromium AISI 400 series stainless
439 CRAD 0.042 0.34 18.35 0.27 0.14 Ti = 0.66
4391 CRAD 0.018 0.35 18.31 0.19 0.08 Ti=0.34
441* 2D 0.016 0.30 17.82 0.20 0.08 Nb =0.71, Ti = 0.20
442 2D 0.080 0.44 21.85 0.30 0.02 N =0.06
446 CRAD 0.104 0.76 24.60 0.22 002 N=0.14
4. Molybdenum-bearing AISI 400 series stainless
4340 CRAD 0.039 0.51 16.55 0.54 0.89
444¢ CRAD 0.020 0.43 18.92 0.07 204 Nb=0.39, Ti=0.17
S. High-chromium, molybdenum-bearing ferritic stainless
Alloy 26-18* CRAD 0.030 0.30 26.00 0.14 0.97 Ti=0.38, N =0.019
E-BRITE® CRAD 0.002 <0.10 25.9 0.13 1.00 Ti < 0.05,Nb = 0.10
AL 29-444 CRAD 0.005 0.02 29.40 0.11 395 N =0.014
AL 29-4C®  BA 0.016 0.29 28.32 0.40 368 Ti=0. 68
AL 29-4-2% CRAD 0.006 0.05 29.60 2.20 390 N =0.011
6. AISI 200 series stainless
201 2D 0.090 $.85 17.60 4.47 0.08 N =0.12
20110 CRAD 0.029 6.25 16.28 4.39 0.16 N =0.17, Cu = 0.46
202 CRAD 0.084 10.30 17.57 4.10 006 N=0.11
205 CRAD 0.104 16.20 17.28 1.92 002 N=0.32
7. Molybdenum-bearing AISI 200 series stainless
216 CRAD 0.054 8.42 19.94 6.89 261 N=033
8. Austenitic AISI 300 series stainless
301 2D 0.10 1.19 17.50 7.0 0.15
303 2B 0.06 1.22 18.29 9.48 034 S$=0.32
304 2B 0.063 0.56 18.80 8.96 0.08
304L CRAD 0.022 0.94 18.88 8.72 0.22
309 CRAD 0.106 1.41 22.45 13.95 0.28
310 2B 0.060 1.46 24.25 19.70 0.13
9. Molybdenum-bearing AISI 300 series stainless
316 2B 0.050 1.57 17.58 13.69 2.12
3161 2B 0.022 1.79 17.57 11.12 2.14
3171 CRAD 0.025 1.65 18.38 13.30 3.31
10. “Stabilized”” AISI 300 series stainless
321 CRAD 0.066 1.62 17.25 10.70 0.26 Ti = 0.60, Cu = 0.31
347 CRAD 0.052 1.37 18.02 9.70 0.33 Nb=0. 66 Ta = 0.21
11. Martensitic AISI 300 series stainless
ALMAR 362¢ CRAD 0.036 0.19 14.34 6.67 0.13 Ti=0.78
AM 363 CRAD 0.044 0.26 11.92 4.26 0.09 Ti=0.38
12. High- mckel molybdenum-bearing austenitic stainless
AL 904L%¢ 2B 0.020 1.89 20.15 24.38 444 Cu =148
AL-6X¢ CRAD 0.038 1.73 20.41 23.61 6.50
AL-6XN® BA 0.020 1.63 20.26 24.73 6.30 N =0.19,Cu = 0.18
13. Preclpltatlon Hardemng stainless
A 286° CRAD 0.043 1.26 14.99 24.74 1.29 Ti=2.15,V = 0.26

7Finishes: CRAD—cold-rolled, annealed and descaled,
2D—CRAD and planished on dull rolls,

2B—CRAD and planished on smooth, polished rolls,

BA—(1A1) brite annealed in a reducing furnace atmosphere, and

Star Brite® (Trademark of Allegheny Ludlum Corporation)—brite annealed, electropickled

and planished on belt-ground rolls.
b Alloy was only exposed at the Kure Beach site.

cSamples of this grade with 2B, BA and Star Brite finishes were exposed at the Brackenridge site for one

year.
®4Trademark of Allegheny Ludlum Corporation.
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TABLE 2—Qualification of Brackenridge test site relative to established ASTM sites.”

Materials as Specified by Corrosion Rate, pum/year,
ASTM B-3 Sub. VII, 1955 at Given Test Site
Code Description State College  Brackenridge New York Altoona
A commercial copper 0.434 0.622 1.382 1.387
(99.9+)
G commercial aluminum 0.076 0.549 0.734
99+ Al)
M  brass 0.447 0.712 2.403 3.048
(70Cu-30Zn)
S nickel-copper alloy 0.170 0.742 1.585 1.920
(65Ni-32Cu-2Fe-1Mn)
T  nickel 0.216 0.514 3.658 5.639
(99+ Ni)
] commercial lead 0.318 0.263 0.383
(99+ Pb)
EE commercial tin . 0.341 1.308 1.674
(99.85+ Sn)
HH commercial zinc 0.995 1.143 5.690 6.833
(99.9+ Zn)

“Data for State College (Rural), New York (Urban), and Altoona (Industrial) per H. P. Copson [18].

panels were interspersed with the said materials on four ground-level corrosion racks at the
Brackenridge, PA, site.

Test Conditions and Procedures

Brackenridge, PA, Site— Atmospheric exposurte racks were constructed in 1953 on the prop-
erty of the Allegheny Ludlum Corporation Technical Center, which is about 33-km north of
Pittsburgh, PA. The Brackenridge Works of the Allegheny Ludlum Corporation are located to
the southeast and below the test site in the Allegheny River valley. The prevailing winds move
over this region from the southwest. Test panels were boldly exposed facing in a southwesterly
direction at a 90° angle to the ground (Fig. 4). Each 30.5- by 30.5-cm test panel was supported
on a Type 301 stainless steel frame by three porcelain insulators.

Dissimilar Metal Couples—Panels of Type 304 measuring 20.3 by 30.5 cm were fastened to
similarly sized panels of commercially pure metals, copper-base alloys, and nickel-base alloys
and exposed for 32 years at the Brackenridge site. The dissimilar metal panels were overlapped
by 3 cm and joined by three Type 304 rivets. Duplicate dissimilar metal couple assemblies were
exposed in a vertical position and faced directly south. One assembly in each pair was posi-
tioned so that the Type 304 panel was below the nonstainless panel in order to expose the stain-
less steel to the corrosion products of the other panel. Changes in the appearance of the panels
in each couple caused by galvanic interaction, corrosion product tarnishing, or individual
weathering characteristics are noted in Table 3.

Kure Beach, NC, Site-—Groups of 16 samples from 27 different types of stainless steel were
exposed facing in a southerly direction at an average distance of 250 m from the normal mean
tide level. Half of the specimens in each group were gas tungsten-arc welded without a filler
metal. All of the 10- by 15-cm panels were oriented at a 30° angle to horizontal. Pairs of speci-
mens of each stainless type, one welded and one not welded, have been scheduled for exposures
of 1, 2,5, 10, 15, and 20 years. With the exception of 3 alloys, all exposure periods began in the
month of June; Type 216, Type 439, and AL-6X® (Trademark of Allegheny Ludlum Corpora-
tion) alloy were first exposed in August of 1971. As of 1986, all but three of the 27 sample groups
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FIG. 4—An exposure rack at the Brackenridge, PA, atmospheric corrosion testing site.

have been exposed for at least five years; AL 904L® (Trademark of Allegheny Ludium Corpora-
tion) alioy, AL-6XN® (Trademark of Allegheny Ludlum Corporation) alloy, and Type 441 have
only been exposed for two years. The Kure Beach atmospheric test site has been well character-
ized by extensive long-term tests on stainless steels and other metals, as reported by E. A. Baker
in this monograph.

Photometric Testing— A Hunter Associates Laboratory, Inc., Model D-25 sphere colorimeter
and color difference meter was used to analyze visible light reflected from the surface of stain-
less steel specimens. A 20.3-cm-diameter integrating sphere, coated with a white barium-
sulfate layer, gathered the specular and diffuse light reflected from a metal specimen and di-
rected it onto a trio of filter-photocell units. The light source-filter-photocell combination was
calibrated to approximate a CIE Illuminant C.

The output of the photometric devices consisted of direct color and color difference values
measured in terms of a visually meaningful system developed by Judd et al. [17] based on
Hering’s theory? of color vision. The system can be represented (Fig. 5) as three orthogonal axes
representing (1) lightness of color (L units) and (2) the intensity of green or red hues (a units)
versus (3) blue or yellow hues (b units). The so-called Hunter a and b values ranged from 0 to
+99.9. The Hunter scale for lightness of color ranged in L values from 0 for black to 100 for
white. A single-value color scale based on the so-called Judd-Hunter National Bureau of Stan-
dards (NBS) unit [17] E for color difference was also used. The magnitude of color difference is
described as

AE = (AL? + Aa? + AB?)\2

Herring theory of color vision: an opponent-colors theory according to which color is due to three pairs of
antagonistic processes in the optic system yielding, white and black, yellow and blue, and red and green,

respectively [17].
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TABLE 3—Dissimilar metal joints with Type 304 stainless exposed for 32 years in a
semirural atmosphere.

Metals Riveted to

Type 304 Stainless Galvanic Type 304 Appearance of
(Composition, wt%) Attack Tarnished Nonstainless Panel
Commercial copper no yes uniform, light green patina
(99.9+ Cu)
Commercial aluminum no yes heavy stain and shallow pitting at edge of
99+ Al) panel
Brass no no uniform green patina with dark patches
(70Cu-30Zn)
Architectural Bronze no yes uniform, green patina with dark patches
(57Cu-42Zn)
Nickel-copper alloy no no brown-matte surface; water marks
(65Ni-32Cu-2Fe-1Mn)
Nickel no no gray-matte color; water marks
(99+ Ni)
INCONEL®alloy 600 no no brown-matte surface; water marks
(76Ni-15.5Cr-8Fe)
Commercial lead no yes white spots on uniform, gray patina
(99+ Pb)
Commercial tin no yes pitting on back side‘ of panel
(99.85+ Sn)
Commerecial zinc no no uniform, light blue-gray patina
(99.9+ Zn)
Commercial magnesium yes yes magnesium panel penetrated along the
99+ Mg) edge of T-304 panel

aTarnishing of Type 304 attributed to corrosion products from the nonstainless member of each couple.

bTrademark of the International Nickel Company.

Front sides of panels were boldly exposed in a southwesterly direction, and the back sides were partially
obstructed by the supporting frame.
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FIG. 5—Graphic illustration of the Judd-Hunter-Scofield system for surface color measurement [17].
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The difference indicated by “A’” was between a given test specimen and a rhodium front faced
mirror, which was used as a reference standard (I = 85.5,a = +0.2, and b = +3.0).

Haze values were calculated as the ratio of the amount of diffused light (specular component
excluded) to the amount of reflected light (specular component included). The standard rho-
dium mirror had a haze value of 11.0, which is a nearly perfect mirror (in comparison, a sand-
blasted surface gives readings close to 100) Specular and diffuse components of reflected light
were differentiated by tilting a specimen surface at 8° and 0° angles, respectively, to the inci-
dent light beam.

Color measurements were taken on panels of Types 201, 301, 430, and 434 stainless steel
before exposure at the Brackenridge site, after 1, 2, 5, 10, and 20 days of exposure, and then at
30-day intervals up to a total of 390 days. Each panel of each grade had one of three surface
finishes: No. 2B, Bright Annealed (BA), and Star Brite® (Trademark of Allegheny Ludlum
Corporation) finish. Before each color measurement, the specimens were gently cleaned in dis-
tilled water and dried. The values obtained during the first 20 days did not significantly change
relative to measurements made before exposure.

Results and Discussion

Characterization of Brackenridge Test Site

In 1946, Snair {11] reported that the fog, rain, and snow that fell on the test site within the
Brackenridge Works of the Allegheny Ludlum Steel Corporation were contaminated by smoke,
soot, sulfur dioxide, coal ash, lime, iron, and steam condensation. The 15 stainless grades
tested were separated into eight classes of performance based on a subjective visual rating of the
degree of corrosion product tarnishing and pitting. The Fe-Cr-Ni austenitic grades that con-
tained more than 18 wt% chromium and 8 wt% nickel (up to 24 wt% chromium and 12 wt%
nickel) did not appear to be significantly more resistant to corrosion. Only a Fe-28Cr ferritic
and a molybdenum bearing austenitic (Type 316) grade were rated as superior to the 18Cr-8Ni
class of stainless.

In 1953 the test site was moved approximately 0.8-km northwest of the Brackenridge steel
mill to the Allegheny Ludlum Corporation Technical Center. The relocation of the test site and
the deindustrialization of Allegheny River valley have changed the atmospheric test conditions
from those described above. The average annual corrosion rates for the commercially pure
metals, copper-base alloys, and nickel-base alloys exposed at the Brackenridge site during the
last 10 years of a 32-year exposure were (1) consistently greater than the rates reported [18] for
20-year exposures at a rural site and (2) less than those for exposures in industrial and urban
locations (Table 2). Consequently, the atmospheric conditions at the Brackenridge test site have
been characterized as ‘“‘semirural.”

In addition to the metals used to characterize the Brackenridge test site, 22 grades of stainless
steel, a carbon steel, and a weathering steel were also exposed. The average corrosion rate for 15
panels of AISI 1006 sheet over the last 10 years of a 32-year exposure period was 4.25 um/year.
Figure 6 illustrates that a USS COR-TEN A sheet panel gained almost four times as much
weight in the first year of exposure (0.097 g/cm?) because of the formation of a protective oxide
layer as it had lost during 15 subsequent years (0.025 g/cm?), which amounted to a 14% net
weight gain for the weathering steel panel after 16 years in a semirural atmosphere. The gravi-
metric measurements that have been made annually for the last 10 years of a 32 year period
revealed that the weight of the stainless steel specimens had not been reduced in the semirural
atmosphere. Only AISI Type 410 showed any significant signs of corrosion product staining
because of superficial pitting in the semirural atmosphere.
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FIG. 6—Gravimetric measurements for a USS COR-TEN A steel sheet panel during a 16-year exposure
in a semirural atmosphere.

Performance of Dissimilar Metal Joints

The appearances of dissimilar metal joints after 32 years in a semirural atmosphere have been
noted in Table 3. The joints consisted of Type 304 panels riveted to a variety of commercially
pure metals, copper-base alloys, and nickel-base alloys. Type 304 stainless panels were notice-
ably tarnished by the corrosion products of tin, magnesium, and architectural bronze (Fig. 7).
The corrosion products from the copper and aluminum panels only tarnished the Type 304
panels near the joint. The Type 304 panels did not corrode in the semirural atmosphere; conse-
quently none of the other metals were tarnished by the Type 304 stainless. However, the corro-
sion products that form on 18Cr-8Ni grades of stainless steel in more severe atmospheres have
been observed to accelerate localized attack on more highly alloyed stainless grades [6].

The galvanic interaction of copper and aluminum with stainless steel in certain atmospheric
applications has been well established [/9], but no galvanic corrosion was observed at the
Brackenridge site for 619-cm? panels that overlapped in an area of 116 cm?. Shallow pitting
occurred in a stained region on the boldly exposed, overlapping edge of the commercially pure
aluminum panels in contact with Type 304 (staining and pitting did not occur on an uncoupled
panel of aluminum that had been exposed under identical atmospheric conditions). The stain-
ing on the coupled aluminum panel indicated that water had been retained by deposits in this
region for an extended period of time. This was considered to be the primary factor leading to
corrosion rather than the galvanic effect that has been reported [20] to cause aluminum screws
to pit in stainless steel plates. Severe galvanic attack occurred on the magnesium panels at joints
with Type 304. Water had eroded the magnesium in lines of flow on both sides of the panel.
Baboian [21] has also reported that Type 304 accelerates the corrosion of magnesium alloys in
rural and marine atmospheres.

Performance of Stainless Steels in a Marine Atmosphere

The performance of unwelded stainless steel panels after S years in the 250-m lot at Kure
Beach, NC, was visually rated, on an arbitrary scale from 0 to 10, based on the degree of corro-
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FIG. 7—Appearance of dissimilar metal joints between Type 304 stainless and (a) aluminum—top panel
(b) brass-—top panel, (¢) magnesium—bottom panel, and (d) tin—top panel exposed in a semirural atmo-
sphere for 32 years. Specimen surfaces shown in a, b, and d faced in the direction of the prevailing winds;
that shown in ¢ faced in the opposite direction.

sion product staining and the area of sample surface that had been covered by corrosion prod-
ucts (Fig. 8). The degree of corrosion product staining on all of the nonmolybdenum-bearing
stainless grades was significant. Performance in the marine atmosphere was directly related to
alloy chromium and molybdenum contents (Fig. 9), with two exceptions. The first, Type 216
(typically, in weight percent, Fe-19.75Cr-8.25Mn-6Ni-2.5Mo-0.37N-0.06C) performed slightly
better than the high-chromium, ferritic E-BRITE® (Trademark of Allegheny Ludfum Corpora-
tion) alloy (typically, Fe-26Cr-1Mo) and just as well as the high-nickel, molybdenum-bearing
austenitic AL-6X alloy, as shown in Fig. 10. The Type 216 was more resistant to degradation in
a marine atmosphere than other austenitic stainless steels of similar chromium and molybde-
num contents (for example, Type 316 and Type 317L). The reasons for the exceptional perfor-
mance of Type 216 may be related to a synergistic effect of chromium and nitrogen, in coopera-
tion with molybdenum [22] or the low level of suffur {23] in the alloy or both.

The second exception pertained to specimens in the welded condition that were susceptible to
preferential corrosion at weld and heat-affect zone surfaces when exposed to the marine atmo-
sphere, Titanium and niobium are used commercially to “‘stabilize’’ stainless chemisties in or-
der to avoid the formation of chromium-carbonitrides at grain boundaries {24,25]. The regions
around such precipitates are depleted in chromium, which can “sensitize” a stainless steel to
intergranular corrosion and pitting in certain solutions {26,27]. Compare, for instance, the
welded specimens of Type 434 (unstabilized) and Type 439 (stabilized) shown in Fig. 11. The
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FIG. 8—Relative degree of corrosion product tarnishing caused by superficial pitting on various grades of
stainless steel exposed to a marine atmosphere for five years.

FIG. 9—Appearance of autogenously welded panels of (a) Type 409, (b) Type 304, and (c) Type 316
stainless steel exposed to a marine atmosphere for five years.

FIG. 10—Appearance of autogenously welded panels of (a) E-BRITE alloy, (b) Type 216 stainless, and
(c) AL-6X alloy exposed to a marine atmosphere for five years.
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FIG. 11—Appearance of autogenously welded panels of (a) Type 434 and (b) Type 439 ferritic stainless
steel exposed to a marine atmosphere for five years.

Type 434 was sensitized by the autogenous gas tungsten-arc welding operation and suffered
severe intergranular attack and pitting at the weld and heat affected zone while in the marine
atmosphere. The weldment in the Type 439 panel was as resistant to corrosion as the base
metal. The specified minimum titanium content for Type 439 stainless, circa 1970, was 12 times
the carbon content (wt% carbon). Deverell [28] has shown that the lower carbon contents (0.01
t0 0.03 wt%) of AOD-refined Type 439 stainless steel (listed as Type 439L in Table 1) required a
titanium level greater than 0.2 + 4 X (wi% C + wt% N).

Photometric Evaluation of Stainless Steels in the Atmosphere

The chromaticity of light reflected from stainless steel surfaces varies primarily in the inten-
sity of yellow hues; little variation in red-green values is usually detected. For example, bright-
annealed stainless grades range from + 1.5 to 4.8 b units in the following order; Type 434 <
Type 430 < Type 301 < Type 201, while @ units vary, in no particular order, from —0.3 to
—0.75. Both ranges of chromaticity values are close to gray. In general, the stainless grades that
appear to be the lightest and the bluest, or least yellow, are usually considered to be the most
visually appealing. Subtle changes in the geometric and color attributes of the said grades of
stainless steel during a 390-day exposure in a semirural atmosphere were quantified by means of
a tristimulus colorimeter. Data obtained for Type 430 stainless specimens with three surface
finishes is considered in detail below.

The total color difference measurements for the Type 430 specimens (Fig. 12) indicated that
significant change occurred in the appearance of all three surface finishes during exposure to
the atmosphere. An analysis of the variables contributing to the total color difference measure-
ments revealed an increase in yellowness (Fig. 13) and a decrease in lightness of color (Fig. 14)
with exposure period. Littie variation in red-green values was detected (0 to —0.2 a units) for
any of the finishes exposed to the atmosphere.

The initial lightness for the Star Brite finish changed from what were considered to be me-
dium (69 to 70 L units) to low values (less than 68 L units) for stainless steel sheet and strip. The
lightness values for the 2B and BA finishes were consistently higher than those for the Star Brite
finish, but the lightness for all of the finishes decreased at the same rate. The decrease in light-
ness with continued exposure to the semirural atmosphere describes quantitatively what was
visually perceived as a change from a shiny toward a dulier/darker surface.

The 2B and BA finishes appeared more yellow (or less gray) than the Star Brite finish. Since
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FIG. 12—Total color difference measurements (Judd-Hunter NBS units) for Type 430 stainless steel
specimens with cited surface finishes, during a 390-day exposure in a semirural atmosphere.
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FIG. 13—Intensity of yellow hues (Hunter +b units) in light reflected from Type 430 stainless steel
specimens, with the indicated surface finishes, during a 390-day exposure in a semirural atmosphere.

the hue of the color of a surface is most apparent when viewed at an angle equal to that of the
incident light (referred to as the spectral angle), surfaces with strong specular components of
reflection appear to have more intense color. However, the increase in yellowness values with the
period of exposure for each finish was not associated with an increase in the specular component
of reflection, which was demonstrated by relatively consistent haze values (Fig. 15), as discussed
below. The yellowing and decrease in lightness of the Type 430 surfaces were attributed to two
factors: (1) an increase in the density and distribution of corrosion products, sites of attack and
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FIG. 14—Lightness of color measurements (Hunter +L units) for Type 430 stainless steel specimens,
with the indicated surface finishes, during a 390-day exposure in a semirural atmosphere.
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FIG. 15—Haze measurements for Type 430 stainless steel specimens, with the indicated surface finishes,
during a 390-day exposure in a semirural atmosphere.

atmospheric deposits and (2) reported [29] changes in the physical and chemical properties of
the stainless steel passive films exposed to the atmosphere. In general, stainless steel surfaces
exposed to the atmosphere appear to yellow and darken with age in a manner similar to that of
opaque white objects.

Haze measurements revealed differences in the geometric distribution of the light reflected by
the three surface finishes. The haze values for the Star Brite finish before and during the expo-
sure period were significantly higher than those for the other finishes (Fig. 15). The Star Brite
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finish (which consists of a pattern of long, wide, and shallow lines impressed in the rolling
direction of a dull BA surface) diffused incident light to a much greater degree than did the
smoother 2B and BA finishes. Since the lightness values (Fig. 14) represented the denominator
of the ratio defined by the haze values (Fig. 15), the difference in the haze and lightness values
for a particular finish and exposure period is inversely related to the intensity of the specular
component of reflection. Therefore, the surface finishes, which were the principal factors deter-
mining the geometric distribution of reflected light, influenced the measured chromaticity of
the specimens. The slightly greater rates of increase in the haze and yellowness values for the 2B
and BA finishes relative to the Star Brite finish indicated that, although the degree of attack was
similar for all three surfaces, atmospheric degradation was more apparent on the reflective 2B
and BA surfaces than on the diffusive Star Brite finish surface.

Conclusions

1. The corrosion resistance of stainless steels in the atmosphere is directly related to alloy
chromium and molybdenum contents.

2. Highly alloyed stainless steels, like the 29Cr-4Mo ferritic and 20Cr-24Ni-6Mo austenitic
grades, do not pit or suffer corrosion product staining after ten years in a marine atmosphere.

3. Sensitized stainless steel weldments are susceptible to accelerated corrosion in a marine
atmosphere.

4. Photometric techniques provide an efficient, reliable, and nondestructive means of quan-
tifying subtle changes in the appearance of stainless steels exposed in the atmosphere. Photo-
metric measurements can be used to evaluate the relative performance of various stainless steel
grades and surface finishes in the atmosphere.

S. Severe galvanic corrosion occurs on magnesium panels that are riveted to Type 304 stain-
less of equal size when exposed to a semirural atmosphere. Type 304 panels in dissimilar metal
couples are tarnished by the corrosion products from tin, magnesium, architectural bronze, and
to a lesser degree, copper and aluminum.

6. The atmospheric conditions at the Brackenridge, PA, test site have been characterized as
semirural.
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DISCUSSION

C. A. Cardarelli’ (written discussion)—How much copper was there in 216 and was molybde-
num content biased on the high side to give “‘very good” corrosion resistance results?

J. R. Kearns, M. J. Johnson, and P. J. Pavik (authors’ closure)—AISI Type 216 sheet and
strip products typically contain 0.10 wt% copper and 2.5 wt% molybdenum. The material ex-
amined in the present study contained 2.61 wt% molybdenum and 0.10 wt% copper. The supe-
rior performance of Type 216, relative to AISI 300 series stainless steels of comparable chro-
mium and molybdenum contents (that is, Type 316 and 317), is attributed to the interaction of
nitrogen (typically 0.37 wt%) with chromium (typically 19.75 wt%]) rather than an increase in
the bulk molybdenum content of Type 216. Many studies, beginning with that of Uhlig in 1942,
have demonstrated the beneficial effect of nitrogen on the corrosion resistance of austenitic
stainless steels; particularly for grades that contained molybdenum. Clayton [-4] is currently
leading an effort toward understanding the mechanism by which nitrogen, molybdenum, and
chromium affect the passivity and pitting resistance of austenitic stainless steels in acid and
chloride media. Preliminary results indicate that nitrogen may (1) enhance the formation chro-
mium-rich layers in a passive film, (2) directly interact with molybdenum in the passive film, or
(3) modify the well known synergism between chromium and molybdenum, or all of the above.

'Reactive Corp., 2461 Rhodesian Dr. #3, Clearwater, FL 33575-8914.
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Long-Term Atmospheric Corrosion
Behavior of Various Grades of
Stainless Steel
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ABSTRACT: Several grades of stainless steel are evaluated after 26 years of exposure in the ma-
rine atmosphere at Kure Beach, NC. The alloys evaluated include 1% Ni + 16% Mn, 5% Ni +
Mn, 710 10% Nj, 12 to 13% Ni + Mo, 12Cr and 17Cr alloys. The test specimens are in the form of
flat panels, with spot welds, arc weldments, and Erickson cup deformations.

An assessment is made of the degree of rust, rust stain, and pitting attack on the boldly exposed
surface.

The materials exposed 25 m from the ocean have from 20% rust, 70% rust stain, (Type 316
stainless steel) to 100% rust (Type 410 stainless steel). Surface pitting is insignificant (<0.01 mm)
on all material except Type 410 stainless steel, which has surface pits 0.06 mm in depth.

The materials exposed 250 m from the ocean have from 1% rust stain (Types 304 and 316
stainless steels) to 80% rust, 20% rust stain (Type 410 stainless steel), and surface pitting is insig-
nificant.

The spot welded materials have a crevice area between the overlapped surfaces where significant
pitting and intergranular corrosion occurs. The attack ranges between 0.08 to 0.17 mm in depth at
the 25-m site, and between <0.01 to 0.10 mm in depth at the 250-m site. Spot weld failure caused
by corrosion is found only on Type 430 stainless steel.

The arc welded materials show no evidence of weld failure. The weld and HAZ did have greater
rust and rust stain cover than the panel surface.

The materials with Erickson cups show no evidence of stress corrosion failure. However, pitting
is more severe in the stressed areas.

KEY WORDS: stainless steels, marine atmosphere, long term corrosion, spot weld, arc weld,
Erickson cup, pitting, rust stain, intergranular corrosion

In 1958, the former ASTM Committee A-10 on Iron-Chromium, [ron-Chromium-Nickel,
and Related Alloys established a test program to determine the atmospheric behavior of various
grades of stainless steel. A set of guidelines were established specifying the types of matertials,
types of test panels, test panel preparation, and exposure test locations. These guidelines were
distributed throughout the industry to supply the test panels needed for test exposure.

Selected materials were removed from atmospheric exposure after three, five, and seven years
and tensile evaluations were conducted only after three years. The results of these early evalua-
tions were reported in the ASTM Annual Proceedings of Committee A10 from 1961 to 1969
without any indication of panei appearances.

'Senior research technologist, LaQue Center for Corrosion Technology, Inc., P.O. Box 656, Wrightsville
Beach, NC 28480.
2Executive director, National Association of Corrosion Engineers, P.O. Box 281340, Houston, TX 77218.
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Upon the merger of Committee A10 in 1972 with Committee Al on Steel, Stainless Steel, and
Related Alloys, the program was continued with no further documented action until 1984. At
that time, the LaQue Center for Corrosion Technology, Inc. (LCCT) initiated an evaluation of

BAKER AND LEE ON LONG-TERM CORROSION

the test panels after exposure at its marine atmospheric test site in Kure Beach, NC. With the
approval of Committee Al and Committee G1 on the Corrosion of Metals, test panels were
removed and analyzed under the sponsorship of Inco Europe and the Nickel Development Insti-

tute.

Experimental Procedure

The materials selected for the atmospheric test program are listed in Table 1 and nominal
compositions are given in Table 2. The following guidelines for the preparation of test panels
were established:

1. flat panels

(a) each test panel is 100 X 356 X 0.94 mm (+1.27, —0.79),
(b) rolling direction is perpendicular to the 356-mm (14-in.) length, and
(c) any one material is from the same heat.

TABLE 1—Materials used for corrosion evaluation in marine atmospheres.

Material Type of Panel

AISI Spot Arc  Erickson

Type Temper Finish Flat Welded Welded Cup Supplier”

201 soft cold rolled X X X US Steel

201 1/4 hard cold rolled X US Steel

201 1/2 hard cold rolled X e US Steel

201 3/4 hard cold rolled X X e US Steel

201 soft 2B e . X e US Steel

202 soft cold rolled X X X Allegheny Ludlum

16-16-1 soft cold rolled X ... X Allegheny Ludlum
16-16-1 1/2 hard cold rolled X X . Allegheny Ludlum

301 soft cold rolled X o X Allegheny Ludlum
301 1/4 hard cold rolled X X Allegheny Ludlum
301 1/2 hard cold rolled X . Allegheny Ludlum
301 3/4 hard cold rolled X X e Allegheny Ludlum
302 soft cold rolled X X .. X Republic

302 1/4 hard cold rolled X . e . Republic

302 soft 2B e X Republic

302 quenched No. 4 X .. . Republic

302 quenched No. 7 X ... e Republic

304 soft cold rolled X X cee X Republic

304 soft 2B . X Republic
304L soft 2B . . X ces Armco

316 soft cold rolled X X e X US Steel

316 soft 2B s X US Steel
316L soft 2B X Armco

321 soft 2B X . Eastern Rolling
347 soft 2B .. .. X Sl Eastern Rolling
410 annealed No. 2 X X X Crucible

430 soft cold rolled X X X Sharon

“Supplier (1) Crucible is now Colt Industries, (2) Republic is now LTV Steel, and (3) Eastern Rolling is
now Eastern Stainless Steel.
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TABLE 2—Nominal composition for materials (principle elements).

Stainless Percent

Steel

Type Cr Ni C Mo Mn N, Fe Others
201 17 4.5 0.15 max . 6.5 0.25 bal
202 18 5 0.15 .. 8 0.25 bal
16-16-1 16 1 16 bal
301 17 7 0.15 max bal
302 18 9 0.15 max bal
304 18.5 9.5 0.08 max ... . . bal
340L 18.5 10.0 0.03 max S e e bal
316 17 12 0.08 max 2.25 e . bal
316L 17 13 0.03 max 2.25 e . bal .
321 18 11 0.08 max NN e . bal Ti-5x C min
347 18 11 0.08 max N .. Ce. bal Ti-5x C min

Cb + Ta — 10x C min

410 12 0.15 bal
430 17 0.15 bal

2. spot welded panels

(a) materials are supplied in 100 by 100 mm (+0.2S, —0.00) and 100 by 200 mm (-+0.25,
—0.00) size for spot welding into panels 100 by 356 mm. The identifying code along one side
shows the parallel direction of rolling.

3. arc welded panels

(a) materials are welded and sheared into panels 100 by 356 by 3.2 mm (+0.25, —0.13),
and

(b) any one material is from the same heat.
4. Erickson cup panels

(a) material are supplied in 76 X 356 X 9.4 mm (£0.25) form,

(b) panels contain three Erickson cups (2 of 80% and 1 of S0% maximum depth) equally
spaced along the center line with the small cup in the center. The small cup and one {arge cup
are drilled with a 6.35 mm drill.

5. all panels have test corrosion resisting qualities and pass the boiling nitric acid test
(ASTM Practices for Detecting Susceptibility to Intergranular Attack in Austenitic Stainless
Steels [A 262]).

All test panels are sent to LCCT where they are sorted and distributed to the following six
atmospheric test sites for exposure:

(1) State College, PA (rural),

(2) Newark, NJ (industrial),

(3) Brazos River, TX,

(4) Battelle, Columbus, OH,

(S) Kure Beach, NC (marine, 25 m), and
(6) Kure Beach, NC (marine, 250 m).

Test panels were exposed at the Kure Beach test sites (Fig. 1) during May-Oct. 1958, Sched-
uled removals were made after three, five, and seven years and the panels were distributed to
different participating companies for evaluation. Duplicate test panels were removed from test-
ing at the Kure Beach Test sites in 1984 after 26 years of exposure.
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FIG. 1-—Views of the atmospheric lots at Kure Beach, NC, where various grades of stainless steel have
been exposed for 26 years (1958-1984): TOP: view of 25-mm panels facing east and BOTTOM: view of
250-m lot panels facing south.

An evaluation is made of the percent of each flat surface area (both the side facing skyward
and the side facing groundward) that is covered by rust scale and rust stain. Rust is defined as a
build-up of corrosion products that is visible on the panel surface at low magnification (7 X) and
has a measurable thickness of 0.05 mm or greater. Rust stain is defined as having no visible
corrosion product build-up at low magnification (7X). A portion of each panel surface is
cleaned (ASTM G1) to remove the rust and rust stain. The surfaces are then examined for pits,
and an assessment is made of the pit density as compared to the ASTM Recommended Practice
for Rating of Electroplated Panels Subjected to Atmospheric Exposure (B 537) spot chart (Fig.
2). Depths of pitting are measured with a dial depth gauge.

The spot welded stainless steel test panels are examined for evidence of corrosion in and
around the weld area. The five spot welds (6 mm in diameter), which joined two overlapping
pieces, are drilled out so the two inner surfaces can be examined (Fig. 3). The crevice surfaces
(the area between the overlapped surfaces on the spot welded panels) are measured to determine
the depth of pitting and crevice corrosion with a dial depth gauge. Intergranular corrosion was
determined by putting a sharp bend (45 to 60°) in the area of a spot weld, then examining this
area under 10 to 70 X magnification. Metallographic examinations, needed to verify the depth
of intergranular corrosion, are not done.



56 DEGRADATION OF METALS IN THE ATMOSPHERE

— ——

© o a F-)

o T o ©

® - 0 -
0.1% of Total Area 0.05% of Total Area

SPOT CHART ILLUSTRATING PERCENT DEFECTIVE AREA

10
\

{ill N ~
3 7t ™~ :
E 6
4
E N 1
@ 3L \ B

2

~
1 .
. B RN

o 0.05 0.1 020305 10 203050 10 2030 50 100
% Weighted Area Defective

FIG. 2—Chart for converting percent area defective to rating number.

Results

Results for panels exposed in the 25-m lot after 26 years are given in Table 3 and Fig. 4 and
results for those exposed in the 250-m lot are given in Table 4 and Fig. 5. On boldly exposed
surfaces, pits are found on Type 410 stainless steel of 0.03 to 0.06 mm in depth and pit depths
on all other grades of stainless steel are less than 0.01 mm in depth. The most severe corrosion
occurs on the spot welded panels in the crevice area formed by the overlapping sections with a
maximum depth of attack of up to 0.22 mm. Pitting attack is found on all material in both the
25 and 250-m lots. Panels exposed in the 25-m lot suffered greater attack. Rust build-up is
found and corrosion in the form of pitting, crevices, and intergranular attack occur. Evidence
of the attack on Type 316 stainless steel is shown in Fig. 3. Type 430 stainless steel suffers spot
weld failure caused by corrosion in the weld heat affected zone in both the 25 and 250-meter
lots.

The test panels that had Erickson cups are of Type 201, 202, 16-16-1, 301, 302, 304, 316,
410, and 430 stainless steel. The stressed areas on these materials are examined under 10X
magnification and their is no evidence of cracking. Pit density is much greater on the side of the
cup than on the flat surface of the panels. Pit depths are not measured, but appear to be deeper.
Metallographic examination would be necessary to identify actual pit depth penetration.
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FIG 3—Appearance of spot welded Type 316 stainless steel after 26 years of exposure in the 25-meter
atmospheric lot. Rust build up is found in the crevice (top). Pitting and crevice attack (0.14 mm or 0.005 in.
minimum, 0.09 mm or 0.003 in. deep on average) are found and intergranular attack is evident in the weld
heat affected surface: Top—crevice area before cleaning and bottom—crevice area after cleaning ( X2 mag-
nification).

The test panels that were arc welded were of Type 201, 302, 304, 304L, 316, 316L, 321 and
347 stainless steel. The weld areas on these materials are examined and there is no evidence of
weld failure.

Discussion

Corrosion of Stainless Steels in a Severe Marine Environment—25 and 250 M from the Ocean

The 25-m lot is exposed to a very severe marine environment. Annually, chloride ion accumu-
lation can range between 76 042 and 228 125 mg/m? and corrosion of high purity iron ranges
between 0.2 and 0.6 mm per year [2].

The 250-m test site is a moderate marine environment where the annual chloride accumula-
tion ranges between 21 292 and 60 833 mg/m? [I], and the corrosion rate of high purity
wrought iron ranges between 0.04 and 0.09 mm per year [2].?

3The corrosion observed on the skyward side of the stainless steel only is discussed. Groundward side
corrosion is described in Tables 3 and 4.
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FIG. 4—Relative performance of stainless steels exposed 25 m from the ocean for 26 years.

Type 201 Stainless Steel

25-Meter Lot-Type 201 stainless steel (cold-rolled, 1/, 1/2, and 3/4 hard) is 30 to 50% covered
with rust, with the balance of the surface covered by rust stain. Panels in the 1/2 and 3/4 hard
conditions show the greater resistance to rust coverage. The pits were < 0.01 mm deep and pit
density on all the Type 201 material tested is very similar and rated either three or four (5 to
10% of the area pitted).

Spot-welded Type 201 (3/4 hard cold rolled) stainless steel has a slight rust build-up in be-
tween the two plates. Many pits (0.15 mm maximum, 0.12 mm average are scattered ovet the
crevice area. Intergranular corrosion occurs in the weld heat affected zone (HAZ) of the weld
and base metal.

250-Meter Lot-Type 201 stainless steel (cold-rolled) is 2% covered by rust spots and 20% by
rust stain, while Type 201 under the other conditions (1/4, 1/2, and 3/4 hard) is 1% covered by
rust spots and 2% by rust stain. The pits were <0.01 mm in depth and pit densities are rated
seven (0.50 pitted area) for cold rolled, eight (0.25 pitted area) for 1/4 hard, and nine (0.1 pitted
area) for 1/2 and 3/a hard. Type 201 (2B) is 5% covered by rust, 15% by rust stain and had pits
<0.01 mm in depth and a pit density is rated nine (0.1% pitted area).

Spot welded Type 201 (3/4 hard) stainless steel has some rust build-up in a localized area in
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FIG. 5—Relative performance of stainless steels exposed 250 meters from the ocean for 26 years.

between the two plates. Pitting (0.08 mm maximum, 0.07 mm average in depth) is found just
under the overlapping edge of the crevice. Intergranular corrosion is found in the weld HAZ.

Type 202 Stainless Steel

25-Meter Lot-Type 202 stainless steel (cold-rolied) is 40% covered by rust and 60% covered
by rust stain. The pits are <0.01 mm in depth and pit density is rated seven (0.5% of the pitted
area).

Spot-welded Type 202 (soft cold rolled) stainless steel has slight rust build-up in between the
two plates. Very many pits (0.21 mm maximum, 0.17 mm average in depth) are scattered over
the crevice area. Severe intergranular corrosion is found in the weld, weld HAZ, and base metal.

250 Meter Lot-Type 202 stainless steel (cold rolled) is 1% covered by rust spots, 5% by rust
stain. The pits are <0.01 mm in depth and pit density is rated eight (0.25% of the pitted area).

Spot-welded Type 202 (soft cold rolled) stainiess steel has very little rust in between the two
plates. Pitting (0.04 mm maximum, 0.003 mm average in depth) is found in the crevice area;
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most of the pits are located along a fine line just under the overlapping pieces. Intergranular
corrosion is found in the weld HAZ.

16CR-16Mn-INi

25-Meter Lot-16Cr-16Mn-1Ni stainless steel (cold-rolled, /2 hard) is 40 to 65% covered by
rust and the balance covered by rust stain; the pits are <0.01 mm in depth and pit density is
rated three (10% pitted area).

Spot-welded 16-16-1 (1/2 hard) stainless steel has rust build-up (0.30 mm) in between the two
plates. Very severe pitting (0.22 mm maximum, 0.17 mm average) is found in the crevice area.
Intergranular corrosion is found in the weld, weld HAZ, and base metal.

250 Meter Lot-16Cr-16Mn-1Ni stainless steel (cold rolled and /2 hard) is 6 to 10% covered by
rust spots, 70 to 90% by stain. The pits are <0.01 mm in depth and pit density is rated four and
five for the two conditions, respectively (with 2.5 and 5% pitted area).

Spot-welded 16-16-1 (1/2 hard) stainless steel has rust build-up (0.10 mm thick) in between
the two plates. Pitting (0.06 mm maximum, 0.04 mm average in depth) is found in the crevice
area.

Type 301 Stainless Steel

25 Meter Lot-Type 301 stainless steel (cold-rolled, 1/4, 1/2 and 3/4 hard) is 30 to 60% covered
with rust and the balance covered by rust stain. Panels in the 1/4 hard condition show greater
resistance to rust coverage. Pits are <0.01 mm in depth and pit density for all Type 301 panels
is very similar and rated either four or five (with 2.5 to 5% pitted area).

Spot-welded Type 301 (1/4 hard) stainless steel has slight rust build-up in between the two
plates. Many pits (0.18 mm maximum, 0.15 mm average in depth) are scattered over the crevice
area. A line of pits is located along the edge of the overlapping pieces. Intergranular corrosion
occurs in the weld HAZ, weld, and base metal.

Spot-welded Type 301 (3/4 hard) stainless steel has slight rust build-up in between the two
plates. Many pits (0.12 mm maximum, 0.09 mm average in depth) are scattered over the crevice
area. Also, a line of pits (0.02 to 0.06 mm in depth) is located along the edge of the overlapping
pieces. Intergranular corrosion occurs in the weld HAZ, weld, and base metal and the attack is
evident on the outside surface of the panels.

250 Meter Lot-Type 301 cold-rolled stainless steel is 5% covered by rust spots and 10% by
rust stain, while the other Type 301 stainless steels (1/4, 1/2, and 3/4 hard) are 1% covered by rust
spots and 1 to 2% covered by rust stain. The pits are < 0.01 mm in depth and the pit densities
are rated eight (0.25% pitted area) for the cold-rolled material, nine (0.1% pitted area) for the
1/2 hard material, and ten (0% pitted area) for the 1/4 and 3/4 hard material.

Spot-welded Type 301 (1/4 hard) stainless steel has rust stain in between the two plates. Pit-
ting (0.09 mm maximum, 0.07 average in depth) is found under the crevice and in the weld
HAZ.

Spot-welded Type 301 (3/4 hard) stainless steel has rust stain in between the two plates. Very
few small pits (0.01 mm in depth) are found at the edge of the overlap. Pits (0.01 mm in depth)
are found in the weld HAZ.

Type 302 Stainless Steel

25-Meter Lot-Type 302 stainless steel (cold-rolled, 1/4 hard, soft 2B, #4 and #7) is 30 to 60%
covered by rust, with the balance covered by rust stain. Panels in the soft 2B and quenched
annealed to the #4 and #7 conditions show greater resistance to rust coverage. The pits are
<0.01 mm in depth and pit density is rated between three and five (with 2.5 to 10% pitted
area).

Spot-welded Type 302 (soft cold-rolled) stainless steel has slight rust build-up in between the
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two plates. Many pits (0.20 mm maximum, 0.15 mm average in depth) and some locally cor-
roded areas (0.02 to 0.04 mm in depth) are evident. Intergranular corrosion occurs in the weld
HAZ, weld, and base metal.

250 Meter Lot-Type 302 stainless steels (cold-rolled, 1/4 hard and #7) are 1 to 3% covered by
rust spots and 2 to 4% covered by rust stain. The pits are <0.01 mm in depth and the pit
density is rated seven and eight (with 0.25 to 0.5% pitted area). The other Type 302 steels (#4
and 2B finish) are 1 to 2% covered by rust spots, 10% covered by rust stain. The pits are <0.01
mm in depth and pit density is rated seven to nine (with 0.1 to 0.5% pitted area).

Spot-welded Type 302 (soft cold-rolled) stainless steel has rust stain in between the two
plates, A few very small pits (0.01 mm in depth) are found at the edge of the overlap. Pits (0.01
mm in depth) are found in the weld HAZ.

Type 304 Stainless Steel

2§ Meter Lot-Type 304 stainless steel (cold-rolled) is 20% covered by rust with the balance
covered by rust stain. The pits are <0.01 mm in depth and the pit density rating is five (2.5%
pitted area). Type 304 stainless (soft 2B) is 5% covered by rust with the balance covered by rust
stain. The pits are <0.01 mm in depth and the pit density is four (5% pitted area). Type 304L
stainless steel (soft 2B) is 20% covered by rust with the balance covered by rust stain. The pits
are <0.01 mm in depth and the pit density is rated six (1% pitted area).

Spot-welded Type 304 (soft cold-rolled) stainless steel has slight rust build-up in between the
two plates. Very many pits (0.10 mm maximum, 0.08 mm average in depth) are found in the
crevice area. Intergranular corrosion is found in the weld and weld HAZ.

250 Meter Lot-Type 304 stainless steel (cold-rolled) is covered by 1% rust spotting and 2%
staining. Its pits are < 0.01 mm in depth and they had a pit density of eight (0.25% pitted area).
Type 304 (2B) is 5% covered by rust spots and 40% covered by rust stain. The pits are <0.01
mm in depth and the pit density is rated eight (0.25% pitted area). Type 304L (2B) is 2%
covered with rust spots and 10% covered by rust stain. The pits are 0.01 mm in depth and pit
density is rated nine (0.1% pitted area).

Spot-welded Type 304 (soft cold rolled) stainless steel has slight rust and rust stain in between
the two plates. Pits (0.06 mm maximum, 0.04 mm average in depth) are scattered in the crevice
area and pits occur in the weld HAZ.

Type 316 Stainless Steel

25 Meter Lot-Type 316 stainless steel (cold-rolled) is 20% covered by rust and 70% covered in
rust stain, The pits are <0.01 mm in depth and pit density is rated five (2.5% pitted area). Type
316 stainless steel (2B) is 5% covered with rust and 50% covered by rust stain. The pits are 0.01
mm in depth and pit density is rated eight (0.25 pitted area). Type 316L stainless steel (soft 2B)
is 20% covered by rust and the balance covered by rust stain. The pits are <0.01 mm in depth
and the pit density is rated eight (0.25% pitted area).

Spot-welded Type 316 (soft cold rolled) stainless steel has slight rust build-up in between the
two plates. Many pits (0.14 mm maximum, 0.09 mm average in depth) are scattered over the
crevice area. Intergranular corrosion is found in the weld and weld HAZ.

250-Meter Lot-Type 316 stainless steel (cold-rolled) is 1% covered by rust spots and 1% by
rust stain, while the 2B material has no rust spotting and only 1% rust stain coverage. The pits
are <0.01 mm in depth and the pit density is rated nine (0.1% pitted area). Type 316L (2B) has
no rust spots with only 1% coverage in rust stain. No pits are visible on the surface and the pit
density is rated ten (0% pitted area).

Spot-welded Type 316 (soft cold-rolled) stainless steel has slight rust stain in between the two
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plates. Several small pits (0.01 mm in depth) and a small crevice corrosion site (0.01 mm in
depth) are found. Intergranular corrosion is found in the weld HAZ.

Type 321 Stainless Steel

25-Meter Lot-Type 321 stainless steel (2B) is 40% covered by rust and the balance covered in
rust stain. The pits are <0.01 mm in depth and the pit density is rated six (1% pitted area).

250 Meter Lot-Type 321 stainless steel (2B) is 5% covered by rust spots and S% covered by
rust stain. The pits are 0.01 mm in depth and the pit density is rated eight (0.25% pitted area).

Type 347 Stainless Steel

25-Meter Lot-Type 347 stainless steel (2B) is 40% covered by rust and the balance covered in
rust stain. The pits are <0.01 mm in depth and the pit density is rated six (1% pitted area).

250 Meter Lot-Type 347 stainless steel (2B) is 5% covered by rust spots and 10% covered by
rust stain. The pits are <0.01 mm in depth and the pit density is rated seven (0.5% pitted area).

Type 410 Stainless Steel

25 Meter Lot-Type 410 stainless steel (Annealed #2) is 100% covered with rust. The pits are
0.06 mm in depth and the pit density is rated zero (50% pitted area).

Spot-welded Type 410 stainless steel (annealed) has rust build-up (0.10 to 0.30 mm) in be-
tween the plates. Many pits and crevices (0.19 mm maximum, 0.15 mm average in depth) are
scattered over the crevice area. Intergranular corrosion is evident in the weld HAZ.

250 Meter Lot-Type 410 stainless steel (anneaied #2) is 80% covered by rust and 10% covered
by rust spots. The pits are 0.01 mm in depth and the pit density is rated one (50% pitted area).

Spot-welded Type 410 (annealed) stainiess steel has rust in between the two plates. Many pits
(0.15 mm maximum, 0.01 mm average in depth) is found in the crevice area. Intergranufar
corrosion is found in the weld and weld HAZ.

Type 430 Stainless Steel

25 Meter Lot-Type 430 stainless steel (cold-rolled) is 60% covered by rust and the balance
covered by rust stain. The pits are <0.01 mm in depth and the pit density is rated three (10%
pitted area).

Spot-welded Type 430 stainless steel (cold-rolled) have rust build-up (0.10 to 0.30 mm) in
between the two plates. Many pits (0.16 mm maximum, and 0.12 mm average in depth) are
scattered over the crevice area. The spot welds can be broken under slight bending pressure
leaving a mound area on one side and a depression on the other side. This separation line fol-
lowed the weld/weld HAZ interface.

250 Meter Lot-Type 430 stainless steel (cold-rolled) is 20% covered by rust and 80% covered
by rust stain. The pits are <0.01 mm in depth and the pit density is rated eight (0.25% pitted
area).

Spot-welded Type 430 (soft cold-rolled) stainless steel has rust in between the two plates. A
few pits (0.12 mm maximum, 0.05 mm average in depth) are found in the crevice area. The spot
welds are broken easily under slight bending pressure, leaving a mound area on one side and a
depression on the other side. The separation line follows the weld/weld HAZ interface.

Summary

All of the stainless steels evaluated in this program exhibit excellent resistance to corrosion
over the 26 year exposure in marine atmospheres. Insignificant pitting (< 0.01 mm) is measured
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on the boldly exposed surfaces of all materials except Type 410 stainless steel which showed
pitting to only a slightly greater degree (a maximum of 0.06 mm).

All of the stainless steels exhibit rust staining and rust coverage to varying degrees. This is
more extensive in the 25-m test lot nearest the ocean as compared to the 250-m test lot. In the
25-m lot exposures, Types 304 and 316 stainless steels generally exhibit the least rust coverage.
In the 250-m test lot, all of the 200 and 300 series stainless steels show less than 50% rust
staining and only minimal rust coverage.

The spot-welded stainless steels had a crevice area in between where the two plates over-
lapped 2.5 ¢cm (25.5 cm?). In this crevice area, significant pitting and intergranular corrosion is
observed. In the 25-m lot, the average attack on the ten stainless alloys is from 0.08 mm to 0.17
mm. In the 250-meter lot, the average attack on the ten stainless alloys is from <0.01 to 0.10
mm. Type 430 stainless steel does suffer spot welded failures in both the 25 and 250-m lots
because of the corrosion of the weld.

All the arc welded stainless steels exposed show no evidence of weld failure.

All stainless steels with Erickson cups exposed show no evidence of stress corrosion failure in
the stressed areas. There are a great many more pits visible on the side of the Erickson cup than
are found on the flat surface of the test panel exposed in the 25-meter lot.
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DISCUSSION

H. H. Lawson' (discussion questions)—Your original program included tensile evaluations.
Were such tests made on the 26-year samples?

Also, loaded and unloaded springs were included. Were these included in the current pro-
gram?

E. Baker (author's closure)— Tensile evaluations were not performed on the 26-year samples.
It is our hope this can be done at some future date.

Loaded and unloaded springs are still exposed at Kure Beach. No evaluations were made on
the loaded and unloaded springs exposed there.

'Armco, Inc., Middletown, OH 45043.
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ABSTRACT: In order to investigate atmospheric corrosion of stainless steel, exposure tests were
carried out at several locations. By analysis of the test results, it is considered that the distance
from the shoreline can be the most significant factor affecting corrosion. Utilizing a developed
evaluation method in laboratory and exposure tests, a new alloy of ferritic stainless steel as bright
annealed surface was developed, based on the finding that amorphous silicon oxide film is more
corrosion resistant against marine atmosphere. The proposed alloy is a type of highly purified
19% chromium ferritic stainless steel covered with a corrosion resistant bright annealed surface
film.

KEY WORDS: atmospheric corrosion, stainless steels, bright annealing, passive film, silicate,
surface analysis, electrochemistry

Stainless steels have been widely used for exterior applications in architecture, automobiles,
and trains on account of corrosion resistance and aesthetic appeal of the surface. However, the
surface is sometimes damaged by spotty rusting from atmospheric corrosion after long-time
exposure to severe environments, particularly marine seashore, although the corrosion of steel
substrates is much less than that of carbon steel and low alloyed steels. This type of atmospheric
corrosion of stainless steels has been investigated by several researchers [I1-4]. However, the
data on corrosion of bright annealed surface of stainless steel were not well established in spite
of its shiny appearance. Therefore, a series of studies on atmospheric corrosion of stainiess
steels was carried out in order to clarify the morphology of corrosion and the environmental
factors significantly affecting the corrosion. Then, a bright annealed ferritic stainless steel resis-
tant to atmospheric corrosion was developed, based on a finding of a resistant surface film.

Procedure

Exposure Test

The specimens, 0.5 by 60 by 300 mm in size, were placed horizontally on the exposure test
panels located around the Tokyo Bay area of Japan at different distances from the shoreline.
Exposure in the horizontal position was assumed to give the severest condition for corrosion.
After one- to three-months exposure, the specimens were cleaned and gently rubbed in running

'R&D Laboratories-I, Nippon Steel Corporation, 1618 1da Nakahara-ku, Kawasaki 211, Japan.
INippon Steel Corporation, 1-1-1 Edamitsu, Yawatahigashi-ku, Kitakyushu 805, Japan.
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water, and then the rating score of the residual aesthetic appeal was assigned by comparison
with the standard specimens. The rating score increases with increasing corrosion resistance.
The rating score “0” means all the surface is covered by red rust, whereas **10" means no rust is
apparent with almost the same appearance as before the exposure. The tests were conducted

several times through summer or winter, because the severity of the environment changes with
the season.

Specimens

Bright annealed American Iron and Steel Institute (AISI), 304, 434, and 430 stainless steels
were utilized in addition to the newly developed bright annealed ferritic stainless steels contain-
ing 19% chromium with additions of copper and niobium as shown in Table 1. Two to twenty
percent chromium iron base high purity alloys were also used in some cases to examine
the effect of chromium content on the ability of air formed films to heal a scratched bright
annealed film.

Electrochemical Experiments

In order to understand how fast the air formed film grows on the stainless steels containing
various chromium contents, potential decay curves were obtained in deaerated 0.1 N sodium
chloride (NaCl) buffer solution after the stainless steels were polished with #600 grit emery pa-
per in ethanol, and stored in decicator for a given period (1 h to 3 weeks).

Surface Analysis

The chemical composition of the outermost surface films and their depth profile were ob-
tained by Auger electron spectroscopy (AES). The structure of the surface films were investi-
gated mainly by reflection electron diffraction with the accelerating voltage, 150 kV. Nonmetal-
lic inclusions and precipitates at the surface of steel sometimes play a role of defects initiating
rusting, so that they were at times observed by transmission electron microscopy of the extrac-
tion replicas.

In addition, the DC electrical resistance of the surface film on the stainless steels was ob-
tained by a conventional SQ meter (produced by Yamasaki Seisakusho) by measuring the film
resistance between sliding carbon rod and metal substrate.

Results and Discussion

The morphology of atmospheric corrosion (Fig. 1) shows typical surface appearance of rusted
stainless steel of AISI 304 and 430 exposed in the distance of 5 m from seashore for three
months. The spotty rust reduces the aesthetic appeal of stainless steel severely. There were two
types of corrosion morphology observed on the surface shown in Fig. 2. One was caused by

TABLE 1—FExamples of chemical composition of developed stainless steel, ppm.

Sample C Si Mn P S Ni Cr Cu Nb
A 0.011 0.51 0.11 0.025 0.004 0.32 19.44 0.44 0.43
B 0.015 0.47 0.17 0.025 0.001 0.27 19.43 0.40 0.35
C 0.015 0.30 0.14 0.024 0.006 0.26 19.36 0.44 0.38

Note: 90 < N < 170 ppm and 30 < O < 60 ppm.
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FIG. 1—Appearance of rusted AISI 304 (left) and AISI 430 (right) stainless steel surface exposed in the
distance of 5 m from the shoreline for three months.

(@) (b)

FIG. 2—Two types of damage by rusting (a) pitting (b) film dissolution: (a) developed steel (Sample A)
exposed at 5 m from the shoreline for one month and (b) AISI 430 steel exposed at 5 m from the shoreline for
one month.

pitting corrosion (Fig. 2a), the diameter of which varied from 5 to 200 xm. The other appeared
to be damaged by the surface film dissolution consequently disclosing the substrate grains un-
derneath (Fig. 2b). The reason for existence of the two types of corrosion morphology may be
closely related to the chemical performance of the film. With a highly corrosion resistant film of
silicate (Si0,) described later, the damage tended to mainly be pitting corrosion rather than
film dissolution.

The Environmental Effect

In order to understand the effect of the environment on the corrosion of bright annealed
stainless steels, the stainless steel specimens having a variety of chemical compositions and sur-
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face films were exposed. The typical results were shown in Fig. 3, where the distance from the
shoreline has a significant effect on the atmospheric corrosion of stainless steels. That is, the
closer to the shoreline, the more the corrosion occurred, resulting in the wider statistical distri-
bution of rating scores dependently on the steel and its surface chemical composition. In mild
environments, such as locations far from the shoreline, there are no differences in corrosion
resistance among various types of stainless steel as shown in Fig. 4a. Even AISI Type 304 and
430 did not change in corrosion resistance as shown in the results of another run of exposure
tests in Fig. 4b. On the contrary, the severe environments at the seashore showed differences in
corrosion resistance among them. It is considered from these results that atmospheric corrosion
of stainless steel is mostly caused by chloride attack from marine environments.

Based on the results of the environmental tests showing the corrosion described so far, a
quantitative method simulating atmospheric corrosion under chloride attack was developed to
evaluate the corrosion resistance of stainless steel in the laboratory. The details of the experi-
mental method have been reported elsewhere [5]. Through this method, one can identify what
types of surface may be the most resistant to corrosion, and then develop a new type of stainless
steel alloy, although exposure tests were also necessary to assure that the performance was as
expected.

Effect of Alloy Elements

Stainless steels have been commercially produced in varieties of surface finishes such as
bright annealed, acid pickled, and mechanically polished finish. In the present paper, bright
annealed ferritic stainless steel was examined from the view point of what composition and
structure of bright annealed film is resistant against atmospheric corrosion. The bright an-
nealed film generally consists of oxides of silicon, chromium, and iron, as shown in Fig. 5 of
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FIG. 3—Corrosion resistance rating distributions at the distance (a) 6 km, (b) 1 km, (c) 5 m from the
shoreline (the first exposure test).
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FIG. 4—Corrosion resistance rating of different types of stainless steel when exposed to (a) a severe envi-
ronment and (b) a mild environment for four weeks (the fourth exposure test).
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FIG. 5—Typical depth profile of bright annealed surface by AES measurement (1 min of sputtering time
is approximately correspondent to 80 A of thickness).

AES depth profile. The chemical composition of the film strongly depends upon the bright
annealing conditions and steel compositions. Through laboratory and exposure tests, it was
found that the more silicon enriched in the surface film, the more resistant the alioy was to
corrosion. Figure 6 is a typical result indicating the relationship between the amount of silicon
in the film and the rating score of exposure tests at the seashore. With more than 20 to 30 at%
of silicon in the outermost surface, the film is considered to mostly consist of $i0,. The result of
reflection electron diffraction revealed the film structure was amorphous as indicated by halo
pattern in Fig. 7. Therefore, amorphous SiO, film can give steel highly corrosion resistant sur-
face to marine atmospheres. It is considered that up to certain amount of silicon content in the
steel may be necessary to produce a stable SiQ, film on the surface during the bright annealing
process. The silicon content in surface film may be varied by the silicon content in steel and the
bright annealing conditions. Therefore, stainless steel specimens with a range of silicon content



ITO ET AL. ON ATMOSPHERIC CORROSION 73

10}
oo 8l
qps
<2
28
'GxG
gl.l.l
L)

[+
S o 4f

o
o &
£ 3
o= 2
0

0 10 20 30 40 50
Si in Film (at%)

FIG. 6—Relationship between corrosion resistance rating scores of exposure test specimens and amount
of silicon contained in the surface film.

FIG. 7—Reflection electron diffraction pattern obtained from silicon enriched surface film.

were bright annealed under the same condition, although the amount of silicon in steel was not
changed greatly because loss of mechanical workability would occur. Even so, the exposure test
as shown in Fig. 8 gave the results describing that the higher the silicon content in the steel, the
higher the corrosion resistance tended to be.

In order to understand why silicon oxide films are resistant to corrosion, the electrical resis-
tance of the film was examined by a conventional SQ meter. Figure 9 is an example of the data
in which the electrical resistance of the film became higher with an increase in silicon enriched
at the surface. The insulative SiO; film is considered to retard corrosion current flow, even if the
corrosion initiates. And in addition, it is not unreasonable to think that the covalent bonds of
SiO, may be more difficult to break through chloride attack than the ionic bonds of chromium
oxide, which generally formed on a bright annealed surface.

However, once broken, the SiO, film is not capable of healing defects automatically. With the
existance of some defects in the bright annealed film, the substrate metal is directly exposed to
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FIG. 8—Corrosion resistance rating score of exposure test specimens of stainless steels containing various
amounts of silicon in steel (Steel A: 0.51 silicon, Steel B: 0.47 silicon, Steel C: 0.30 silicon at the third

exposure test).
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FIG. 9—Relationship between surface film electrical resistance and amount of silicon contained in sur-

face film.

air and then, the air formed film will grow depending upon the chromium content of steel. To
understand the behavior of the air formed film, the potential decay curves of the polished steels
with various chromium content were obtained in 0.1 M NaCl solution.

The obtained results are shown in Fig. 10, where the specimens were stored in desiccator for
one week after polishing in ethanol. The steels containing higher chromium contents in the alloy
exhibited longer potential decay times. The behavior of 15 and 20% chromium steels is quite
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FIG. 10—Potential decay curves of air formed film grown on 2 to 20% chromium bearing steel (one-week
stored in desiccator after polishing).

different from the steel containing less chromium in that they undergo gradual self repassiva-
tion after the partial breakdown of the air formed film. In addition, the longer storage time led
to higher stabilization of air formed film.

Figure 11 shows the results of AES surface analysis of 5% chromium steel and 15% chro-
mium steels along with various storage times, that is 1 h, 1 day, and 1 week. It is interesting to
note that the longer storage time enhances chromium enrichment in the surface films together
with their thickness. This obsetvation indicates that the steel with more than 15% chromium
keeps its film stability.

The nonmetallic inclusions, precipitates in steel and grain boundaries sometimes produce
defects in the surface film, where the localized corrosion easily initiates. Particularly, manga-
nese sulfide (MnS) has been reported to initiate corrosion [6]. However, with a low level of
sulfur, large MnS deteriorating corrosion resistance usually does not occur according to reports
to date [7,8]. Even so, the lower contents of manganese and sulfur in steels are desirable to
reduce defect levels. Furthermore, the composition of MnS can be made insoluble by copper
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FIG. 11—Results of AES depth profile for 15% chromium steel with various storage time in desiccator.



76 DEGRADATION OF METALS iN THE ATMOSPHERE

. e 4

$30M >20pgis8 . ¢

\. < . Mns =) (Cu,Mn)S
05um

430n-8-280 E LK Z2=28 wi
PR= 8 68SEC 2746 INT
U=i28 H=1BKEU 1:10 AO=10KEV 10

"KEUER . * 7808 HICRD. ~ X

430MM-g-200 C K Z=16
PRa $ 61SEC 2372 INT

Us128 H=1B8KEV 1:1Q0 AQ=10KEV 10

e i)

Elu;ﬂl-ar_ilni "9 QOKEV

(Cu,cr)S (Mn,Cu,cr)S

FIG. 12—Scanning electron microscopy and energy dispersive X-ray spectra of complex sulfide inclusion
modified by copper addition in stainless alloy.

additions as is evident in Fig. 12, where MnS was converted to the more water insoluble complex
compounds, such as (Mn,Cu)S.

From the concept discussed so far, a ferritic stainless steel alloy resistant to atmospheric cor-
rosion was developed. An example of its chemical composition is shown in Table 1. The steel is a
type of highly purified 19% chromium ferritic stainless steel with additions of copper and
niobium. A bright annealed surface finish on this steel gave superior corrosion resistance in
marine atmospheres, as shown in Fig. 4.

Conclusion

In order to investigate the atmospheric corrosion of stainless steels, exposure tests were car-
ried out at several locations. By analysis of the test results, it was found that the distance from
the shoreline was the most significant factor affecting the corrosion. The further from the shore-
line, the less the corrosion occurred.

Utilizing an evaluation method in laboratory and exposure tests, a new ferritic stainless steel
alloy with a bright annealed surface was developed, based on the finding that an amorphous
silicon oxide film is more corrosion resistant in marine atmospheres. The alloy is a type of highly
purified 19% chromium ferritic stainless steel with additions of copper and niobium.
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DISCUSSION

Robert Baboian® (written discussion)—Your results show the new alloy has improved corro-
sion resistance over Type 434 stainless steel. However, the addition of 1% molybdenum in 434
stainless steel (SS) provides resistance to localized corrosion by repassivation. If the surface film
is scratched on the new alloy, does repassivation occur as it does with 434 SS?

Ito et al. (authors’ closure)— According to surface analysis of passive film, addition of molyb-
denum promotes chromium enrichment into the passive film, leading to high capability for
passivation and repassivation. One percent molybdenum addition is approximately correspon-
dent to 1 to 2% chromium addition in terms of chemical composition of passive film. The devel-
oped steel (19% chromium) contains 2% more chromium than AISI 434 (17% chromium with
1% molybdenum). It can be considered that both steels exhibit comparable petformance in
passivation and repassivation, although a scratch test was not carried out. In addition, the new
steel contains copper and niobium, which is thought to help the steel passivate. Every exposure
test resulted in the improved corrosion resistance of the new alloy over AISI 434 stainless steel.
(See Ref 1).

C. A. C. Cardarelli* (written discussion)—(1) Is developed alloy manufactured by AOD
melting? (2) Is there other degassing? (3) Is the Japanese Standards SUS (AISI) number desig-
nated?

Ito et al. (authors’ closure)]—The developed alloy is mainly manufactured by vacuum oxygen
decarborization (VOD) process. This process also includes desuifurization and degassing si-
multaneously with a special treatment.

The alloy is not designated by Japanese Standards (SUS) number, but designated by Nippon
Steel Co’s own number to be available on commercial market.

A. Raman® (written discussion)—Compare your disk with those of ferritic stainless steels con-
taining aluminum (aluminum-content and so forth).

Ito et al. (authors’ closure)— The developed steel presented here is mostly used as bright an-
nealed finish. Considering bright annealing process in mixed gas of nitrogen and hydrogen,
aluminum could be oxidized to be more enriched at the surface than silicon. Aluminum oxide
film formed by the annealing process tends to catry too much defect by incorporating other
elements, chromium, iron, and so forth, to give corrosion resistance. Therefore, aluminum con-
tent in the new alloy was reduced to a trace amount to obtain stable SiO, film, which is more
corrosion resistant.
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ABSTRACT: The Wiiliamsburg Suspension Bridge actross the East River in New York City was
opened to traffic in 1903. The four main support cables are composed of 7696 high carbon steel
wires spun into 470-mm diameter cables. These wires were ungalvanized but given a protective
organic coating when installed. The cables were inspected in 1980 and found to have undergone a
significant amount of atmospheric corrosion. In 1982, wire samples up to 91 m in length were
removed from the cables and the extent of atmospheric corrosion damage was evaluated. Mechan-
ical properties experiments on corroded and uncorroded wires indicate that the atmospheric in-
duced corrosion Aamage has degraded the load bearing capacity of the cable. An accelerated cy-
clic wetting/drying atmospheric corrosion test was used to estimate the current rate of corrosion
induced damage. Based on these observations, it was concluded that the acidity and the chloride
ion content in the New York City area precipitation, plus the graphite in the original organic
coating, are the principal factors contributing to the atmospheric corrosion of the cables. Further-
more, the estimated current rate of corrosion confirms that some sort of cable rehabilitation or
replacement is necessary.

KEY WORDS: Williamsburg Bridge, main suspension cables, atmospheric corrosion, acceler-
ated corrosion testing, pitting, eutectoid steel, acid rain

Background

The Williamsburg Bridge spans the East River in New York City, connecting the boroughs of
Manhattan and Brooklyn. The main span of the bridge opened in 1903, is some 488-m long,
and catries both automobile and rail traffic. The roadway is suspended from four main support
steel wire cable bundles that pass over tower columns 91-m high and are embedded in concrete
anchorages.

An extensive inspection/rehabilitation program for the Williamsburg Bridge has been con-
ducted over the past several years. This program has revealed corrosion and pitting damage to
the cable wires. In some cases these pits occupy one-third of the diameter of the cable. Once it
was established that the cables had suffered atmospheric corrosion damage, it became neces-
sary to decide if the cables could be rehabilitated, or if replacement was necessary.

The key to determining if the cables could be rehabilitated was to assess the degree of damage
that the wires in the cables have suffered and the extent to which additional damage will occur
in the future. These assessments could be made only if the physical mechanism(s) controlling
the corrosion damage could be determined as well as the past, present, and future rates at which

'Manager of materials corrosion and manager of defense systems, respectively, Failure Analysis Associ-
ates, 2225 East Bayshore Rd., Palo Alto, CA 94303; formerly, SRI International, 333 Ravenswood Ave.,
Menlo Park CA 94025.
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this corrosion damage proceeds. Such information, in addition to permitting an estimate of the
future life of the cables, would assist in the development of possible remedies to alleviate the
progression of corrosion-based damage.

The objectives of this research were to assess and quantify the chemical and physical mech-
anisms operating on the cables, to determine the rate at which these mechanisms are pro-
gressing, and to use this information to estimate the rate at which this damage will progress in
the future. In the balance of this section, some of the design, construction, and environmental
factors contributing to the corrosion mechanisms are discussed.

Cable Construction and Load

The safety and existence of a suspension bridge depends entirely on the strength and integrity
of its cables. On the Williamsburg Bridge, each of the four cables contains 7696 No. 6 gauge
(4.88-mm-diameter) bright steel wires. The cables are approximately 852 m long, which means
there are over 26,200 km of wire in these cables.

Because of the increase in traffic, the increase in the weight of the vehicles, and various modi-
fications that were made to the bridge since it was built, the load supported by each of the four
main cables has increased. The tensile force in each cable initially was estimated to be 48,100
kN, which has now increased to 54,500 kN [Z]. This force is the sum of the live load caused by
traffic, the static load caused by the weight of the bridge itself, and the wind loading. Approxi-
mately 75% of the total load on the Williamsburg Bridge cables is caused by the static weight
load. Based on the current maximum force in the cable (54,500 kN), and assuming there are no
broken wires in the cable and that corrosion has not reduced the wire diameters at any point
along their length, the force each wire currently supports is 7.08 kN. This corresponds to a
tensile stress of 379 MPa on the cable or the individual wires (if the load is equally distributed
among all wires).

Bridge Environment

The bridge itself is located in the middle of a major urban industrial region and is thus ex-
posed regularly to aggressive atmospheric pollutants like sulfates, which are commonly found in
highly developed areas [2). In addition, the bridge is within a few miles of the Atlantic Ocean
and is thus exposed to marine air and fogs containing salts. The East River is brackish at the
location of the bridge. The weather in New York is often below freezing in the winter, requiring
the use of salts to de-ice the bridge deck.

The mean monthly relative humidity year-round in New York City is always greater than 70%
[3] based on twenty-year averages beginning before 1960. The time of wetness is a complex
function of relative humidity, surface contaminants, and surface roughness; however, when it
rains the cable and the wires inside the cable in general will be wet or damp. The mean annual
number of days in New York City with precipitation exceeding 0.254-mm is 135 [3] based on
data collected from 1931 to 1960. The mean annual pan evaporation for New York City is 813 to
1222 mm, which is low compared with most of the rest of the country [3]. The mean annual pan
evaporation is a measure of how rapidly water and moisture will evaporate from a surface and is
controlled by temperature, sunshine, and relative humidity. From these data, we can estimate
that the bridge wires will be damp at least 135 days of the year and perhaps even longer because
of the relatively low evaporation rate for exposed surfaces.

In addition to the effects of humidity and rain, the time of wetness and corrosion are affected
by the presence of atmospheric pollutants. These pollutants can affect time of wetness by intro-
ducing hygroscopic corrosion products to the metal surface [4). In addition, these pollutants
introduce reactive ions and affect the pH of solutions the metal is exposed to, which greatly
affects the rate and type of corrosion.
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Atmospheric pollutants that have an effect on the corrosion of metals have been identified as
sulfur dioxide (SO,), nitrous oxides (NO,), ammonia (NH ), and patticulate matter [5]. Atmo-
spheric sulfur and nitrogen oxides are emitted from both natural and anthropogenic sources
{6]. The largest sources of these oxides in the New York City area are anthropogenic. These
oxides will hydrolize and further oxidize in the atmosphere and yield sulfuric acid (H,50,) and
nitric acid (HNO;) [7]. The result is acid precipitation. New York City is in one of the regions
with the most concentrated (lowest pH) acid rains in the United States. This acid rain condition,
combined with road deicing salts, humidity, and marine environments, result in a severe atmo-
spheric corrosion environment for the Williamsburg Bridge.

Cable and Cable Wire Coatings for Corrosion Protection

When the New East River Bridge (now known as the Williamsburg Bridge) was being
planned, the Brooklyn Bridge cables were 24 years old and inspection found them free of corro-
sion. It was not known if this was caused by the use of galvanization or whether the same results
might have been obtained without galvanization {8]. Therefore, it was decided to use a new
(and, hopefully, improved) method for protecting the cables by enclosing them with a water-
proof covering. Bright, ungalvanized wire was selected for the bridge wire because this wire was
stronger than galvanized wire and fewer wires could be used to make each of the four cables.
Galvanized wire is generally weaker than bright wire because of the annealing that takes place
during the hot dipping process. This annealing heats the wire to 427° to 482°C and resultsin a
strength loss of about 3%.

The cable specification called for the bright wire to be given two coats of linseed oil. After the
wires were banded into strands during the spinning process, they were to be thoroughly covered
with a compound known as Cable Shield. This compound was to fill all the spaces between wires
in the strands and the space between strands. The finished cable was then to be coated with
Cable Shield. The cable was tied together at only a few locations with the helical wire wrap-
pings. The cable was then to be enclosed in a sheet-iron covering to make the cable absolutely
waterproof.

Problems arose, however, when it was found that Cable Shield was too viscous to permit it to
be satisfactorily applied to the cables. This proprietary compound of pine tar and other ingredi-
ents penetrated only the first or second layer of wires in the cable. As a result, slushing oil was
used instead of Cable Shield.

The slushing oil, a petroleum-based product, was mixed with 25% artificial graphite. The
graphite served as a lubricant to make it easier to compact the wires in the cable and to increase
the viscosity of the slushing oil. To ensure that each wire would be coated with at least one coat
of slushing oil and graphite, the original plan for coating the wire with two coats of linseed oil
was changed to one coat of linseed oil and one coat of slushing oil with graphite. It was hoped
that the coating of slushing oil would remain pliable, but it was found that on exposure to the
New York atmosphere for five or six months, the coating dried and became defective in places
and required frequent retouching.

There was concern that although the outer sheet-iron covering around the cable might be
waterproof, it would not be airtight, and this would cause the moisture in the entrapped air to
condense and precipitate in the cable. This condensed water would then be trapped within the
cable. For this reason, it was decided to have the slushing-oil-covered cable enclosed with a
waterproof wrapping. The cable was thus wrapped with three layers of a waterproofed cotton
duck. The cable plates, made from 1.59-mm-thick sheet iron, were then placed over the cotton
duck. The joints between the cable bands and the cover plate, and the seam between the upper
and lower halves of the cover plates were then coated with an oxidized linseed oil coating.
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Cable Inspection and Maintenance History

Despite these attempts of the cable designers, the Williamsburg Bridge cables have had a
history of recorded corrosion problems. As early as 1910, only seven years after the bridge was
opened, the cable had experienced corrosion damage and broken wires were found. The reports
on the maintenance and inspection procedures in the early years do not seem to be complete;
however, there were 14 known broken wires found in the anchorage in 1910. In 1912, rust was
found to have developed in the cable at the center of the span, and some wire samples were
taken at that time for analysis. The disposition of this wire is not known. As a consequence of
this discovery, funds were provided for removing the outer sheet metal cladding and canvas
wrapping. The cable was coated with oil and rewrapped with galvanized No. 8 wire. This work
was done between 1915 and 1922.

In 1934, water was found to run out of the cable strands in the anchorages, and areas of
severe rusting were found on the strands. Reports, which may be incomplete, list 320 broken or
seriously corroded wires in the Brooklyn anchorage. These wires were replaced by splicing in
new galvanized wire between 1934 and 1935.

Given this problem-plagued history, the Williamsburg Bridge cables were subjected to an
extensive inspection and rehabilitation program between 1980 and 1985. Some of the experi-
ments and analyses obtained as part of this program are discussed in the balance of this paper.

Experimental Methods

Cable Wire Sampling and Characterization

The size, loading, and inaccessability of the cables precluded any form of nondestructive
inspection technique, such as x-ray or eddy current, from being used to characterize the extent
of corrosion damage. As a result, the direct physical inspection method was chosen. In 1982, the
American Bridge Division of United States Steel Corporation unwrapped a 91-m segment of
Cable B from the Manhattan-side back span region and pulled approximately eighteen 91-m
lengths of wire at different clock positions (see Fig. 1). New wires were spliced back in to replace
the pulied wires. Because of difficulties in penetrating the wire bundle, only wires within the top
6-cm of the cable were pulled. These pulled wires provided the specimen material for the de-
tailed physical and mechanical examinations conducted both by United States Steel Corpora-
tion and by SRI International.

This 1638-m sample of cable wire represents only a very small fraction of the total length of
wire in the four cables (some 0.006%), and only strictly represents the condition of the wires
near the surface of a cable. Nonetheless, it was the best sample that could be obtained given the
physical limitations of the bridge. Obviously, it is impossible to check how well this sample
actually represents the condition of all wire in the cables without actually dismantling the ca-
bles. However, the location on the cable from which this sampling was taken did not represent
the most heavily damaged regions.? Therefore, any extrapolations of the results of experiments
and analyses conducted on this sample to the cable as a whole are overestimations of actual
cable wire conditions.

To determine if the wires contain subcritical stress corrosion cracks, we first selected at ran-
dom several segments (totaling 5.5 m) of the pulled wires. Segments of heavily corroded wires,
lightly corroded wires with in-situ breaks, and wires pulled to failure in the 57-m tests were
selected. Each segment was cut into 127-mm lengths and mounted in epoxy. The wires were

2For instance, detailed visual inspections suggest that the damage to wires in the splay region of the
anchorage is more severe than the damage to wires in the back span region. Unfortunately, it proved to be
too difficult to obtain long wire samples from the splay region.
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FIG. 1—Schematic cross section of main cable.

then carefully ground until approximately half of the diameter remained. Finaily, these longi-
tudinally sectioned” wires were metallographically polished and examined with optical micros-
copy.

The chemistry of the wire and associated corrosion products were determined by spectro-
graphic and wet chemical analysis. Some broken wires were found when the cable was un-
wrapped and these in-situ fractures and the fracture surfaces from the short and long gage
tensile tests were examined by scanning electron microscopy.

Mechanical Properties

Since 1980, three types of mechanical tests have been performed on samples of bridge wire
removed from the cables to ascertain their load bearing capacity: the 25.4-mm smooth gage
length tensile tests that SRS performed, the 254-mm as-corroded gage length specimens tested
in tension and fatigue by U.S. Steel, and 57-m as corroded gage length specimens tested by U.S.
Steel.

The 25.4-mm smooth gage length specimens were used to help estimate the initial strength of
the bridge wire when all the surface defects have been removed. The 254-mm and 57-m as-
corroded gage length specimens were used to estimate the current breaking load of unbroken
wires in the cable. This breaking load was expected to be lower than that calculated based on
the initial strength and wire diameter caused by corrosion induced surface defects. The 25.4
and 254-mm tensile tests were performed on standard tensile test machines at engineering
strain rates of about 1073 s~!. The 57-m gage length tensile tests were done on a specially con-
structed draw bench.

Accelerated Corrosion Testing

To simulate the corrosion of bridge wires, we developed a test method to reproduce many of
the features of the cable environment. This test exposes wires that are in the center of a 50.8-
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mm-diameter wire bundle to the test solutton for 15 min; the specimen was then removed from
the solution to dry for six h, and the cycle was repeated. The cycling was done in an enclosed
chamber to keep out dust and maintain a relatively high humidity. This apparatus is shown in
Fig. 2. The temperature and relative humidity within this chamber was continuously recorded.
During each cycle there was both a temperature and relative humidity fluctuation, but the tem-
perature averaged 18.3°C, and the relative humidity varied only between 50 and 65%. It took
about five h for the test wire at the center of the wire bundle to dry out. This means that during
most of the test cycle, the relative humidity at the test wire was 100%.

The bundles of wires are shown in Fig. 3. The wire bundles were made up of approximately 22
wires cut from the bridge wire. We measured the corrosion rate on the center wire of each
bundle. These wires were cut from wire that was in “good’ condition (little apparent corrosion)
and from wire that was in “bad” condition (clearly corroding). The cut ends of the wires were
epoxied, and the exposed surface area was measured. The wires were carefully weighed and
placed in the center of the 50.8-mm-diameter wire bundle. The bundle was held tightly together
with stainless steel hose clamps, which were carefully insulated from the wires by means of
Teflon sheet to prevent any galvanized couple.

To determine what water chemistry the wires were exposed to, we analysed about a gallon of
water that had been collected at the bridge site during a rain storm. The chemical analysis of
this water is shown in Table 1, along with an analysis of *‘synthetic rainwater” we made up to
use in our accelerated corrosion tests. Note from Table 1 that this synthetic rain water closely
simulates the chemistry of water that had been collected from one of the cables on the bridge.
The pH of both solutions is about 4.3, and the SOZ— and CI™ concentrations of both solutions
closely match. Nitrates were not included in the synthetic solution for reasons discussed in the
results section.

Three separate dip tanks were established for the accelerated corrosion tests. For base line
data, deionized water was used in one of the dip tanks. The other two tanks used the synthetic
acid rain. The deionized and synthetic acid rain solutions were constantly aerated during the
testing. The test solutions were replaced, during a drying cycle, once a week.

The effect of a vapor phase inhibitor on the corrosion of bridge wires was evaluated in syn-
thetic acid rain in a third tank. The separate tank was used to prevent the inhibitor from wash-
ing off an inhibited sample and depositing on an uninhibited specimen and confusing the test
results. The inhibitor was a commercially available vapor phase inhibitor known as CORTEC®
VCI-369. This inhibitor was diluted with mineral spirits with a 1:1 volume dilution in accor-

FIG. 2—Accelerated corrosion test facility.
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FIG. 3—Typical wire bundles for each environment from accelerated corrosion tests.

TABLE 1-—Chemistry of synthetic acid rain, mg/L

or ppm.
Synthetic

Species Bridge Water “Acid Rain”
NH, 1.9 3.0
HCO, 5.5 6.0

Ca 4.0 4.0

Cl 7.3 8.1

Na 6.0 6.0

SO, 8.0 6.0

Zn 0.5 0.11
NO, 1.7 ...

pH¢ 4.3 43

“pH of pure water saturated with CO, is 5.6. “Acid
rain” is defined to be rainwater with a pH < 5.0.

dance with the manufacturer’s specifications. The wire bundles were immersed in this solution;
penetration by this inhibitor was such that all wires were coated using this method. Excess
solution was drained off and the inhibited bundles were placed in the test rack.

The amount of corrosion product on the center wire of a wire bundle exposed to a given
number of wetting/drying cycles was measured by the mass loss method. The center wire was
weighed and then placed in Clarke’s solution. This solution removed some of the corrosion
product and the wire was reweighed. This procedure was repeated until the mass loss rate be-
came finear with time, indicating that all the corrosion products have been removed. The linear
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region was extrapolated back to zero cleaning time to obtain the corrosion product mass loss.
The wire was then discarded (acid cleaned wires were not reused). This wire cleaning operation
gave one point on the curve of mass loss versus cycle number, and was repeated for each mass
loss/cycle number data point.

Results and Discussion

Visual Inspection Results

The wires pulled by American Bridge and inspected by SRI are identified in Fig. 1. At least
one wire was pulled from the outside of the bundle at each of the twelve o’clock positions. In
addition, several wires were pulled from the twelve and six o’clock positions some six cm into the
bundle and were identified as wires 13, 14, and 15. Several wires were pulled from the six
o’clock position, but broke into several segments during removal.

By and large, the bulk of the corrosion damage on all the pulled wires was in the form of pits,
or localized corrosion. These pits ranged in depth and diameter from tens of micrometers to
one-third of the diameter of the wire. As with earlier inspections, many of these pits were ob-
scured by the slushing oil compound. As indicated in Fig. 1, the size and number of pits on the
wires gradually increased toward the six o’clock position. The most severely damaged of the
identified wires were the ones pulled from the six o’clock position. The worst damage, however,
was observed on some of the unidentified broken wire segments, which available evidence indi-
cates were also removed from the six o’clock position. It thus appears that the worst pitting
corrosion damage occurs at the bottom of the cable and that this damage extends unabated at
least several centimeters into the cable bundle.

Figure 4 illustrates the range of damage found on the wires. Some of the wires, particularly
those found near the twelve o’clock position, were in very good condition. Few pits were readily
visible on the surface of the wire. Removing the slushing oil coating from these wires uncovered
few additional pits. After cleaning, these good wires exhibited the shiny appearance of new
“bright” wires. Wires removed from the six o’clock position, however, generally exhibited a
mottled, rough surface appearance. Removal of the slushing oil from these bad condition wires
revealed numerous large and small pits all along the length of the wires. There was no preferen-
tial attack on one side of the wire relative to the other sides.

The type of corrosion observed on the bridge wires appears to be pitting corrosion. This pit-
ting can be attributed to the following factors:

® The wire had only one protective coat of linseed oil. The graphite and slushing oil coating
applied over this was probably not very protective. At any rate, when the cable was being
“spun,” the wires were damaged in spots. These damaged areas were repaired, when noticed,
with slushing oil and graphite; however, there were undoubtedly areas that were missed. In
addition, over the years many additional areas were probably damaged by wires rubbing against
one another as a result of the wind loading on the cable. These bare spots on the cable are now
undergoing localized corrosion.

¢ The bare areas that are now exposed to the chloride-containing acidic bridge environment
will not form a protective corrosion product. The chloride will prevent this by attacking the
protective oxide in certain areas in which it forms. The combination of pH, electrochemical
potential, and chloride ion concentration to which the wire in the cable is exposed puts the wire
right in the proper region of the potential/pH diagram to cause pitting, as shown in Fig. 5
[9,10). The electrochemical potential of the bridge wires is controlled by the amount of oxygen
in the rainwater solutions. The pH dependence of the electrochemical potential is given by line b
in Fig. 5. If no oxygen were present in solution, the potential would follow line a. For a solution
of pH 4.3 and a potential that lies anywhere from the oxygen-saturated line to the no-oxygen
line, we can see that the corrosion will take the form of pitting.
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FIG. 4—General appearance of surface of wires removed from bridge cable.
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* The regions of bare metal will also be in contact with regions coated with slushing oil and
graphite. The graphite in this coating is conductive; furthermore, it can form a galvanic couple
with the bare metal. The potential difference between the steel and the graphite can be as high
as 1.0 V [11]. The graphite will act as the cathode, which will have an enormous surface area
compared with the surface area of the bare metal. The corrosion rate in this smail bare metal
area must be high enough to support the cathodic reaction occurring over a much larger graph-
ite-containing area. Thus the growth rate of the pits into the wire will be much higher than if the
anodic and cathodic regions were of equal area and microscopically distributed over the sur-
face.

* Rainwater and moisture can diffuse into the linseed oil coating along with aggressive ions
such as chloride and sulfate. The solutions that diffuse through the coatings will attack the
metal at areas where inclusions intersect the surface and where graphite particles in the coating
are in contact with the metal. This attack will occur at the graphite particles because of the
galvanic couple and the differential aeration cell that is set up at the interface between the
graphite and steel.

Optical microscopy of the 5.5 m of sectioned and polished bridge wires yielded no definite
indications of stress corrosion cracking (SCC). Nonetheless, we do not believe this cracking
process can be ruled out in the future. Steels are known to be susceptible to SCC in environ-
ments containing nitrates and hydroxides. In addition, high strength steels with yield strengths
greater than 1240 MPa are known to crack in both pure and impure water [12]. The yield
strength of this bridge wire is well above these levels and some NH,NO; and NaNQ; are present
in the rainwater (see Table 1) as well as other potential SCC-causing constituents. Recall that
the New York City area is in one of the highest NO, areas of the United States [3]. Furthermore,
the bridge wire is in a cold-drawn and tempered condition, and bridge wire steel in the cold
drawn and stress relieved condition is considered to be more susceptible to hydrogen or stress
corrosion cracking than cold drawn steels [12]. These factors all suggest that SCC ultimately
could become the dominant failure mechanism for the bridge wires.

In conclusion, visual inspections of the 254-mm and 91-m segments showed that the principal
corrosion mechanism was pitting, but no correlation could be made between the location of the
pits on an individual wire and surface defects or flaws in the slushing oil coating. The size,
depth, and number of pits on wires removed from the outside surface of the cable generally
increased from the top of the cable to the bottom. The worst damage was observed on wires
pulled from the six o’clock position several centimeters deep into the cable bundle. On the
heavily corroded wire, there was a broad distribution in pit size, depth, and number, with some
of the pits penetrating up to 30% of the wire diameter. Most pits found on all wires examined,
however, were less than 610 um deep. For the most part, the pitting damage was evenly distrib-
uted around the circumference of a wire.

Chemistry and Microstructure Results

In 1980, samples of wires taken from cable D were submitted for quantitative chemical analy-
sis by U.S. Steel. The results of this analysis are given in Table 2, along with typical composi-
tions of more recent bridge wire. It is apparent that the composition of the Williamsburg Bridge
wire is very similar to that of modern wire. The low P, S, and other residuals indicate that care
was taken in selecting the materials that went into making this wire and in melting and casting
the steel. Steel produced in the late 1800s, made without the benefit of modern foundry prac-
tices, often had a very high impurity content. Thus this steel is unusually “‘clean” for this era.
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TABLE 2—Chemical composition of cable wire, wt%.

Typical Wire Used in 1940s

Element Williamsburg Bridge Portsmouth Bridge® Mt. Hope Bridge®
C 0.82 0.83 0.710 0.8
Mn 0.44 0.53 0.4100.6
Si 0.03 0.14 0.12 t0 0.20
P 0.028 0.008 0.04 max
S 0.018 0.029 0.04 max
Fe balance balance balance
Cu 0.05 NA NA
Ni 0.01 NA NA
Cr 0.01 NA NA
Mo 0.005 NA NA
Sn 0.003 NA NA
Al 0.03 NA NA

“Data taken from Ref 74.

Mechanical Property Results

A key piece of information required to propetly assess the degree of damage to the cables was
the initial (uncorroded) strength of the individual wires. A survey of the construction documents
on the bridge suggested an ultimate tensile strength of about 1550 MPa, but this could not be
confirmed. Also, because several different lots of wire were used, it was important to determine
and quantify the statistical distribution of wire strengths,

The smooth, 25.4-mm gage length experiments performed by SRI showed that the mean
breaking force of uncorroded wire was 29.2 + 1.69 kN (167 observations). The mean total
elongation to failure was determined to be 6.4% * 2.1% (153 observations). We believe that
the mechanical properties data we determined from the tests on 25.4-mm gage length wires with
all surface defects removed accurately reflect the original mechanical properties of the wires in
the cable. The variances in the mechanical properties data on the wires free of surface defects
reflect primarily the variation in the thermomechanical processing history and chemistry of the
different lots of wires that make up the cable.

1n 1982, U.S. Steel Corporation conducted 57-m gage length tensile tests on the 91-m lengths
of wire pulled from the cable with the as-corroded surface condition. These tests showed that
the current average breaking force of approximately 57-m lengths of wire appears to be about
25.6 kN, or about 3.6 kN lower than when the wire was originally installed. Examination of the
fracture surfaces with scanning electron microscopy showed that this apparent loss of breaking
strength is caused by pitting corrosion damage to the wire surfaces. This corrosion reduces the
load-bearing area of the wire and therefore its load-bearing capacity. Examination of the sur-
faces of wires found broken in the cable also showed that these fractures were initiated at corro-
sion pits.

Other tensile tests on corroded wires of different gage lengths [14] clearly showed a trend of
decreasing breaking load with increasing gage length. This effect is explained by the increased
probability of finding a deeper pit as the gage length is increased. The only other explanation is
that the probability of finding larger inclusions should increase as the length increases; how-
ever, this hypothesis is not compatible with the fractography and metallography of the tested
wire, in that the fracture surfaces in general did not appear to have a higher density or a larger
size inclusion as the test length was increased. Rather, the fractures were associated primarily
with pitting for both the in-situ and the laboratory-induced fractures. Specifically, the reduc-
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tion in breaking strength observed in the 57-m tests is a result of these pits which ranged in
depth from 152 to 610 micrometers.

Accelerated Corrosion Test Results

The chemical analysis of the rain water from the bridge reported in Table 1 indicates that the
New York rainwater is indeed acidic. The pH of pure water that is air-saturated is about 5.6
because of the CO, absorbed from the air. Acid rain is not well defined, but rainwater with a pH
of less than 5.0 would most certainly be considered acidic. The value we measured in the rain
water was 4.3.

The bridge wire water contained sulfate (SO, % and (NO;) ions from the sulfur and nitrogen
oxide atmospheric pollutants. These constituents were primarily responsible for the low pH.
The low pH in conjunction with the chloride ions was primarily responsible for the pitting of
steel and was reproduced in the synthetic rain water test solution. The New York City area has
nearly the highest SO, concentration (83 ug/m?®) [15] in the Northeast. These SO, values, col-
lected over the period 1961 to 1965, have been declining slowly in recent years because of pollu-
tion control efforts, but were included in the synthetic solution for completeness. Nitrates, on
the other hand, have been implicated in stress corrosion cracks of bridge wires, [12] but do not
enhance pitting or localized corrosion of steels [13]. Since the accelerated corrosion tests were
designed to simulate pitting (the observed corrosion mechanism) and not cracking, nitrates
were omitted from the synthetic acid rain test solution.

The relatively high chloride ion concentration in this water probably comes from two sources.
The first is the use of deicing salts [calcium chloride (CaCl,) or sodium chloride (NaCl) or mix-
tures of both] used on the bridge in the winter. The melted snow/salt solution is then atomized
by the traffic, and some of these salt solution droplets deposit on the cables. The salt eventually
finds its way into the cable. The second source of chloride is the bridge’s proximity to the ocean
and the brackishness of the East River. It is well established that chlorides can contribute to the
pitting of steels, and therefore were included in the synthetic test solutions.

The other chemical species reported in Table 1 are not significantly involved in the uniform or
pitting corrosion process. The zinc ions result from the zinc metal present in the paint on the
exterior of the helical wound wire cable wrap. All these “inert” species were included in the
synthetic test solutions for completeness.

The results of the accelerated corrosion tests shown in Fig. 6 indicate that the corrosion seems
to be proceeding at a linear rate with number of cycles. These plots also clearly indicate that the
inhibitor slows the corrosion rate. In the synthetic acid rain water, both good and bad wires
seem to corrode at about the same rate, whereas in deionized water, the good wires corrode at a
significantly lower rate than wires in the bad condition. We interpret this to mean that the acid
rain causes good wire to start corroding or pitting immediately at a rapid rate, whereas the good
wire exposed to deionized water corrodes at a much lower rate.

The corrosion rate of bad wire exposed to deionized water is about the same as that noted for
corrosion of good or bad wire exposed to synthetic acid rainwater. This behavior seem to indi-
cate that, once the corrosion products and pits develop on a wire, they continue to corrode
rapidly even in a less aggressive environment. This can be explained by either the autocatalytic
nature of pitting or the trapping of contaminants in the corrosion products from the real envi-
ronment and the contaminants being carried over to the deionized test solutions.

The mean, upper, and lower bounds on the rate of metal penetration per cycle are reported in
Table 3. The upper and lower bounds represent the 95% confidence interval for the slope of the
metal penetration versus cycle data. The mass loss was converted to the penetration data, shown
in Table 3, by assuming that the corrosion was taking place uniformly around the circumfer-
ence of the wire and using standard ASTM procedures.

The information we want, however, is not the amount of metal penetration per cycle but the
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TABLE 3—Corrosion rate from accelerated corrosion tests {all data from 6 O'clock wire).

Intercept,

Water Wire Slope (nm/cycle) um

Type Condition Inhibitor = Mean Upper* Lower*  Mean Upper®  Lower*
Rainwater good no 39.9 45.5 34.3 2.80 3.66 1.91
Rainwater bad no 31.5 87.1 0 16.0 24.8 7.22
Deionized good no 0 12.2 0 2.52 4,53 0.712
Deionized bad no 45.5 71.9 19.1 6.38 10.5 2.19
Rainwater good yes 0 6.48 0 1.50 2.62 0.381
Rainwater bad yes 11.9 17.9 5.99 4.48 5.42 0.356

“The upper and lower limits represent the 95% confidence interval for the intercept and slope of the
regression equation.

amount of metal penetration per year of exposure to actual cable environment. To convert the
data in Table 3 to the actual metal penetration the cable wires are undergoing in situ, we need
two additional pieces of information: (a) the amount of actual area corroding and (b) how many
of our wetting/drying cycles correspond to a year of exposure in the cable.

The first piece of information can be estimated from the results of our examination of the
corroded bridge wire. Visual examination of the wires showed that the area fraction corroded by
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pitting varies from about 30 to 70%. The remainder of the wire is corroding uniformly. Based
on this observation, we used an area fraction of 50% to estimate the actual pit propagation rate.

The number of cycles per year of exposure is more difficult to estimate. The relative humidity
of New York City is always fairly high and once water or condensate is present in the cable it
takes a long time to dry out because of the hygroscopic corrosion products present in the cable.
Thus a reasonable assumption would be that one cycle corresponds to one day of exposure. We
feel that this is the upper limit based on some research that has been done on accelerated atmo-
spheric corrosion tests on copper alloys using a wet/dry cycle similar to the one we have used
[14]. In this work, each wet/dry cycle was equivalent to about one day of outdoor exposure in
New York City. This factor was based on the comparable appearance of specimens exposed for
several years in New York City and specimens exposed for short times to accelerated tests. A
lower limit can be estimated by assuming that one cycle is equivalent to one rainy day. There are
on the average 135 rainy days per year in New York City as discussed previously. From these
estimates of cycles/year and area fraction corroding, the metal penetration rate can be calcu-
lated for uniform and pitting corrosion. The mean and 95% upper limit for these types of corro-
sion rates are reported in Table 4.

In conclusion, our accelerated corrosion experiments on bundled and single bridge wire spec-
imens indicate that the current localized and pitting corrosion rates lie somewhere between 15.2
and 63.5 um/year of metal penetration. Furthermore, our preliminary experiments with a va-
por phase inhibitor (VCI-369) suggest that it can substantially reduce this corrosion rate in a
laboratory environment if properly applied. However, because of the uncertain nature of the
current extent of corrosion damage done to the cable wires, the questions regarding the permea-
bility of the vapor phase inhibitors, and the possible enhancement of SCC if inhibitors are ap-
plied at low concentrations, the use of these inhibitors as a cable rehabilitation method cannot
be recommended.

Corrosion Damage Model

Because there is no easy way to determine the distribution and extent of the corrosion damage
to the cable with any great accuracy, a computer model [15] was developed to estimate this
damage. The model uses as input the initial and current (1982) strength of the wires, the ex-
pected pit growth rate, and an estimation of the amount of frictional load transfer between
broken and unbroken wires in the cable. The output is the pit initiation rate, the breaking
strength of the wires, and the number of broken wires in the cable. This allows the calculation of
the cable strength at any point in time. The details of this model will be the subject of a separate
paper, but the key predictions are as follows. Using a pit growth rate of 25.4 um/year (which is
based on our laboratory experiments) and an effective frictional clamping distance of 122 m,
the model predicts that the safety factor has been reduced from four to about 2.5, and is rapidly
decreasing (Fig. 7). This model is not considered to give an accurate absolute prediction of the

TABLE 4—Mean and maximum corrosion rates estimated from accelerated corrosion tests.

Parameters 135 Cycles/Year 365 Cycles/Year
Percent of corroding area, % 50 50
Mean corrosion rate
slope, nm/cycle 39.9 39.9
average general corrosion rate, um/year 5.38 14.5
average pit propagation rate, pm/year 10.8 29.2
Maximum corrosion rate
slope, nm/cycle 87.1 87.1
maximum general corrosion rate, um/year 11.8 31.8
maximum pit propagation rate, um/year 23.5 63.5
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FIG. 7—Pitting corrosion computer model prediction for residual life of cables.

cable strength, although it seems to be in reasonable agreement with all known observations,
including a large scale static load test and finite element analysis of the bridge.

The utility of the model is its ability to describe how the load bearing capacity of the cable is
affected by changes in the corrosion rate, frictional load transfer, and initial wire strength. For
instance, Fig. 7 shows the effect of inhibitor addition in extending the life of the cables. In this
case, it was assumed the inhibitor was added in 1983. The effect of the inhibitor is illustrated by
assuming it reduces the pit growth and initiation rates in several ways. This shows that inhibitor
application could increase cable life if properly applied. However, for the reasons previously
discussed, it is not considered a reliable rehabilitation method.

Conclusions

Based on our work with samples taken from the main suspension cables of the Williamsburg
Bridge, we can draw the following conclusions:

1. The physical mechanism of damage to the cable wires was confirmed to be pitting and
localized corrosion; however, hydrogen-induced stress corrosion cracking of the wires cannot be
ruled out.

2. The current ultimate breaking force of uncorroded wires was determined to be 29.2 *
1.69 kN, which we believe accurately represents the original strength of wire. The average
breaking force of a group of corroded and uncorroded wires in the cable was determined to be
25.6 % 3.69 kN, indicating that corrosion processes have reduced the load-bearing capacity of
the bridge wires.

3. The rate of localized and pitting corrosion was estimated to be between 15.2 and 63.5 pm/
year metal penetration.

4. For a corrosion rate of 25 pm/year (which we believe represents a realistic value), our
strength degradation model estimates that the present safety factor of the cable is 2.5 and that it
will drop to 1.7 by 2005 by summing the breaking forces of uncorroded wires and corroded but
unbroken wires. This estimate also assumes that once a wire is broken, it can still carry the load
it was initially bearing at distances greater than 122 m from the break caused by frictional load
transfer.
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DISCUSSION

B. Isecke' (discussion question)—What were the results in fracture appearance in the SEM
inspection? Was there any difference in the initial fracture zone and the fracture preparation
area? What was the actual mechanical loading of the steels? In my opinion the fractures oc-
curred as a result of the interaction between corrosion environment and mechanical loading.
The fracture initiation is given by the local pitting. The propagation of the fracture is resulting
from anodic solution of iron in the crack tip and increasing mechanical loading the crack which
lead to local stresses higher than the yield strength. The evolution of hydrogen at the crack tip
could also be an important factor as in areas where the access of oxygen is limited to pH de-

'IRG scientist, Bundesanstalt fuer Material pruefuns Berlin.
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creases and as a cathodic reaction in the corrosion process hydrogen can be evolved. This may
not play an important role in this case if the mechanical stress in service was very much below
the yield point.

L. Eiselstein {author’s closure)—In answer to the first and second questions about the ap-
pearance of the fracture surfaces of wires found broken in the cable, as part of our program we
examined six in-situ fracture surfaces. These fractures were, in general, extremely corroded.
The corrosion product on the fracture surfaces were carefully removed by efectrochemical clean-
ing. Figure 8 shows a SEM fractograph of one of the in-situ failures. The in-situ fractures were
found to have initiated at shallow-broad surface pits. Due to the fong time the fracture surfaces
were exposed to the environment, most of the features of the initiation zone were obliterated.
However, regions close to the base of the shallow-broad surface pits showed signs of ductile

(c) Center of Fracture Surface

FIG. 8—Fracture surface of wire segment A-1, which failed in-situ in the cable splay region of an uniden-
tified anchorage.
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microvoid coalescence. The propagation zone of the fracture surface was definitely ductile fail-
ure. The general features of the in-situ fractures are consistent with a failure scenario in which
the cross-section of the wire was reduced by localized corrosion or pitting to a level at which the
applied load on the wire exceeded the ultimate tensile strength of the bridge wire.

In answer to the third question the actual mechanical loading of the wire in the cable comes
primarily from the static load of the bridge. This results in an average tensile load on the wire of
373 MPa (assuming the cable contains no broken wires).

Most of Dr. Isecke’s questions and his remarks seem to be directed at whether or not SCC or
hydrogen embrittlement (HE) was a factor in the bridge wire failure mechanism. This question
was a major concern since SCC and HE is 2 much more serious problem for the bridge wire than
pitting corrosion since the crack growth rates can be much greater than pit propagation rates.
The detailed fractographic work on wires found broken in-situ or pulled to failure in laboratory
tensile tests did not conclusively show that SCC or HE had or was occurring. To determine if
subcritical SCC or HE cracks were present in the cable wire, randomly selected segments of wire
(totaling 5.5 m) and short segments containing in-situ fractures were longitudinally sectioned,
metallographically polished and examined with an optical microscope at 100X.

We were unable to detect any evidence of SCC or HE cracking in the 5.5 m of wire that we
sectioned and polished. Nonetheless, time-dependent, environmentally induced crack growth
from surface pits cannot be entirely ruled out. For example, hydrogen-associated stress corro-
sion crack growth can exhibit fracture surface topologies similar to those shown in Figure 8
(i.e., enhanced microvoid coalescence). In this process, the cracks would tend to initiate at the
bottom of only the deepest pits. Then, by a time-dependent hydrogen-diffusion-controlled
mechanism, these cracks will propagate across the diameter of the wire until an overload condi-
tion is reached. In this case, one can argue that the amount of secondary cracking associated
with this process would be minimal. Therefore, it is possible that some of the in-situ fractures
we examined were caused by hydrogen-assisted stress corrosion cracking. Furthermore, 5.5 m
represents less than 0.00003% of the total length of wire in the cable. As a result, although
hydrogen-assisted stress corrosion cracking is not apparent, we cannot prove that it has not
occurred somewhere within the cables. Also, even if stress corrosion cracking has not yet oc-
curred, if the currently operative general corrosion and pitting processes ate allowed to continue
unhindered, the rate of stress corrosion cracking will almost certainly increase sometime in the
near future.
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REFERENCE: Fishman, H. B., Darling, B. P., and Wooten, J. R., “QObservations on Atmo-
spheric Corrosion Made of Architectural Copper Work at Yale University,” Degradation of
Metals in the Atmosphere. ASTM STP 965. S. W. Dean and T. S. Lee, Eds., American Society of
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ABSTRACT: A six-year study of roofing and flashing of various buildings including many at Yale
University was conducted. The buildings had architectural copper, which was in service for up to
100 years or more. There was great variety of usages. Various components had failed while others
were salvageable and still others only slightly worn. Because of the varying degree of wear we
attempted to find the reasons for this degradation. Methods of installation, location, orientation,
and other factors were evaluated. Samples were taken, measured, and photographed. Some sam-
ples surfaced with lead faired better than some with no coatings. Lead coated copper on vertical
surfaces did not wear as rapidly as on flat surfaces. Contaminants in the atmosphere appeared to
increase rates of corrosion. Asphaltic or aluminum bearing repair materials produced adverse
affects and were ineffective in stopping the leaks. Lead coating and patina were important in
reducing the rate of aging. Size and method of restraint were also important. Large panels were
subject to fatigue and cracking. Pitting at soldered seams was frequently observed. Photographs
depict various sequences. Formation of patinas in corrosion products were observed. Lead coated
copper was found to turn green after approximately 25 to 35 years of exposure on horizontal sur-
faces. Vertical surfaces remained grey or white. Reduction of serviceability depended more on
method of installation, detailing, and design, than on the corrosion-induced deterioration.

KEY WORDS: atmospheric corrosion, copper roofing, fatigue, Yale, copper flashing, patina

Copper roofing sheets have been used for hundreds of years. Studies on atmospheric corro-
sion usually center on highly technical calculations and observations of the actual atmosphere.
This study, however, centers on visual observation and measurements of samples taken directly
from buildings whose metal work was being studied to determine whether the roofing should be
repaired or replaced. Inspections were made prior to the start of construction, and data thus
gathered was employed in the design of the new work. New work was observed during the con-
struction term. Photographs and samples were taken. The age of the copper was estimated
according to the age of the building. In some cases in which copper was repaired or replaced
previously, adjustments were made. The years of exposure of the various sheets were estimated
and are not necessarily exact. However, important trends and phenomena were observed. An
attempt was made to describe the most important items to provide designers of replacement
roofs with some practical data on the aging of roofing copper that has been in place from 20 to
100 years.

Some of this copper was still serviceable and other copper had been subject to leaking because
of various adverse conditions. Leaks into building systems and occupied spaces usually caused

!Consultant and associates, respectively, H. B. Fishman & Co., Inc., P.O. Box 97, South Windsor, CT
06074.
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the roof inspection. There are many roofs fabricated from copper sheets that were not inspected
and are providing admirably good service in spite of their age.

Procedure

Various sites were inspected and photographs were taken of important phenomena including
copper roofing sheets, flashings, gutters, fascia, downspouts, ridge caps, skylights, domes, or-
namental stamped copper work, and many other items. Various types of corrosion and wear
were noted. The cause of leakage was also noted and new copper work was designed for replace-
ment where necessary. During the process of removal and replacement of the roofing, samples
of typical components were retained for further study.

Table 1 lists the various buildings studied, the estimated age of the samples, and observed
conditions. Table 2 lists measurements made to samples from various buildings and shows
metal loss data.

The samples were taken to the laboratory, where original seams were opened. Metal thick-
ness at original seams was compared to the metal thickness in areas of wear and pitting. This
was done with a round tipped micrometer caliper.

Discuassion

Corrosion and wear were related to location and use of the copper component. Copper sheet
metal panels were employed in two major categories:

Type I: Those which drain immediately and are above the water line. Examples of these
flashings and roof panels are as follows: counterflashings, copings, fascia, steep roof pan-
els with standing seams and/or battens, ridge caps, sills, etc.

Type II: Those that are below the water line and/or do not drain immediately. Examples of
this type are gutters, pitch boxes, copper base flashings, metal edgings which intersect with
ponds on roofs, flat seam roofing, aprons, transitions, crickets (a sloping transition that
prevents water running down a slope from being forced directly against a base flashing
condition), slate flashings, etc.

Flashings of the first type were subject to weight loss and thinning, but were not usually
affected by expansion or contraction strain. These components, when properly installed, will
expand and contract in a manner that does not build up compression or tension strains. Thin-
ning from corrosion, when uniform, extends over a long period of time and does not affect the
serviceability of the panels for many decades. If, however, these panels are restrained un-
equally, buckling can occur. Once the material has buckled, work hardening occurs and repeti-
tions of the strain will cause fatigue cracking in a few years. Large radius bends at changes in
direction reduced cracking. Sharp bends were more susceptibie to cracking.

Ridge caps, which are subject to vibration and wind flutter, can also become work hardened
and will then be subject to cracking. Cracked panels are shown in Fig. 1.

Free draining sections should not be soldered on the exposed surface, if possible. If the com-
ponents can be made watertight without soldering, they will last longer than if they are soldered.
It is very difficult to clean fluxes and cleaning agents from the edge of the soldered seam, but
they must be cleaned and neutralized. A 5 to 10% solution of washing soda or 0.5 kg (#1) of lye
per ten liters (2 gal.) of water was used, followed by a washing down and thorough rinsing with
clear water [1]. Figure 2 shows locations that are highly susceptible to pitting. Table 2 samples
CG 1a, 2, 4 were severely pitted and showed the highest corrosion rates ranging from 4.3-um
(0.17 mils) per year to 7.3 um (0.29 mils) per year.

Roof panels: Transverse joints of steep panels need not be soldered. Transverse joints of low
sloped panels should be soldered on the back prior to installation so that the soldered joint can
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FIG. 1—Coxe Cage, 38 years old, fatigue cracking from wind.

F1G. 2—Woolsey Hall. 80 years old. Repair with aluminum coating did not stop pitting or leaks. Note:
Concave edge of solder, most severe pitting. Red copper, 16 oz.

be protected from the elements and will be less susceptible to pitting. Figure 3 shows replace-
ment panels that were presoldered so that the entire run could be locked in with the seams not
exposed.

Copings: Figure 4 shows that flat or low sloping portions of copings appear to wear at a much
greater rate than the vertical sections of the same piece of metal.

Skylight components: Exposed portions of muntins as in Fig. S were worn through, but leaks
were minor because of the steep slope and condensation gutters in mullions.

Slate valley copper, as in Fig. 6, has been worn through in fifty years by localized dripping.



FISHMAN ET AL. ON ATMOSPHERIC CORROSION OF COPPER 105

FI1G. 3—Woolsey Hall, 80 years old. Red copper 16 oz. Dome was also replaced. Ornamental compo-
nents were salvaged.

FIG. 4—Sterling Library, 58 years old. Lead coated copper. Note green patina on flat surface, lead intact
on vertical surface.
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- .

FIG. 6-—Sage Hall. 50 years old. Red copper 16 oz. Step flashings Valley copper under slate worn out by
erosion due to water run off and dripping.

Even when the above experience pinholes, pitting, and cracked joints, the quantity of water
which enters the system is usually minimal because of the free drainage and rapid runoff. Such
leakage may sometimes be controlled by proper placement of underlayment felts at the time of
construction. However, when snow and ice are on the surface, as in Fig. 7, leaks can be quite
serious.

Type I1: Copper components such as gutters are much more susceptible to all of the above
mentioned types of corrosion, metal thinning, pitting, pinholing, or fatigue cracking. All can
cause failure of the copper gutter. Once the gutter fails, massive leaking can occur, the severity



FISHMAN ET AL. ON ATMOSPHERIC CORROSION OF COPPER 107

FIG. 7—Sterling Library, 58 years old. Lead coated copper. Note pitting and white lead oxide, green
color on flat portion.

of which is dependent upon the size of the watershed. Even a small hole in the gutter, such as a
pinhole placed in a location where the gutter contains a puddle, will allow water to accumulate
below the gutter within the substrate to the hydrostatic level of the top of the water in the gutter.
In winter, gutters are quite frequently full and adjacent ice dam heights can cause large hydro-
static heads, as in Fig. 8. Underlayment felts are usually not effective in reducing the quantity of
leaks in the vicinity of gutters and aprons.

Increasing the thickness of the metal at gutters was effective in prolonging the life of the
various gutters inspected. Expansion and contraction strains work in a similar manner to free
draining copper panels. However, in the case of gutters, even the smallest crack will allow large
quantities of water to enter the system.

The soldered seams of gutters are also susceptible to expansion and contraction forces. Sol-
dered seams must be designed and riveted in a manner that will prevent the seam from becom-
ing the weak link in a particular gutter system. As pitting, pinholing, and thinning down of the
joint adjacent to the solder occurs, less metal is available to resist expansion and contraction
strains. At some point the metal shown in Fig. 9 failed by buckling at several places. Properly
placed and designed gutters which allow free movement of the sections lasted much longer than
those that were not properly placed or designed [2].

Aprons: Aprons are usually employed as a transition between the gutter or eave and sloping
roof panels. If an apron had been employed at the battens in Fig. 9, leaking from erosion at the
bottom of the battens would not have necessitated replacing the battens. The apron would have
allowed increased service of the system even though some components had failed. Instaltation of
aprons allows extended service of the copper roof system.

Large quantities of water drain from sloped roof areas whether they be copper panels, shin-
gles, or slate. These quantities of water drip off of the components above and increase the wear
at the drip line at base of the slate in Fig. 10.
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FIG. 8—Commons Dining Hall, 80 years old. Red copper 16 oz.

FI1G. 9—Dining Hall, 80 years old. Red copper 6 oz. gutter not cleated, tied in only at outside edge and
lock at bottom of slope.
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FIG. 10—435 College St., 54 years old. Red copper 16 oz. pitted through at slate drip line.

Note that these copper panels wore through in a much shorter period of time because of the
accelerated corrosion caused by the dripping and erosion process. The service life of aprons and
base flashings exposed to this type of corrosion can be greatly extended by placing a wear strip
over the section subject to dripping. Figure 11 shows severely pitted lead coated copper from
Sterling Library.

The west end of the Commons Dining Hall at Yale University experienced rapid metal thin-
ning of the steep batten seam copper panels in the area adjacent to the incinerator. Combustion
products in this vicinity definitely accelerated the corrosion. It is interesting to note that where
oily or greasy contaminants hardened on the surface of the panels, these were protected and

FIG. 11—Sterling Library. X20 micro photo of severely pitted lead coated copper.
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resulted in raised islands of copper amid the unprotected panels which had thinned down.
Thinning as shown in Table 2 ranged from 0.3 um 1.6 pm (0.01 to 0.06 mils) per year. This
range is greater than corrosion rates shown by Costas [3].

Flat seam copper panels: The size and joint configuration of flat seam copper panels is ex-
tremely important. Heavier gauge panels gave much better service life compared to thinner
panels. Since the entire perimeter of each panel must be soldered, the mode of failure here in
red copper panels was usually pitting adjacent to the soldered seam. In lead-coated copper
panels, failure also occurred from pitting, but the seam areas were not susceptible to this pitting
because of the protection from the fead coating and pretinning.

Where flat seams were properly malieted and set prior to soldering, the soldered seams were
more able to resist expansion and contraction strains. Failure of lead-coated copper panels oc-
curred where abrasions wore through the lead coating and allowed pitting to proceed at a faster
rate.

Vertical standing seam lead-coated copper panels showed virtually no wear after 50 years at
Payne Whitney Gym. Exposures to north, east, south, and west did not seem to affect the pan-
els. However. vertical wall panels. at Sterling Memorial Library were only susceptible to wear
when the wood slat retaining panels failed because of water entrance through the exterior of the
masonry wall. The retention strips rotted out after 50 years; the copper panels became loose and
were able to flex in the wind. They were cracked by fatigue. Figure 12 shows several cracked
panels.

The copings at Harkness Tower were fabricated from red copper. The pitting as shown in Fig.
13 is much more severe than the lead coated copper at Sterling Library. The copper at Harkness
is approximately 67 years old versus the 58-year-old copper at Sterling. However, the difference
in age of nine years does not reasonably account for the great difference in corrosion.

Bronze snowguard brackets were in excellent condition after 80 years.

FIG. 12—Sterling Library. 58 years old. 16 oz. lead coated copper. Securement rotted and allowed exces-
sive flutter.
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FIG. 13—Harkness Tower, 67 years old.

Conclusions

Vertical 0.4536 kg (16 oz.) lead-coated copper panels can easily exceed 100 years of good
serviceability. However, panels must be properly secured in accordance with industry recom-
mendations or premature buckling, cracking, or displacement from the substrate can occur.
The only problems observed with these vertical panels were caused by improper securement.

Vertical 0.4536 kg (16 0z.) copper wall panels in which patina formation occurred resisted
degradation very well. Again, proper attachnent to the substrate is of the utmost importance.
Where these panels were observed in areas subject to high waterflow from other watersheds,
susceptibility to erosion was noted. Protected areas can be serviceable for over 100 years,
whereas areas subject to waterflow may have serviceable life spans considerably shorter. Lead
coating appeared to be well worth the additional cost over and above the plain copper for verti-
cal panels in areas subject to erosion.

Low sloping panels: Low sloping panels were most susceptible to corrosion at locations of
soldered seams. Lead-coated copper showed much better resistance to pitting at soldered
seams.

Pretinning of both lead coated copper and red copper prior to soldering protected the zone
adjacent to the soldered seam and slowed pitting. In some cases the pitting started only at the
outer edge of the tinned area. Red copper seams to be soldered should be tinned at least 25.40 to
38.1 mm (1 to 1.5 in.) beyond the area where solder will flow.

It is extremely important to clean soldered seams after soldering to neutralize the affects of
fluxes and cleaning agents. Comparison of seams with adjacent exposure at various locations on
the same roof showed great differences in the degree of pitting. These differences appeared to be
caused by workmanship and cleaning procedures.

Roof panels that were properly restrained provided much better serviceability than those that
were improperly restrained. Flexing caused by wind flutter produced work hardening and fa-
tigue cracking.
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The presence of combustion products, power plant effluent, and/or incinerator products
greatly accelerated the rate of corrosion on roof panels downwind of the contaminant.

Heavier gauges of copper such as 0.567 kg (20 oz.) and 0.6804 kg (24 0z.) appear to be well
worth the added cost for materials, especially on flat and low sloping sections such as gutters,
aprons. base flashing, and other components that have portions below the water line.

Copper flashings and other components used in conjunction with slate should be no less than
0.567 kg (20 0z.) and lead coated wherever possible. Slate has a greater life span than that of
0.4536 kg (16 oz.) copper. For best results, heavier copper should be used with slate to reflect
the long-term use of the slate roof system. Lead coating also retarded the initiation of erosion
and pitting at drip lines adjacent to the slate.

Supplementary strips at drip lines were effective in protecting copper flashing from erosion at
these locations.

In general, lead coating improved serviceability of the properly instailed copper panels.

The most important factors in extending the life of copper roofing and flashings were proper
installation procedures, good detailing, and good design. Our observations of prematurely
failed copper components were almost always attributed to improper workmanship, improper
design. or the presence of an external contaminant.

Reduction in copper thickness caused by long-term atmospheric corrosion appeared to be less
important than the pitting of small areas.

Components such as gutters, which were subjected to expansion and contraction forces, were
susceptible to buckling at locations where metal had been thinned by corrosion.

25.4-mm (One-inch) diameter brass pipe used in conjunction with snow brackets was severely
dezincified and cracked at 80 vears of age (Fig. 14). Copper pipe is a better choice than brass for
snowguard use.

Fasteners: Copper and bronze roofing nails were in excellent condition. Corrosion affecting
serviceability was not observed. However, where gaivanized or steel fasteners were employed,
many of the fasteners disintegrated and allowed premature flutter and displacement of the cop-
per panels.

FIG. 14—Snowguard pipe. X40 micro photo, Commons Dining Hall. Eighty years of exposure caused
this brass pipe to crack and loose its tensile strength. Visual appearance is severely pitted.
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Roofing panels for low sloping, steep sloping, and vertical application fabricated from
heavier gauges of copper gave excellent serviceability even with somewhat increased panel
widths.

Surface treatment: Washing and neutralizing improved the appearance of copper panels and
shortened the time to acquire an even patina by one to two years in some locations observed.
(Physical samples were not available from these sites).

Lead coated copper panels on flat to up to 45° slopes acquired a green color after 25 to 30
years of exposure. The color on lead-coated copper was more blue-green, while the patina on
plain copper was more toward the yellow-green in appearance.

At many sites where improper repairs had been attempted by applying asphaltic or aluminum
coatings, these coatings were found counterproductive. Once they were applied, individual sol-
dering and replacement of panels was almost impossible. Do not apply these contaminants to
copper.

At many locations where lead-coated copper panels were abraded during installation, pitting
progressed at a faster rate.

Properly soldered joints with a minimal quantity of solder resisted pitting much better than
joints that had excess solder quantities, Where the outside edge of the solder was smooth or
concave, there was less pitting than at locations where the solder was convex. Convex solder
edges produced a reentrant crevice at the base of the solder.
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DISCUSSION

R. Baboian' (discussion topic)— Green patina is usually associated with architectural copper.
However, I would not expect this behavior with lead-coated copper. It is common to find a green
coloration on lead-coated copper.

H. Fishman (author’s closure)—Perhaps the term green patina should not be used in the
same context on lead coated copper as it is used in architectural red copper. The green patina is
principally brochantite, a form of copper sulfate. The lead coated copper observed started out
as a bright gray, turned darker gray, and portions of it later acquired a very dull finish, and in
some locations a white powder formed on the surface.

Lead coated copper which was observed in excess of thirty years old acquired a green-gray
cast. Older lead coated copper turned completely green, but in the more gray range than the red
copper.

‘Texas Instruments, Attleboro, MA.
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We do not have the facilities for, nor have we tested this material. However, we do have
samples available should somebody be interested in testing same.

A probable answer for this phenomena is that the lead coating becomes thin in some areas and
the copper shows through. The copper then forms the patina probably similar to brochantite. The
green color then leaches into the white and gray components attached to the surface of the lead in
other locations.

R. Baboian' {discussion question)—Your comment about new copper not lasting as long as
old copper is an interesting one. Would you elaborate on that subject?

H. Fishman fauthor’s closure)— An inspection was made at the Yale Daily News which had
various copper valleys and gutter components. They were in service for an estimated fifty years.
They were fabricated from lead coated copper and were in very good condition. However, on the
south side of the building, there was a red copper gutter which had acquired a dark brown color
but showed no evidence of patination. The building superintendent stated that it had been re-
placed five years previously. This gutter was in poor condition and exhibited signs of pitting at
the bottom termination adjacent to the drip line of the slate roof. The areas where this pitting
occurred were very bright red color.
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ABSTRACT: This paper is a survey of the corrosion problems encountered in Bell Canada’s tele-
communication hardware. Specifically, the environmenta) attack on the outdoor metallic equip-
ment will be addressed. These metallic parts include outdoor connectors, guy strands, lashing
wires, guy hooks, cabinets, and manhole equipment. To be presented are the results of material
analyses, failure analyses, field testing, and accelerated laboratory testing, which include a num-
ber of investigative programs undertaken in the previous years.

KEY WORDS: hydrogen embrittiement, stress concentration, stress corrosion cracking, sensiti-
zation, galvanic corrosion, fretting corrosion, atmosphere, telecommunication hardware

Various metallic parts are used in the outside plant of Bell Canada. Most of the hardware has
been designed with certain degrees of corrosion prevention. Some of these practices may involve
protective coatings and encapsulants, some may involve the use of corrosion resistant metals
and alloys, and some may be controlling the environment in hardware cabinets. Unfortunately,
totally reliable corrosion prevention practices often cannot be achieved. This is partly due to the
complexity of the field environments and some basic corrosion mechanisms, and partly because
a trade-off has to be made among corrosion prevention, other performance requirements, and
costs. As a result, corrosion has been, and will increasingly be, a concern for Bell Canada’s
telecommunication equipment.

Over the past decade, much research conducted by Bell-Northern Research (BNR) and Bell
Canada has focused on the study of corrosion and corrosive environments. Many reports have
been issued on this once low priority issue. The following is a synopsis of the studies conducted
by Bell-BNR in an effort to protect the telecommunication hardware and combat against corro-
sion failure.

Survey of Corrosion Problems

Lashing Wire

The outside plant equipment is particularly susceptible to corrosion attack because of the
hostile atmosphere and underground environments. One example of atmospheric attack is the
premature failure of stainless steel lashing wires [/]. Lashing wires are used to secure aerial

'Member of scientific staff, Bell Northern Research, Department 1132, P.O. Box 3511, Station C, Ot-
tawa, Ontario K1Y 4H7, Canada.
Member of scientific staff, Bell Canada, 393 University, Toronto, Ontario, Canada.
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transmission cables to the pole line structure. The combination of corrosive species from the
atmosphere, moisture condensation, and applied tension may cause stress corrosion cracking of
the stainless steel wires. (Stress corrosion cracking occurs when a metal cracks after being sub-
jected to a constant tensile stress and exposed simultaneously to a specific corrosive environ-
ment for a given time.) This is especially prominent if the wires have not received a proper
heat treatment. Instances of lashing wire failure caused by this type of attack have been exper-
ienced (/1.

Steel Guy Strand

At the ends of a pole line structure, galvanized steel guy strands are used to provide mechani-
cal support to the structure. Failure of guy strands has been reported, resulting in costly repair
and safety concern. Laboratory investigation has indicated that the failure is caused by hydro-
gen embrittlement assisted by localized wearing [2]. Hydrogen can be generated by galvanic
corrosion reactions at the stress concentration sites.

Connectors and Outdoor Cabinets

Even in confined environments, such as inside the outdoor hardware cabinets, corrosion still
prevails. Connectors with inadequate design have been found to suffer contact resistance in-
crease after six years of field exposure, which could result in noisy telephone lines or even line
disruption. The cause of this connector failure is fretting corrosion on the contacting metallic
surfaces [3]. Another problem associated with connector corrosion is short-circuiting of adja-
cent connectors. The problem arises as corrosion products, combined with atmospheric con-
taminants and moisture condensation, bridge over adjacent connectors [4]. The result is the so-
called *‘cross-talk” phenomenon.

Corrosion of the outdoor cabinets themselves is also a concern. Most of these cabinets are
built with painted steel plates. Various protective paints have been used to protect the steel
cabinets against the atmosphere. However, long-term exposure to sunlight, plus high tempera-
tures and humidities, may cause the paint to deteriorate, resulting in localized corrosion attack
on the underlying steel. In some areas of the cabinet, stainless steel fasteners are applied on the
mild steel plates. This coupling of dissimilar alloys has been found to promote galvanic corro-
sion on the less noble steel plates [5].

Underground Equipment

The aforementioned corrosion phenomena are some examples of corrosion attack from the
atmosphere. However, the corrosion issue does not end here. Beneath the ground line there is
underground equipment, such as those inside the manholes, and there is buried hardware, such
as buried cables and earth anchors that are in direct contact with the ground soil [6]. In the
manholes, various types of electrolytic corrosion are prevalent because of the frequent flooding
in the manholes. The use of road salt in the Canadian winters further promotes this problem.

Galvanic corrosion of equipment submerged in flooded manholes is an important concern. In
this corrosion mode, galvanized steel racks, ladders, and so forth are usually the vulnerable
parts because they are often the anodic sites of galvanic corrosion reactions [7]. On the other
hand, the cathodic parts are not always exempted from corrosion damage because of the gener-
ation of electrolytic hydrogen on their surfaces. In a field trial, some stainless steel V-band
clamps were found to crack, and the cause was attributed to hydrogen embrittlement [&].

Another important underground corrosion phenomenon is stray current corrosion. Some gal-
vanized steel cable racks inside the manholes were found to be severely corroded in four years
(Fig. 1). The cause has been traced to stray currents from nearby electric railtracks. Bell Can-
ada recently is planning to install underground transmission cables alongside the Trans Canada
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FIG. 1—Corroded manhole cable rack after 4 years of field exposure. Note: the corrosion was due to stray
currents from nearby electric railtracks in Toronto.

Pipeline. In this layout, stray current corrosion of the cables will be a big concern since a rela-
tively large impressed current is being used on the pipeline for cathodic protection.

Pole Line Hardware

It should be noted that not all outdoor equipment is subjected to corrosion failure. In fact, a
large number of outdoor metallic parts are still performing their function beyond their life ex-
pectancy. BNR has recently carried out an analysis on samples of horizontal steel strands from
pole line structures. It has been found that the mechanical properties of these strands still
match the specified values after 55 years of field exposure. Spectroscopic analysis has shown
that the corrosion product formed on the surface of these strands is typically iron oxide, which
has been acting as a protective layer to prevent further corrosion on the underlying steel wires.
Moreover, the steel bolts fastened on wood poles has been found to have minimal corrosion
attack after over 30 years of field exposure (Fig. 2). The encouraging fact is that these bolts were
not only exposed to the atmosphere, they were also in contact with the wood poles that had been
treated with once suspected corrosive chemicals.

Having briefly surveyed Bell Canada’s corrosion problems, attention is now turned to describ-
ing some corrosion investigations and remedial measures in detail.

Stress Corrosion Cracking of Lashing Wires

Lashing wires [/] used by Bell Canada for supporting aerial cables in position are presently
made of American Iron and Steel Institute (AISI) Type 430 stainless steel. Failure of lashing
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F1G. 2—Pole bolt after 30 years of field exposure.

wire to support the aerial cable could result in a potentially disastrous situation. During the
period August to December 1978, lashing wires received by the Quebec Region from one of the
vendors showed severe brittle fractures in the field. Since only one batch of lashing wires was
found to have such failure, it was suspected that the particular batch had received improper
heat treatment. rendering the wires susceptible to stress corrosion cracking. Beli-Northern Re-
search was alerted of these failure instances, and an investigation was mandated to find out the
failure mechanism of the lashing wires and to recommend remedial action. Specimens failed in
the field were retrieved to BNR. Their microstructures were examined, and tensile strength and
ductility were measured. Experimental specimens were also analyzed in the same way after be-
ing subjected to various heat treatment schemes. The purpose was to simulate the material
condition of the field specimens by varying the heat treatment parameters and to compare these
parameters with those stated in the product specification.
The following were three important observations on the field samples:

1. The lashing wires failed by intergranular cracking after short periods in the field (Fig. 3).

2. The grain boundaries of the recrystallized structure of the wires showed heavy precipita-
tion of chromium carbides (Fig. 4).

3. Slight rusting occurred in areas near the intergranular cracks.

F1G. 3—Typical appearance of crack in Quebec Region lashing wire. Note: Cracking takes place only
along the grain boundaries where the chromium carbide is present. This type of crack is called intergranular
cracking. Magnification X225.
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FIG. 4—Typical microstructure of lashing wire that failed in Quebec Region. Magnification X1000.
Note: the thick lines show precipitation of chromium carbide at the grain boundaries. In a nonprecipitated
specimen. the boundaries would all appear as fine lines as can be seen at some borders above.

The mechanical properties of the field samples are shown in Table 1.

Experimental samples were prepared to simulate field sample conditions. This was done by
annealing the cold-drawn wires at a constant time but at different temperatures, namely, 677,
829, and 1093°C. The mechanical properties of these specimens are listed in Table 2.

When the wire was annealed at 677°C the microstructure showed very little change from that
of a drawn structure with elongated grains. The wire in this condition was hard and brittle
(Table 2). None of the specimens from the field exhibited a nonrecrystallized microstructure;
hence, all field specimens examined must have been annealed above 677°C.

When the wire was annealed at 829°C the microstructure consisted of equiaxial grains of
ferrite and randomly dispersed particles of chromium carbides. The structure was desirable

TABLE 1—Mechanical properties of field lashing wire specimens.

Yield Tensile Percentage
History of Wire Point, N Strength, N Elongation, %

Specimens taken from 401 570 24
Grandby, Quebec 392 570 27
379 566 28
379 566 26
379 566 25
Average 386 566 26
Specimens taken from 379 557 33
Gatineau, Quebec 379 561 32
383 557 32
Average 379 557 32
Specimens taken from 388 552 24
Telecommunications House 365 548 31
379 548 29
379 548 26

Average 383 548 27
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TABLE 2—Mechanical properties of experimental lashing wire specimens.

Yield Tensile Percentage
History of Wire Point, N Strength, N Elongation, %

Wires annealed at 677°C 713 878 4
713 793 2
748 802 2
722 793 2
Average 722 815 2
Wire annealed at 829°C 347 557 28
347 557 28
Average 347 557 28
Wires annealed at 1093°C 526 748 18
512 748 20
526 757 18
Average 521 753 19

since it showed minimal precipitate in general and the precipitate that was formed at the grain
boundaries was discontinuous, thus minimizing the susceptibility to intergranular corrosion.
The tensile properties of the wire annealed at 829°C were the closest to those of the field speci-
mens (Tables 1 and 2), but the field specimens had much more abundant grain boundary
precipitate.

When the wire was annealed at 1093°C, it showed a slight grain growth. Chromium carbides
were found at the grain boundaries as well as in the grains. The wire was harder and more brittle
than when annealed at 829°C. This was a result of the so-called high temperature embrittle-
ment (> 1000°C) for ferritic stainless steels due to the precipitation of carbonitrides [9]. Since
the mechanical properties of the field specimens were not comparable to those of the 1093°C
annealed wire, it suggested that the field specimens were heat treated at a lower temperature.

The above observations led to the conclusion that the failed field specimens were annealed at
a temperature higher than the desirable temperature of 829°C, but below the temperature
range (1000°C and above) that would cause high-temperature embrittlement. In particular, it is
known that when ferritic stainless steels are annealed above 925°C, sensitization will occur re-
gardless of the subsequent water quenching or air cooling [9]. This occurs because at 925°C or
above, the alloy matrix will dissolve a large part of the existing carbides (and nitrides). In subse-
quent cooling, chromium carbides and nitrides will rapidly precipitate at grain boundaries,
leaving a zone depleted in chromium near the grain boundaries. In this regard, the alloy
becomes susceptible to intergranular corrosion, and will crack intergranularly when under
tension.

The vendor of the inferior batch of lashing wires was alerted of this problem and traced it
back to an uncontrolled furnace. This furnace was then replaced. In addition, ASTM Recom-
mended Practices for Detecting Susceptibility to Intergranular Attack in Ferritic Stainless
Steels (A 763) was added to the product specification to protect future lashing wires from the
above mentioned attack. Since then, no more field failure has been reported.

Hydrogen Embrittlement of Guy Strands

Steel guy strands [2] are used to secure the aerial cable structure (pole line) at both ends. At
the end pole of the structure, a guy strand is placed in tension between the top of the pole and
the ground (via an earth anchor) at approximately 45°. The strand is made of galvanized AISI



LEE ET AL. ON TELECOMMUNICATION HARDWARE 121

1060 mild steel wires. In order to avoid stray currents being transmitted to the pole system from
the ground, a ceramic insulator is placed between the upper and lower guy strands. Two guy
grips of the same steel grade are looped around the insulator, and the grips are in turn con-
nected to the upper and lower strands.

In the field, about ten instances of guy strand failure were experienced by Bell Canada. In
particular, the breaking location was always at the loop of the guy grip in contact with the
insulator. Such failure would not only cause telephone line disruption, but also cause public
hazard as a result of potential pole structure collapse.

Again, BNR was alerted of the problem, and an investigative program was carried out. A
pilot pole line structure was built on BNR premises and various loads were applied to the struc-
ture to determine whether the guy strands would fail. It was concluded from this work that pure
tensioning under all reasonable situations could not cause the newly installed guy strands to
fail.

A lab investigation was also undertaken to determine the mechanical or environmental causes
for the failure. In this program, guy strand field specimens from the Ontario and Quebec re-
gions were randomly collected for analysis. Virgin specimens were also obtained for baseline
measurements. The details of this work are described as follows.

Stress Concentration

Visual examination for all specimens received from the field was carried out to determine
whether any dimensional characteristics of the guy specimens were a contributing factor for
field failure. The most important observation was that all the ceramic insulators examined have
ridged shoulders that would create stress concentration on the guy grips. The sharpness of these
ridged shoulders was measured to be at a 156° angle and 0.033 cm radius. This stress concen-
tration was found to cause various degrees of damage to the guy grips in the field, ranging from
flattened and abraded wires, to notched and even broken wires.

Mechanical Testing

Simple tension testing was carried out to measure the strength of a guy specimen and to
detect where the weakest point was in the specimen. By its nature, it directly indicated how well
the guy strand performed under over-tensioning. In addition, cyclic tension testing was per-
formed to stimulate the cyclic loading induced on the guy strands caused by storm and thermal
loading. Load frequencies in the range of 0.3 to 3.0 cycles/second were used, together with
various load amplitudes and load levels. Results indicated that both types of testing could not
duplicate the failure mode of the guy strands that happened in the field. In almost all test cases,
the ceramic insulator shattered before any failure of the grip, whereas in the field, it was found
that failure occurred on the grip at the point that was in contact with the ridged shoulder of the
insulator. This indicated that the stress concentration at the insulator shoulder could not cause
grip failure in simple over-tensioning or cyclic tensioning alone.

The lateral vibration test was performed to simulate the effect of relative micromovements
between the grip and the insulator shoulder caused by wind-blow against the guy strand in the
field. These micromovements were suspected to cause wear or notching on the grip wires in
contact with the insulator shoulder. Virgin guy specimens cut to a gauge length of 2 ft (0.6 m)
were first tensioned to a constant load of 17.8 kN. A motor cam was then used to cause lateral
vibration at the center (that is, the insulator) of the specimens at a frequency of 28 cycles/s for a
number of cycles in the range of 50 000 to 450 000 cycles. The half amplitude of the lateral
movement was set either at 2.5 or 5.0 mm. These settings were calculated to simulate strand
resonance caused by severe wind-blow in the field. After the vibrational cycles, the specimens
were failed in a simple tension test. Results indicated that in all cases some grip wires were
broken at the insulator shoulder before the shattering of the insulator. Therefore, lateral vibra-
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tion couid initiate grip failure at the insulator shoulder and thus simuiate the field failure mode
of the guy strands.

Hydrogen Embrittlement

Because of the wearing of the galvanized coating of the steel grip wires occurring at the insu-
lator shoulder, electrolytic hydrogen was suspected to be generated on the exposed steel sites by
means of some galvanic corrosion reaction when the grip wires were wetted during rainfalil or
under high humidities. If hydrogen was indeed formed, it would likely embrittle the grip wires
at the insulator shouider and hence promote premature failure. Hydrogen testing was per-
formed on specimens with a pair of single grip wires fitted to a ceramic insulator. The galvaniz-
ing coating in the region contacting the insulator shoulder was removed by a file. The wires were
then charged with hydrogen in the 0.1 N sulfuric acid (H,SO,) electrolyte at a charging current
of about 3.5 mA/cm? for about 10 h. The specimen was finally failed in a simple tension test.
The results showed that hydrogen indeed could embrittle the guy grips. A 14% reduction in
tensile strength was caused by the hydrogen charging in both virgin and field specimens. This is
considered to be a conservative estimate, since hydrogen outgassing was likely to occur between
the completion of hydrogen charging and the tension test. At any rate, in addition to stress
concentration at the ridged shoulder of the insulator and wearing of the grip wires at the shoul-
der, hydrogen generated therein by galvanic reactions could further promote guy strand failure.

Based on the above test results, the mechanism of the guy strand failure in the field was
formulated. The ridged shoulder of the ceramic insulator acted as a stress raiser on the guy grip.
Because of resonance induced by wind-blow in the field, relative movements between the insula-
tor surface and grip wires occurred, and the sharp shoulder of the insulator caused wearing and
notching on the grip wires. Once the gaivanizing coating of the wire was worn off at the shoul-
der, local galvanic reactions generated hydrogen on the exposed steel areas, and embrittled the
steel. The coupled mechanical wearing and environmentai degradation of the grip wires would
eventually result in complete failure. Although the phenomenon seemed complicated, the solu-
tion was relatively simple. Bell Canada has changed the insulator design and eliminated any
ridged shoulders, and no further faiiure has been reported since then.

Fretting Corrosion of Connectors

Fretting corrosion occurs when corrosion reactions on two contacting metal surfaces are pro-
moted or enhanced by the occasional oscillatory relative motion (fretting) between the surfaces.
Fretting corrosion is often characterized by the removal of corrosion debris by fretting and sub-
sequent formation of further corrosion products. In a connector, the fretting action arises be-
cause of differential thermal expansion between the connector clip and the conducting wire.
Daily and seasonal change in temperature in the connector’s environment causes this differen-
tial thermal expansion. The corrosion products are mostly abrasive metal oxides formed by
atmospheric attack. Outdoor exchange connectors that are subjected to fretting corrosion will
have significant contact resistance increase, resulting in noisy line signals or even line disrup-
tion. Good connectors are often designed to have sufficient normal force on the metallic con-
tacts to retard the fretting action, and hence to prevent fretting corrosion.

Six types of connectors were field tested by BNR to determine their susceptibility to fretting
corrosion. They were housed in outdoor cabinets in four different geographical locations for
over six years. Their contact resistance was monitored every six months in order to detect the
occurrence of fretting corrosion. The results indicated that one type of the connectors showed
significant increase in contact resistance as the exposure time increased. Connector specimens
after the field exposure were retrieved and subjected to microsectioning and microscopic analy-
sis. It was found that the contacts of the connectors that showed high contact resistance increase
in the field were damaged by fretting corrosion. The tin plating at the contact between the
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phosphor bronze connector clip and the copper wire conductor had numerous worn areas. Be-
sides the predominant oxides, sulfates were also found as corrosion products in some areas of
the damaged contacts. A layer of atmospheric dust was found to deposit on the field exposed
connectors. Chemical analysis of this dust indeed indicated that it contained as much as 8%
sulfates. In addition, copper was found to diffuse from the conductor to the tin plating. In some
areas, as much as 30 to 50% copper was detected in the tin plate. This diffusion would promote
the formation of CusSng and Cu;Sn intermetallic compounds. These compounds are known to
be hard and brittle, and would enhance the fretting damage at the contact.

The fretting corrosion damage on connectors was also simulated in the laboratory. In that,
connectors were subjected to thermal cycling between —40 and +60°C in an environmental
chamber. Again, the particular type of connectors that had shown failure in the field test also
failed in the thermal cycling test. Although the atmosphere in the laboratory was less corrosive
than in the field, fretting corrosion was the predominant mechanism for the contact resistance
failure in the laboratory, because oxidation of the contact metals still prevailed in the indoor
atmosphere.

Future Plans on Corrosion Prevention

In the coming year, Bell-BNR will devote much effort in understanding the environments in
the Bell Canada operating regions. Since the atmosphere varies from one area to another,
global data on the atmosphere cannot be applied practically to fight atmospheric corrosion. For
the past seven years, BNR has been monitoring the local changes in temperature and humidity
inside the outdoor hardware cabinets. These cabinets have been installed in various regions so
that a representative specimen can be obtained. Recently, a program has also been started to
collect specimens of dust and gases from the atmosphere in different areas. Future analysis of
these specimens will help Bell-BNR engineers to gain better understanding of the corrosion
problems and to take precautions in thetr hardware designs and materials selection. In addi-
tion, before the launch of the large-scale project of installing transmission cables alongside the
Trans Canada Pipeline, it is anticipated that much design and engineering effort will focus on
corrosion prevention procedures.

Conclusions

This paper has briefly surveyed various corrosion problems encountered in Bell Canada’s
outside plant environments. Some investigative projects and remedial actions have been de-
scribed in detail. These detailed descriptions were selected to address different atmospheric
corrosion mechanisms on telecommunication equipment, namely, stress corrosion cracking,
hydrogen embrittlement, and fretting corrosion. Obviously, this is only a partial list of the Bell-
BNR effort to combat corrosion. As more and more sophisticated and expensive telco equip-
ment is placed in the field, corrosion will be an increasing concern. No ingenuous design or
advanced equipment will perform its function if it cannot reliably stand up in its environment.
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ABSTRACT: The relative corrosion resistance for numerous materials of interest to architects and
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exposures in the natural marine atmosphere at Kure Beach, NC, for up to 45 years are included
for steels, stainless steels, aluminum alloys, copper, nickel, and titanium alloys.
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Investigations of the corrosion behavior of various materials in marine atmospheres were ini-
tiated in the 1940s when it was recognized that corrosion data from exposure in natural marine
environments were essential. These early exposures provided valuable information on the ma-
rine corrosion resistance of many materials and set the groundwork for standardizing atmo-
spheric corrosion testing. Some samples from these first test programs are still on exposure at
the LaQue Center’s marine atmospheric test sites at Kure Beach. Other tests started after these
first programs are also still providing long-term data.

Corrosion or deterioration of materials used in atmospheric environments containing the
chloride ion (for example, ship decks, sea platforms, seashore installations, recreational equip-
ment, automobiles, and so forth) is a major concern as materials and replacement costs con-
tinue to spiral. These areas account for a significant portion of the estimated cost of $168 billion
in 1985 for corrosion in the United States. Industry is actively pursuing methods and materials
that will give greater service life to both structures and machines.

There are a number of corrosion control methods that can be employed, one or more of which
can be used to give greater service life:

(1) selection of more resistant materials,

(2) improvement of design,

(3) protective coatings for material surfaces subject to corrosion,
(4) treatment of the environment, and

(5) continued maintenance.

Obviously, the choice of materials for use is not based solely on corrosion resistance. Mechan-
ical and physical properties, as well as economics, play major roles in the selection process. The
corrosion resistance of a material is nonetheless an important component in the final choice
since it will impact both economics and mechanical properties over the lifetime of the product or
structure.

It is the purpose of this paper to present, chronologically, results from long-term corrosion

ISenior research technologist, LaQue Center for Corrosion Technology, Inc., P.O. Box 656, Wrightsville
Beach, NC 28480.
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and stress corrosion tests of several materials in marine atmospheres. Some of the factors that
will influence the atmospheric corrosion behavior of materials are also addressed. These data
are from exposures in the aggressive marine atmospheric test sites at Kure Beach (Fig. 1) for
exposure periods up to 45 years.

Kure Beach is located on the southeastern North Carolina coast at latitude 34° North, longi-
tude 77.5° West. Two test areas are located here; they are similar in environment, but very
different in the severity of corrosion [1,2].

25-m Lot

The exposure area is 25-m from the ocean (mean tide). The test panels are positioned at 30°
to the horizontal facing the surf in an easterly direction. The ocean waves and surf provide a
continuous source of airborne salt particles (chloride ions) generating a severely corrosive envi-
ronment (Fig. 2).

250-m Lot

The exposure area is 250 m from the ocean (mean tide). The test panels are positioned at 30°
to the horizontal facing southward for maximum solar exposure. Airborne salt particles (chlo-
ride ions) carried by easterly wind generates a moderately corrosive environment (Fig. 3).

Evaluation and Interpretation

In an effort to determine the amount of corrosion occurring at three different marine sites, a
test program was initiated in accordance with a new ASTM Recommended Practice Calibration
of Atmospheric Test Sites (G 92). The results of a one year study revealed the severity of the

FIG. 1—Kure Beach marine atmospheric test sites 25 and 250 m from the ocean (aerial view looking
west).
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atmosphere in the 25-m lot compared to that in the 250-m lot and to a third a site at the LaQue
Center’s laboratories located on Banks Channel at Wrightsville Beach, NC (Table 1).

The evaluation and interpretation of atmospheric corrosion data involves measuring critical
parameters of the test specimens, such as mass loss and corrosion rate, depth of attack, and
visual appearance such as pitting or cracks in stressed samples. The evaluation tools will vary
with the class of materials being considered. Steels are most readily compared by mass loss
because of the relatively poor adherence of corrosion products. Other alloys can be evaluated by
appearance because of a minimal mass loss resulting from surface reactions (pitting, oxide
films, and so forth). Test specimens may be in the form of flat panels, stressed specimens, or
various other forms simulating or duplicating actual product service.

Several environmental factors can influence the mechanisms of atmospheric corrosion [7,2].
These factors contribute to the uniqueness of a natural environment that has been compared to
synthetic test environments {2]. In a marine atmosphere, the primary variables are the chloride
content in the air, the time of wetness of a corrodible surface, and temperature. These variables
are controlled by factors such as proximity to the ocean, elevation above sea level, prevailing
winds, wave action, rainfall, humidity, and shelter [2,3].

Materials

As the first marine atmospheric corrosion test programs were being planned, the corrosion
resistance of many metals and alloys needed to be documented. The corrosion test panels, nom-
inally 10 by 15, 10 by 20 or 10 by 30 cm by 0.2 to 0.6 cm thick, were cut from flat plate materials.
Materials among the first to be exposed at Kure Beach are identified in Table 2.

Several experimental and commercial aluminum alloys, identified in Table 3, were prepared
for testing as U-bend stress corrosion specimens. Compositions of the experimental alloys were
selected to provide magnesium contents ranging from 4 to 7% and also included manganese
and chromium variations (Table 3). Several material tempers were included in the investigation
(Tables 4 and S5): annealed (0 temper), strain hardened (H1), strain hardened and partially
annealed (H2), and strain hardened and stabilized (H3). The final degree of strain hardening
was also varied (as indicated by the second [H12] and third [H321] digits following the H1
[H12], H2 [H22], or H3 [H321] designation). Also, specimens were either not aged, or were
allowed to age naturally at room temperature for periods of one and three years, and in most
cases quadruple specimens were evaluated in each temper. Commercial alloys 5456 (sensitized
and not sensitized) and 5356 (sensitized) were also exposed with seven specimens of each temper
and condition.

A group of materials consisting of high nickel alloys, stainless steels, high strength steels, a
copper base alloy, and titanium alloys (Table 2) was prepared for exposure as two-point loaded
bent beam stress corrosion specimens (ASTM Recommended Practice for Preparation and Use
of Bent Beam Stress Corrosion Test Specimens [G 39)).

TABLE 1—Calibration of atmospheric test sites.

LCCT Kure Beach LCCT Lab,
um, year
Materials 25-m Lot 250-m Lot Banks Channel
Zinc ASTM B6 4 3.34 2.70
Steel ASTM A73 335 79.5 72.1

0.2% Copper Stee] ASTM A-36 106 47.2 48.4
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TABLE 3—Chemical composition of experimental and commercial aluminum alloys.

Weight, %
Alloy Number Si Fe Cu Mn Mg Cr Zn Ti Al
EXPERIMENTAL ALLOYS
32 0.10 0.09 0.00 0.00 3.87 0.00 0.02 0.02 balance
33 0.10 0.10 0.00 0.00 4,94 0.00 0.02 0.02 balance
34 0.09 0.09 0.00 0.00 5.96 0.00 0.03 0.02 balance
35 0.08 0.09 0.00 0.00 6.90  0.00 0.03 0.02 balance
36 0.10 0.13 0.00 0.67 4.17 0.14 0.01 0.02 balance
37 0.10 0.13 0.10 0.70 5.10 0.14 0.01 0.02 balance
38 0.10 0.12 0.00 0.79 5.96 0.12 0.01 0.02 balance
39 0.10 0.13 0.00 0.79 6.94 0.13 0.02 0.02 balance
COMMERCIAL ALLOYS
5356 nominal composition 94.6 Al, 0.12 Mn, 5.0 Mg, 0.12 Cr
5456 nominal composition 93.9 Al, 0.8 Mn, 5.1 Mg, 0.12 Cr

TABLE 4—Results of long-term atmospheric stress corrosion tests on
experimental aluminum alloys (4 to 7% Mg).

Condition in 1985 of U-Bend Samples in the 25-m Lot®
Ratio: Number of Failures/Number of Specimens

Temper Not Aged Aged 1 Year Aged 3 Years
4% Mg (ALLoY 32)
0 . 0/4 0/3
H12 0/4 0/4 0/4
Hi6 0/4 0/4 0/4
H32 0/4 0/4 0/4
H36 0/4 0/4 0/4

4% Mg, 0.67% MN, 0.14% Cr (ALLoY 36)

0 0/3 0/3 0/3
H12 0/3 0/4 0/4
Hi6 1/4 0/4¢ 2/4b
H32 0/3 0/4 0/4
H36 0/4 0/4 0/4

5% Mg (ALLoy 33)

0 0/4 0/4 0/4
H12 174 0/4 0/4
Hi6 4/4¢ 0/4 0/4
H32 0/1 0/4 1/4
H36 0/2 0/4 o

5% Mg, 0.7% MN, 0.14% Cr (ALLoY 37)

0 0/4 0/4 0/4
Hi12 4/4 4/4 4/4
H16 4/4¢ 4/4 4/4
H32 2/3 0/4% 1/4

H36 0/4 0/4 0/4



BAKER ON LONG-TERM CORROSION BEHAVIOR 131

TABLE 4—Continued.

Condition in 1985 of U-Bend Samples in the 25-m Lot*
Ratio: Number of Failures/Number of Specimens

Temper Not Aged Aged 1 Year Aged 3 Years
6% Mc (ALLoY 34)
0 1/4 0/4 0/4
H12 4/4 5/5 5/5
Hieé 3/3 4/4 3/3
H32 3/4 5/5 5/5
H3e6 272 4/4 3/45
6% Mg, 0.8% MN, 0.12% Cr (ALLOY 38)
0 0/3 0/4 0/4
H12 4/4 4/4 4/4
Hi16 4/4 4/4 4/4
H32 3/3 4/5 5/5
H36 0/4 0/4 0/4
7% Mo (ALLoy 35)
0 3/3 4/4 0/4
H12 5/5 5/5 5/5
H16 2/2 5/5 5/8
H32 5/5 5/5 5/5
H36 5/5 5/5 5/5
7% Mg, 0.8% MN, 0.13% Cr (ALLOY 39)
0 0/3 0/3 0/3
HI12 4/4 4/4 5/5
H16 . 4/4 4/4
H32 0/3 0/4 0/4
H36 1/4% 1/4% 1/4%

“Initial exposures were made in 1953. Test specimens remaining on test have
27-, 29-, and 30-year exposure.
bExfoliation corrosion is evident on the samples remaining in the test.

Test Methods

The corrosion test panels were prepared for exposure and then exposed on test racks posi-
tioned at 30° to the horizontal facing south (ASTM Recommended Practice for Preparing,
Cleaning and Evaluating Corrosion Test Specimens [G 1]). The panels were mounted in porce-
lain insulators that galvanically insulated each panel (ASTM Recommended Practice for Con-
ducting Atmospheric Corrosion Test on Materials [G 50]). From these and other early expo-
sures, evolved these and several other ASTM standard recommended practices.

The U-bend specimens used in these atmospheric tests were prepared from strips 178 by 19 by
1.6 mm. These strips were preformed to a 90° bend over a 13-mm radius and stressed by re-
straint in suitable test racks (ASTM Recommended Practice for Making and Using U-bend
Stress Corrosion Specimens [G 30]). The test racks with experimental stressed specimens (not
aged) were then placed on exposure in the marine atmospheric test lot, 25 m from the ocean
(Fig. 4) in 1953. Additional test racks were added at later dates containing specimens aged at
one and three years. Also, commercial alloy stressed specimens were exposed in 1957.

The two-point loaded bent beam stress corrosion specimens were cut to precise dimensions.
The length was calculated so the amount of deflection would stress the specimens to 90% of the
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TABLE 5—Results of long-term* atmospheric stress corrosion
tests of 5356 and 5456 aluminum alloys.

Condition in 1985 of U-Bend Specimens Exposed
in the 25-m Lot*
Ratio: Number of Failures/Number of Specimens

Not Sensitized Sensitized”
Alloy Temper Condition Temper Condition
5356 o RN H321 0/7
5456 0 0/7 0 0/7
H12 2/7 Hi2 7/1
Hi6 2/7 H16 7/7
H22 0/7 H22 0/7
H24 0/7 H24 0/7
H24 0/6 H24 0/7
H24 0/6 H24 0/7
H26 0/7 H24 1/7
H32 0/7 H32 7/7
H36 0/7 H36 7/7
H321 0/7 R N
H321 0/6 H321 0/5
. e H321 1/7

“Initially exposed in 1957, Alloy 5356 has been exposed for 24 years,
Alloy 5456 has exposure periods of 24 to 27 years.

bSensitized (at 100°C for seven days to simulate long-term natural
aging) before exposure.

- o EEEre PR O N Y S R T e e

FIG. 4—U-bend stress specimens exposed in the marine atmosphere 25 m from the ocean. The stressed
specimens are mounted at 30° to the horizontal facing the ocean.
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yield strength (ASTM G 39). Some specimens were cut from welded stock so that the weld ran
the width of the specimen and was located in the center at a point that would have the greatest
deflection. The specimens were then mounted in stress jigs and exposed in the 25-m marine
atmospheric test lot as shown in Fig. 5.

Specimens designated for seawater test were exposed so only the deflected area of the speci-
men was immersed in low velocity seawater (0.5 m/s). After six-months’ exposure, a selected
number of these specimens were removed from seawater and re-exposed in the atmosphere sim-
ulating the intended use of the materials.

Plate specimens with circular welds were also exposed in the 25-m lot. The ‘“‘restrained-weld”
was prepared by drilling a hole in the center of the panels for automatic welding. A MIG weld
was deposited in a circle 7.6 or 12.7 cm in diameter. Such a weld leaves high residual stresses in
the plate, possibly equal to or exceeding the yield strength of the material (ASTM Recom-
mended Practice for Preparation of Stress Corrosion Specimens for Weldment [G 58]).

Results

Corrosion Test Panels

Among the first test programs initiated in the marine atmosphere are a group of alloys that
were exposed in the 250-m marine atmospheric lot on 14 May 1941. The materials included in
this exposure are stainless steel Grades 2XX, 3XX, and 4XX, nickel silver, Everdur, 45/55
copper-nickel, 70/30 copper-nickel, Hastelloy C, and five nickel-base alloys. These continue on
exposure and their appearance suggests varying degrees of corrosion resistance from good to
excellent. The stainless steels display varying amounts of rust and rust stain on the panel surface

w1

OO0 EED .-

FIG. 5—Two-point loaded stress corrosion specimens exposed in the marine atmosphere 25-m from thfz
ocean after 24-year exposure. The specimens were subjected to sandblasting when wind velocity was suffi-
cient to blow sand from the beach.
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depending on the alloy type, but generally the passive film provided good corrosion resistance.
The copper-base alloys, copper-nickel alloys, and nickel-copper alloys generate a very adherent
oxide film, which provided good corrosion resistance. The nickel-base alloys generate an oxide
film, sometimes so thin it cannot be seen, which provides an excellent resistance to corrosion.

One test panel from each of five nickel-base alloys was evaluated after 36-year exposure, and
the following results were obtained:

* Monel alloy 400—corrosion rate was 0.3 um/year, and the pit depth was 0.1 mm

¢ Monel alloy KS00—corrosion rate was 0.2 um/year, and the pit depth was 0.2-mm maxi-
mum.

¢ Nickel alloy 200~—corrosion rate was 0.25 um/year, and the pit depth was 0

¢ Permanickel alloy 300—corrosion rate was 0.2 um/year, and the pit depth was 0

¢ Inconel alloy 600—corrosion rate was 0.008 ym/year, and the pit depth was 0.1-mm maxi-
mum

The corrosion resistance of these and other nickel-base alloys is well documented in the litera-
ture [3,4].

Test panels of Hastelloy C and Stellite, prepared to a mirror polish, were exposed in the
250-m lot on 14 May 1942. Both materials continue on exposure and have a reflective mirror
surface. These and other nickel-base alloys are identified in Table 6.

Marine Stress Corrosion Behavior of Al-Mg Alloys

After World War II, the most widely used aluminum alloy was 5154 (with nominal 3.5%
magnesium) in ship structures {5]. This alloy was chosen because of good marine corrosion
resistance, strength, and weldability. Strengthening of nonheat-treatable aluminum-magne-
sium alloys is achieved through cold working and strain hardening, aithough heating associated
with welding decreases its strength. Early in the development of these alloys, the susceptibility
to stress corrosion cracking of alloys containing more than 4.5% magnesium was recognized.
However, it was conceivable that greater strength could be attained by a combination of compo-
sition and temper that would not be susceptible to stress cotrosion cracking or excessive general
corrosion.

Tests were initiated in 1953 to evaluate experimental aluminum-magnesium alloys with com-
position and temper variations, and commercial aluminum alloys 5456 and 5356. These tests

TABLE 6—Some nickel base alloys exhibiting long-term marine atmospheric
corrosion resistance (1 um/year).

Exposure Duration, Exposure Location
Material years (metres from ocean)
Monel Alloy 400 45 250
Monel Alloy K-500 45 250
Nickel Alloy 200 45 250
Permanickel Alloy 300 45 250
Inconel Alloy 600 44 250
Electrolytic Nickel 44 250
Hastelloy C 44 250
Stellite 44 250
Incoloy Alloy 800 28 25 and 250
Incoloy Alloy 825 28 25 and 250
Inconel Alloy X-750 26 25
Inconel Alloy 718 26 25

Inconel Alloy 625 21 25 and 250
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are continuing, and data that has been collected for more than 30 years are given in Tables 4
and $S.

Experimental Aluminum Alloys

4 Mg Binary Alloy—Fifty-three specimens were evaluated, and no failures occurred.

4 Mg-Mn-Cr Alloy—Fifty-six specimens were evaluated. The three failures occurred in the
H-16 temper, one not aged (after 307 months) and two aged three years (112 and 190 months).
The remaining nine specimens in the H-16 temper suffered severe exfoliation corrosion.

5 Mg Binary Alloy—Forty-seven specimens were evaluated with six failures. One failed in the
H-12 temper, not aged (161 months), and one failed in the H-32 temper, aged three years (161
months). Four specimens failed in the H-16 temper, not aged (246-352 months). Severe exfolia-
tion corrosion was observed on specimens in the H-16 temper.

5 Mg-Mn-Cr Alloy—Fifty-nine specimens were evaluated with 27 failures. All 12 failed in the
H-12 temper (63-245 months), another 12 failed in the H-16 temper (94-362 months), and
three failed in the H-32 temper, two not aged (17-250 months) and one aged three years (28
months). Severe exfoliation corrosion was observed on specimens in the H-16 temper, not aged
and in the H-32 temper, aged three years.

6 Mg Binary Alloy—Sixty specimens were evaluated and 47 failed. All specimens failed in the
H-12, H-16, H-32 and H-36 tempers. One specimen failure in the H-36 was attributed to exfoli-
ation corrosion (Fig. 6). In addition, one annealed specimen failed after 211 months.

6 Mg-Mn-Cr Alloy—Sixty specimens were evaluated and 37 failed. All specimens failed in the
H-12, H-16 and H-32 temper. Specimens not tempered or in the H-36 temper have not failed.

7 Mg Binary Alloy—Sixty-eight specimens were evaluated and all but the four specimens not
tempered and aged three years have failed.

7 Mg-Mn-Cr Alloy—Fifty-three specimens were evaluated and 24 failed. All specimens in the
H-12 and H-16 tempers failed. Three failed in the H-36 temper (one in each aging condition).
The remaining nine show severe exfoliation corrosion. Annealed and H-32 tempered specimens
have not failed.

Aluminum Alloy 5456

One hundred and sixty-two specimens were evaluated with 34 failures. Of the 81 nonsen-
sitized specimens, only four failures occurred (two in the H-12 temper and two in the H-16
temper). At this time, the remaining seven specimens in the H-36 temper exhibit slight edge
blistering and exfoliation corrosion (Table 5). Of the 81 sensitized (100°C/seven days) speci-
mens, 30 failed, most in the H-12, H-16, H-32, and H-36 tempers after one month of exposure.

Aluminum Alloy 5356

Seven sensitized (100°C/seven day) specimens in the H-321 temper were evaluated, and no
failures have occurred after 292-month exposure (Table 5).

Stainless Steels Corrosion Test Panels

Additional test results on the ‘“‘Long-Term Atmospheric Behavior of Various Grades of Stain-
less Steel” have been described elsewhere in this symposium [6]. Results describe the perfor-
mance of Types 2XX, 3XX, and 4XX grades of stainless steel, exposed in May 1958, after 26-
year exposure in the 25- and 250-m lots at Kure Beach, NC. All the stainless steels tested
exhibited a very good resistance to corrosion. However, all exhibited some degree of rust and
rust staining. Insignificant pitting (<0.01 mm) was found on the boldly exposed flat surface of
Types 2XX and 3XX grades. The most severe attack was found in a crevice area where two
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FIG. 6—Failure of experimental aluminum alloy (6 Mg, binary, aged three years) after 322-month expo-
sure in the 25-m lot caused by exfoliation corrosion (Top: tension side and bottom: edge exfoliation).

plates were overlapped and spot welded together. Additional fong-term atmospheric corrosion
results on stainless steels are documented in the literature [7-8].2

Stress Corrosion Resistance of Materials in Marine Atmospheres

Tests were initiated in 1961 to evaluate the stress corrosion resistance of various materials.
The test specimens were in the form of two-point loaded bent beam stress corrosion test speci-
mens and plate samples with circular welds, which were exposed in marine environments. Some
of these stressed specimens and plate samples continue on test after 24-year exposure (Fig. 5).

Table 7 describes the materials exposed first in seawater, then re-exposed in the marine at-
mosphere. Table 8 describes the materials exposed only in the marine atmosphere. Table 9
describes the plate sample materials with a circular weld exposed in the marine atmosphere.

Some of the materials (duplicate specimens welded and not welded) exposed only in low ve-
locity (0.5 m/s) seawater were removed from test without failure between 548- and 964-day

Baker, E. A. and Lee, T. S., in this publication, pp. 125-144.
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TABLE 7—Two-point loaded stress corrosion tests of alloys exposed for six months in seawater and
then re-exposed in the marine atmosphere, 25-m from the ocean.

Condition in 1985 of Two-Point Loaded Samples’

Alloys Welded Stress, ksi Condition
Inconel Alloy 718 no 133 OK
Inconel Alloy 718 yes® 138 OK
Inconel Alloy 718 yes* 118 OK
Monel Alloy K-500 no 96 OK
Monel Alloy K-500 yes 96 OK
Hastelloy C no 57 OK
Hastelloy C yes 59 OK
Hastelloy C Clad over HR 4330 yes NR? OK
Beryllium Copper no 110 OK
Beryllium Copper yes 110 OK
17-4 PH (1025) no 153 OK
17-4 PH (1025) yes 154 OK
17-4 PH (1075) no 157 OK
17-4 PH (1075) yes 160 OK
C.P. Titanium Clad over HY-100 no 63 OK
C.P. Titanium Clad over 4330 no 70 OK
Titanium 821 no N.R. OK
Titanium 6Al-4V no 127 OK
Titanium 6Al-4V yes 127 OK
CD4AMCu no N.R. OK
AM-355 no N.R. OK
HY-100 no 48 OKe
4330 no 124 OKe
4330 yes 124 OK*
4330 (coated) yes 171 oK*

“Exposure time in 1985 is 24 years.

*Inconel Alloy 718 weld.

‘Rene (trademark of ALLVAC Metals Co.) 41 weld.
4NR—stress not recorded.

*Specimens were removed from test after 1403 to 1497-day exposure because of severe corrosion; no
cracks were found.

exposure. These materials were Inconel Alloys 718, Monel Alloy K500, Hastelloy Alloy C, beryl-
lium-copper, 17-4 PH stainless steel, CD4MCu cast stainless steel, titanium alloys 821 and 6-4,
and HY100 steel. Failures did occur in the AM 355 cast stainless steel and 4330M steel.

Triplicate specimens of the materials originally exposed in low-velocity seawater (as listed
above) were removed from seawater, after six-month exposure, and re-exposed in the 25-m ma-
rine atmospheric lot. Most of these materials have not failed after 24-year exposure. Specimens
of HY100 and 4330M were removed from test between 1400- and 1500-day exposure because of
severe corrosion.

Of the five welded specimens of each material exposed in the 25-m marine atmospheric lot,
no failures have occurred in Inconel Alloy 718, 821 titanium, and 17-4 PH stainless steel. All
HY 100 specimens were removed because of severe corrosion. Of the thirty 4330M specimens,
five longitudinally cut failed. The remaining 25 were removed from the test because of severe
corrosion.

Plate samples with a circular weld, described in Table 9, have been exposed in the 25-m
marine atmospheric lot for more than 22 years. Specimens of Inconel alloy 718, 17-4 PH stain-
less steel, 4330M steel, HY 100 steel, and titanium 6Al-4V continue on exposure with no evi-
dence of failure.
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TABLE 8—Long-term stress corrosion tests of alloys exposed to the marine atmosphere,
25 m from the ocean.

Condition in 1985 of Two-Point Loaded Samples®

Alloys Stress, ksi Condition

Inconel alloy 718 118 OK
821 Titanium 110 OK
17-4 PH (1025) (not coated) 154 OK
17-4 PH (1025) (coated) 154 OK
HY-100 (not coated) 108 OK¢
HY-100 (coated) 10S OK¢
4330 Transverse (not coated) 135 failure
4330 (coated) 171 OK*¢
4330 Transverse 156 failure
4330 Longitudinal 154 failure
4330 Transverse® 156 OKe¢
4330 Longitudinal® 154 failure

“Exposure time in 19835 is 24 years.

*Specimens exposed in sealed polyethylene bags which were changed frequently due to
moisture accumulation inside.

<Specimens were removed from test due to severe corrosion; no cracks were found.

TABLE 9—Stress corrosion tests of alloys with a circular weld exposed in the
marine atmosphere, 25 m from the ocean.

Condition in 1985 of Panels®

Dimensions, cm

Weld
Alloys Panel (Diameter) Condition
Titanium 6A1-4V 30 by 30 by 0.6 7.6 OK
Titanium 6A1-4V 30 by 30 by 0.6 12.7 OK
Inconel Alloy 718 30 by 30 by 0.6 7.6 OK
Inconel Alloy 718 30 by 30 by 0.6 12.7 OK
17-4 PH (1025) 30 by 30 by 0.6 7.6 OK
17-4 PH (1025) 30 by 30 by 0.6 12.7 OK
17-4 PH (1025) 30 by 30 by 2.5 12.7 OK
4330 30 by 30 by 0.6 7.6 OK
4330 30 by 30 by 0.6 12.7 OK
HY-100 20 by 20 by 0.6 7.6 OK
HY-100 20 by 20 by 0.6 12.7 OK
Titanium 8Ai-2Cb-1Ta 30 by 30 by 1.25 7.6 failed®

“Exposed 1962 to 1963.
*Failure caused by stress corrosion cracking after 153-day exposure.

One titanium 8Al-2Cb-1Ta plate specimen cracked after 153-day exposure in the 25-m lot.
The specimen measured 30 by 30 by 1.25 cm with a 7.6-cm-diameter weld. Two saw cuts were
made to open the fracture for study. Replicas of the fracture were made for observation in the
electron microscope. They showed the “river patterns” and other characteristics typical of
a cleavage type of failure. Specimens were cut from one edge of the plate outside the weld-heat-
affected zone for stress corrosion tests using the precracked cantilever beam method with
31/2% sodium chloride (NaCl) solution as the corrodent. Stress corrosion crack propagation
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was observed (Ksec) at 32 ksi - in."”2. The torque required to break a dry specimen was 99
ksi - in."2 [9].

Examination of the stress corrosion specimen revealed the stress corrosion fracture was cleav-
age, whereas the fast fracture was dimpled rupture. It was concluded that the crack in the
welded plate propagated by stress corrosion cracking, and not as a purely mechanical cracking.

Also, the drilled hole in the center of the plate was sufficient to provide the required stress
intensification [9].

Steels and Copper Test for Corrosion Resistance in Accordance with ASTM G 50
Corrosion of Metals and Alloys in Marine Atmospheres

Since steel is a primary structural material used in many designs, its corrosion behavior is an
extremely important factor. The behavior to a great extent is controlled by alloying agents such
as nickel (Fig. 7), chromium (Fig. 8), and copper (Fig. 9). Steels also have been alloyed for
specific functions such as high strength, low alloy nickel-copper-columbium steel, ASTM A710
(Fig. 10) and 9% nickel steel for pressure vessels, ASTM A353 (Fig. 11). The marine atmo-
spheric corrosion resistance of cast iron, ductile iron, Ni-Resist®, and ductile Ni-Resist® have
been examined, and results are shown in Fig. 12. The literature contains further information on
the corrosion of low alloy steels [10,11].

A test was initiated in marine atmospheres to determine if the corrosion resistance of copper
should be significantly affected if exposed boldly, or under a shelter. The results revealed that
greater attack occurs in a sheltered exposure where contaminates gather and stay, than in a
bold exposure where contaminates are washed from the surface by rain (Fig. 13). The long-term
corrosion resistance of copper and copper-base alloys is well documented in the literature
[12-15]. The corrosion resistance is attributed to the formation of a very adherent oxide film
that forms a protective barrier on the surface of these materials.
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FIG. 7—The effect of nickel content on atmospheric corrosion behavior of steel.
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FIG. 8—The effect of chromium content on atmospheric corrosion behavior of steels.
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FIG. 9—Corrosion of alloy steel and copper steel in marine atmospheres.
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FIG. 10—Corrosion of Ni-Cu-Cb steel in marine atmospheres.
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FIG. 11—Corrosion of 9% nickel steel exposed in the marine atmosphere.
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Conclusions

An evaluation of the corrosion performance of materials in natural marine atmospheres is
essential. Understanding the many factors that influence this corrosion is also essential.

The atmospheric corrosion resistance of nickel-base alloys stems from the formation of a very
thin oxide film that renders the alloys virtually immune to corrosion over many years of expo-
sure.

An aluminum-4% magnesium alloy exhibited excelient resistance to stress corrosion faiture.
Increasing magnesium levels resulted in increasing failure rates, alloying with manganese and
chromium appears beneficial, but SCC resistance depends upon temper. The commercial 5356
has excellent resistance to stress corrosion cracking even when sensitized. Alloy 5456 performed
well, but stress corrosion failures did occur at some tempers. Sensitizing increased the failure
rate,

Many 2XX and 3XX grades of stainless steel provide a good resistance to marine corrosion.
Most grades of stainless steel do exhibit varying degrees of rust staining or rust scale in moder-
ate and severe marine environments; therefore, manufacturers have provided simple cleaning
methods. Attack in crevices is usually greater than on the bold surfaces.

A number of alloys continue to resist stress corrosion cracking after 24 years of exposure. The
materials include Inconel Alloy 718, Monel Alloy K-500, Hastelloy Alloy C, beryllium copper,
17-4 PH stainless steel, AM 355 stainless steel, CD4MCu stainless steel, and titanium 6Al-4V
alloy. High strength steels, 4330M and HY 100, are susceptible to corrosion and stress corrosion
failure in the marine atmosphere.

The general corrosion resistance of steel is greatly improved with the addition of chromium,
copper, or nickel. Copper has a very good resistance to corrosion; however, corrosion is acceler-
ated when it is under a shelter where contaminate buildup with chlorides present can produce
active corrosion sites on the metal surface at times of high humidity.
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ABSTRACT: Atmospheric corrosion of clad metals has been studied by direct exposure at nine
tests sites throughout the United States. Qualitative and quantitative results are presented for a
wide range of clad metal combinations for copper, nickel, aluminum, and several of their alloys,
and also stainless steels. Included are results of five exposure periods including the final exposure
period of 15 years.
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Clad metals are metallurgical materials systems that are part of a large group of materials
termed composites [1]. They consist of two or more metals or alloys which are metallurgically
bonded to provide properties that are not available in a single material. The unique properties
of clad metals as well as the need for conservation of critical materials has resulted in wide-
spread use of clad metals. They are currently used for a wide range of applications, such as
coinage materials, structural materials, electronic materials and materials for the communica-
tions and transportation industries.

This diversity of applications has led to the exposure of clad metals to a wide range of natural
environments. Since they are composed of dissimilar metals, galvanic corrosion can occur. Be-
cause of the unique construction of clad metals, their corrosion behavior may be different than
multimetal systems produced by other techniques. For example, the corrosion performance and
design parameters for clad metals has been compared by Baboian to those of electrodeposited
coatings [2].

This test program determines the atmospheric corrosion performance of a wide range of clad
metal systems in various natural environments. Results for copper clad stainless steels after
exposure for 7.5 years have been reported previously [3]. This paper reports the results for 39
materials which were exposed at nine atmospheric test sites for 15 years. Data is given for five
exposure periods, including the final exposure period of 15 years.

Experimental Procedure

The materials that were exposed at the nine atmospheric test sites (Table 1) are listed in Table
2. The test sites included rural, urban industrial, and marine environments. Three of the test
sites were ASTM exposure sites.

'Member of technical staff and head, respectively, Texas Instruments Inc., Electrochemical and Corro-
sion Laboratory, Attleboro, MA 02703.
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TABLE 1—Atmospheric exposure test sites.

Location

Type

Attleboro, MA
Dallas, TX
Houston, TX
Anaheim, CA
Miami, FL (inland)
Miami, FL (coastal)
Newark, NJ

Kure Beach, NC 24-m (80-ft) Lot
Kure Beach, NC 245-m (800-ft) Lot

rural

urban industrial
urban industrial

rural

marine

marine

industrial (ASTM site)
marine (ASTM site)
marine (ASTM site)

TABLE 2—List of materials in atmospheric exposure program.

Thickness Cladding Ratio

Material (Inches) (Percent)
1006 steel 0.033
corten 0.034
type 409 stainless steel 0.050
type 430 stainless steel 0.034
type 321 stainless steel 0.015
ofhc copper 0.032
85-15 brass 0.029
70-30 brass 0.020
commercial bronze 0.031
nickel 0.032
1100 aluminum 0.037
3003 aluminum 0.036
5052 aluminum 0.050 -
cu/1006 steel/cu 0.015 10/80/10
bronze/1006 steel/bronze 0.050 10/80/10
ni/1006 steel/ni 0.053 10/80/10
85-15 brass/1006 steel/85-15 brass 0.025 20/60/20
cu/corten/cu 0.015 10/80/10
cu/corten/cu 0.030 10/80/10
85-15 brass/corten/85-15 brass 0.015 10/80/10
bronze/corten/bronze 0.015 10/80/10
cu/409 stainless steel/cu 0.015 10/80/10
cu/409 stainless steel/cu 0.030 10/80/10
cu/409 stainless steel/cu (scribed) 0.030 10/80/10
85-15 brass/409 stainless steel/85-15 brass 0.015 10/80/10
bronze/409 stainless steel/bronze 0.015 10/80/10
cu/430 stainless steel/cu 0.032 10/80/10
cu/321 stainless steel/cu 0.035 15/70/1S
434 stainless steel/3003 aluminum 0.025 20/80
434 stainless steel/5052 aluminum 0.026 20/80
304 stainless steel/3003 aluminum 0.024 20/80
201 stainless steel/3003 aluminum 0.024 20/80
304 s5/7072 al/3004 al/7072 al/304 ss 0.076 20/5/50/5/20
cu/1100 aluminum 0.022 20/80
cu/1100 aluminum/cu 0.031 10/80/10
cu/3003 aluminum/cu 0.020 10/80/10
cu/5052 aluminum 0.020 20/80
cu/5052 aluminum/cu 0.020 10/80/10
Jead/cu/5052 aluminum/cu/lead 0.021 2.7/7.5/80/7.5/2.5




HAYNES AND BABOIAN ON ATMOSPHERIC CORROSION OF CLAD METALS 147

The atmospheric test panels were prepared and exposed according to ASTM G 50, Standard
Practice for Conducting Atmospheric Corrosion Tests on Metals. Before exposure, the panels
were cleaned using the techniques described in ASTM G 1 on Standard Practice for Preparing,
Cleaning and Evaluating Corrosion Test Specimens. The recommended chemical cleaning solu-
tions were chosen so that they did not attack either the cladding or the substrate. When this was
not possible, the specimens were mechanically cleaned. The 100 X 150-mm (4 inch X 6 inch)
test panels were coded and marked by stamping. The thickness was measured to the nearest
0.01 mm (0.001 in.) and the length and width were measured to the nearest 1 mm (0.1 in.). The
mass was measured to the nearest 0.01 g.

The test panels were exposed at various times during 1967. Duplicate panels of single clad
materials were exposed for each exposure period so that both sides were exposed facing sky-
ward. In some cases more than one thickness of a particular clad combination was exposed.

A single test panel was retrieved from each test site after 0.5, 1.5, 3.5, 7.5, and 15-years’
exposure. However, all test panels were retrieved from Houston and from Anaheim after the
7.5-year exposure period. After exposure, each panel was examined visually, photographed,
and rated for degree and type of corrosion using the six digit rating system in Table 3. The first
two digits (A and B) evaluate the extent of corrosion of the surface of the panels, while the last
four digits (C, D, E, and F) rate the extent of galvanic corrosion at pores and exposed edges.
The rating for galvanic pitting (C) indicates the degree of galvanic corrosion of the substrate at
pores or damages in the clad surface (including the identification stamps). The rating for tun-
neling (E) indicates the maximum distance of localized corrosion of the substrate from the ex-
posed edge. This phenomena is similar in appearance to filiform corrosion and is shown in Fig.
1 for copper clad 430 stainless steel with the copper cladding removed to show the substrate and
in Fig. 2 for copper clad 5052 aluminum. The rating for delamination (F) indicates the distance
of complete delamination of the cladding from the edge caused by corrosion of the substrate. An
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FIG. 1—Copper/430 Stainless Steel/Copper after 1.5 years’ exposure showing galvanic tunneling (cop-
per cladding has been partially removed to show stainless steel substrate).
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10/80/10 Cu/5052 Al/Cu 1.5 YEAR EXPOSURE TOPSIDE
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FIG. 2—Copper/5052 Aluminum/Copper after 1.5 years’ exposure showing galvanic tunneling (Ratings
are in Table 4).

example of the use of the rating system is shown in Table 4, which lists the corrosion ratings of
the specimens in Figure 2. After visual evaluation, the test panels were first scrubbed with a
nylon bristle brush to remove loosely adhering corrosion product and then cleaned according to
ASTM G 1 and weighed. Mass changes were obtained for all of the materials after each expo-
sure period.

Results and Discussion

Mass losses and corrosion ratings are tabulated in Appendix A in Tables Ala through A39b.
It is important to note that for some materials the mass losses (Table a) were often misleading or
inconsequential. In these cases the corrosion rating system (Table b) provided a valuable tool

TABLE 4—Corrosion ratings for copper/5052 aluminum/copper
after 1.5 years’ exposure (see Fig. 2).

Rating

Site A B C D E F
Houston 1 0 1 3 2 2
Miami (inland) 1 0 1 2 2 1
Miami (coastal) 1 0 1 2 2 1
Newark 1 0 0 2 1 0
Kure Beach (800 ft) 1 0 1 2 3 2
Kure Beach (80 ft) 1 0 2 3 3 3
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for conveying the true condition of the specimens in a compact comprehensible form. For com-
parative purposes all data are reported as total mass loss (or gain) for a four in. by six in. test
specimen. This was necessary since galvanic effects for some clad combinations made the calcu-
lation of corrosion rates (i.e., in mils per year) impossible.

Steels and Stainless Steels

The data for 1006 steel (Tables Ala and A1b) gives an indication of the relative corrosivity of
the test sites [4]. Although Attleboro was considered to be a rural site because of the lack of
heavy industry in the immediate area, the mass loss data indicate that it is more properly classi-
fied as an industrial site since the mass losses and corrosion ratings were similar to those of
Newark. The 1006 steel specimens at the Kure Beach 240-m lot were virtually destroyed after
the 3.5-year exposure period (Table Alb), indicating that this was an extremely corrosive site.
The Miami sites, although classified as marine sites, had an intermediate range of mass losses
for the 1006 steel. This was probably because the coastal site was located on the roof of a high-
rise building approximately 0.4 Km or one quarter mile from the ocean, while the inland site
was several miles from the ocean. The Dallas and Houston sites were correctly categorized as
urban industrial sites since they had lower mass losses than the industrial site (Newark) and
higher mass losses than the rural site (Anaheim).

Improved corrosion resistance for CORTEN weathering steel (Tables A2a and A2b) was evi-
dent at all of the test sites [5). After the 3.5-year exposure period, its mass loss was one half that
of 1006 steel at Newark and one third that of 1006 steel at Kure Beach (240-m lot). Unfortu-
nately the test specimens for the longer exposure periods were lost. Based upon the data for the
1006 steel and CORTEN, the relative corrosivity of the atmospheric test sites in this program
was:

Kure Beach (24-m) > Kure Beach (240-m) > Newark > Attleboro > Houston
> Miami (coastal) = Miami (inland) > Dallas > Anaheim

The mass loss data for Type 409SS (Table A3a), Type 430SS (Table A4a), and Type 321SS
showed no differentiation among these alloys except that Type 409SS had a significantly higher
mass loss of 0.40 g after 15 years’ exposure at Kure Beach (24 m). As indicated by the ratings
(Tables A3b, A4b, and ASb), superficial pitting and rusting occurred on all of these alloys, with
the degree of rusting decreasing in the order: 409SS to 430SS to 321SS. The 409SS pitted earlier
than Type 430SS, while Type 321SS took the longest to show signs of pitting and red rust.

Copper and Copper Alloys

The mass losses for oxygen free copper (Table A6a) were converted to the penetration rates,
which are listed in Table 5. As expected, the average corrosion rate in terms of mils per year at
the end of an exposure period decreased with increased exposure time due to the formation of a
protective patina [6 to 10]. The average corrosion rate stabilized after 7.5 years in Attleboro,
Dallas, Miami (inland), and Newark since the rates for the 7.5-year and 15.0-year exposure
periods were nearly identical. The average corrosion rate in Miami (coastal) and Kure Beach
(24- and 240-m lots) was less after 15.0 years than after 7.5 years, indicating that the corrosion
rate had not stabilized. This suggests that the chloride ion plays an important role in the nature
of the patina formed on copper. These observations correlate well with the color of the patina,
which is noted in Table A6b. At those sites where the corrosion rate was stable, a green patina
had formed, while at those sites where the corrosion rate had not stabilized, the patina was
either black or brown. Thus, in the same environment, the green patina formed on copper
appears to be more protective than the intermediate black or brown patina.
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TABLE 5—Corrosion rate of copper.

0.5 Years, 1.5 Years, 3.5 Years, 7.5 Years, 15.0 Years,

Site mils/year® mils/year? mils/year? mils/year® mils/year?
Attleboro 0.047 0.047 0.041 0.030 0.029
Dallas 0.062 0.01 0.038 0.020 0.017
Houston 0.062 s 0.038 ... e
Anaheim ... 0.031 0.020 0.014 e
Miami (inland) 0.062 0.02 0.027 0.015 0.012
Miami (coastal) v v 0.074 0.048 0.034
Newark ... 0.057 0.063 0.040 0.038
Kure Beach, 0.250 0.114 0.114 0.062 0.033

24-m (80-ft) lot
Kure Beach 0.250 0.114 0.092 0.062 0.035

245-m (800-ft) lot

°1 mil = 25.4 m.

Corrosion ratings and mass losses for commercial bronze, (90-10 brass), 85-15 brass, and 70-
30 brass are listed in Tables A7, A8, and A9 respectively. Uniform corrosion of the brasses
occurred as indicated by the ratings. The brasses went through the same color changes as cop-
per except that, as shown in the rating tables, they tended to require more time to form the
green patina. The mass loss data for the 15-year exposure period is converted to penetration
rates in Table 6. As the zinc content of the alloy increased, the corrosion rate tended to decrease
in marine environments (Kure Beach and Miami coastal) and to increase in industrial environ-
ments (Newark and Attleboro) [/1]. The corrosion rates of copper and copper zinc alloys
(brasses) were similar in rural and urban-industrial environments.

Nickel

The mass losses and corrosion ratings for nickel are in Tables A10a and A10b. Mass losses
were low and uniform over time. The test panels assumed a brown matte surface appearance at
all of the test sites. Highest mass losses were measured in industrial environments.

TABLE 6—Corrosion Rate data for 15-year exposure of copper and copper alloys.

Corrosion Rate (mils per year)

Commercial Bronze

Location Of Copper (90 Cu-10 Zn) 85-15 Brass 70-30 Brass
Attleboro 0.029 0.031 ... 0.040
Dallas 0.017 0.018 0.018 0.016
Houston* ... 0.033 0.042 0.041
Anaheim* 0.014 0.014 0.016 0.020
Miami (inland) 0.012 0.013 0.016 0.013
Miami (coastal) 0.034 0.018 0.018 0.014
Newark 0.038 0.046 0.050 0.055
Kure Beach (80-ft) 0.033 0.029 0.031 0.021
Kure Beach (800-ft) 0.035 0.031 C 0.023

«7.5-year exposure.
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Aluminum

The aluminum alloys had superficial pitting and general corrosion. Mass changes and corro-
sion ratings for 1100 aluminum, 3003 aluminum, and 5052 aluminum are in Tables A11, A12,
and A13. Since the alloys were not anodized prior to exposure, the mass gains as well as the
mass losses were influenced by the formation of a thin adherent oxide upon exposure. The 3003
and 5052 aluminum had larger mass losses after 15 years than the 1100 aluminum (mass gain).
However, as indicated by the ratings, the visual appearance of all aluminum alloys was similar.
The surface of the specimens was grainy grey at all of the sites except the industrial sites (New-
ark and Attleboro), where a grainy brown surface was formed.

Steel Substrates

Galvanic corrosion of the steel substrate was substantial on all clad steel combination. The
mass losses for copper-ciad steel (Table A14a) were much greater than for solid copper (Table
Aba) after 15 years, indicating that galvanic corrosion of the steel substrate was substantial.
With the exception of Newark, the galvanic effect of the steel on the copper surfaces was re-
stricted to about 12.7 mm (1/2 in.) from the exposed edge after 15 years as shown in Fig. 3. The
area not affected by the steel had a patina similar to that of solid copper at each site. The test
specimens in Attleboro and Kure Beach (24-m) were destroyed by corrosion after 15 years. As
the ratings show (Table A14b), edge effects became visually significant after 3.5 years of expo-
sure. Edge corrosion was very heavy after 15 years with tunneling and delamination up to 25.4
mm (1 in.) from the edges. These results are not surprising since the steel was only exposed at
the cut edge of the 0.38-mm (0.015-in.) thick specimen, resulting in a very high cathode (cop-
per) to anode (steel) area ratio.

The galvanic effect between 85-15 brass and the steel substrate was not as severe as that of
copper. After 15 years of exposure, the specimens (Fig. 4) had a green or brown matte surface
similar to solid 85-15 brass except for a rust stained zone 6.35 mm (1/4 in.) in from the edges.
Tunneling and delamination were 6.35 mm (/4 in.) deep after 15 years. Although mass losses
for 85-15 brass clad steel (Table A16a) were similar to those of 85-15 brass (Tabie A8a), the

ATTLEBORD DALLAS ’ WEWARR

KURE BEACH B00

FIG. 3—Copper/1006 Steel/Copper after 15 years’ exposure showing the degree of galvanic effect at
edges.
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FIG. 4—85-15 Brass/1006 Steel/85-15 Brass after 15 years’ exposure showing magnitude of galvanic
effects.

ratings (Table A16b) indicate that direct comparisons cannot be made, since edge corrosion was
heavy and there was a possibility of entrapped corrosion product from the tunneling. The mass
gains after 3.5 years exposure in Miami and Kure Beach show that the effect of entrapped
corrosion products can be significant. The difference in the degree of corrosion of the 85-15
brass-clad steel and copper-clad steel can be attributed either to brass being a less effective
cathode or a difference in area ratio since the 85-15 brass clad steel (0.56 mm or 0.022 in.) was
twice as thick as the copper clad steel.

Nickel-clad steel (1.35 mm or 0.053 in.) after 15 years of exposure is shown in Fig. 5. It had
the same brown matte surface as solid nickel except for a narrow zone at the edges. The ratings

15 YEAR ATMOSPHERKC EXPOSURE
Wi T00B5L Wi

MIAMI [beach|

FIG. S—Appearance of Nickel/1006 Steel/Nickel after 15 years’ exposure.
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(Table A17b) show that very little tunneling or delamination occurred throughout the test pro-
gram, although after 15 years of exposure, edge corrosion was heavy. The mass changes for
nickel-clad steel (Table Al17a) were slightly greater than those for solid nickel (Table A10a),
reflecting the edge corrosion that occurred. In this case, comparison between the nickel-clad
steel and solid nickel data is valid because the rating table shows no interfering effects such as
galvanic pitting or tunneling. The nickel-clad steel had the best performance of all of the steel
substrate combinations. Whether this is due to a difference in the cathodic efficiency of the
nickel cladding or an area ratio effect is not clear.

Corrosion ratings and mass changes for materials with CORTEN substrates are listed in Ta-
ble A18a through A21b. The rating tables for all of these materials show that galvanic tunneling
and galvanic pitting were substantial problems after only 3.5 years of exposure. The severity of
these corrosion mechanisms increased with continued exposure. The mass change data were
widely scattered with large mass gains from entrapped corrosion products in many cases. Based
on the corrosion ratings, no discernible differences in corrosion behavior was found for copper-
clad CORTEN (Table A18b), commercial bronze-clad CORTEN (Table A21b), and 85-15
brass-clad CORTEN (Table A20b) when comparing equal thicknesses (0.015 in.). The corro-
sion ratings for 0.76 mm (0.030 in.) copper clad CORTEN (Table A19b) show that increasing
the substrate thickness (and thus decreasing the cathode to anode area ratio) did result in some-
what better resistance to tunneling and delamination than the 0.38 mm (0.015 in.) copper-clad
CORTEN (Table A18b). This effect was more pronounced after the 3.5-year and 7.5-year expo-
sure periods at all sites except Kure Beach. Comparison of the ratings for equal thicknesses of
copper-clad steel (Table A14b) and copper-clad CORTEN (Table A18b) shows that there was
no beneficial effect of a weathering steel (CORTEN) as a substrate. Thus, the galvanic couple
with copper overrides the beneficial aspects of the weathering steel.

Copper Clad Stainless Steels

The mass change data and corrosion ratings for copper clad stainless steels are in Tables
A22a through A28b. The stainless steel substrates were either Type 409, Type 430, or Type 321.
As indicated in the rating tables, corrosion of the stainless steel substrates was highly localized,
with the predominant mechanism of corrosion being tunneling. The visual appearance of the
copper surface of the copper-clad stainless steels was identical to that of monolithic copper,
except at those sites where the corrosion of the substrate was severe, causing rust staining (rat-
ing of three or more for edge corrosion).

Since galvanically induced localized corrosion of the substrates did occur, mass changes can
be misleading and should only be evaluated in conjunction with the rating system. For example,
the mass loss for copper clad Type 409 at Kure Beach (240-m) after 7.5 years (Table A23a) was
only one-third the mass loss for monolithic copper (Table A6a). However, as indicated by the
201330 rating, this reduction in mass loss was due to the entrapped corrosion product and does
not, therefore, represent a lower overall corrosion rate. On the other hand, the mass losses for
copper-clad Type 321 (Table A28a) can be converted to penetration rates since the rating Table
(A28b) indicates that no corrosion of the substrate occurred. Note that the mass losses for this
combination are similar to those of monolithic copper (Table A6a) in all environments.

The observed type of corrosion was a function of either the environment and the stainless steel
substrate or both, and was independent of the copper alloy. In rural and industrial environ-
ments, all of the copper-clad stainless steels had uniform corrosion of the copper surfaces with
no localized corrosion of the substrates. In chloride containing environments (Miami and Kure
Beach as well as Dallas, which contained chiorides resulting from industrial pollution), galvan-
ically induced localized corrosion of the substrate occurred in copper-clad Types 409 and 430
(Tables A22b, A23b, A24b, and A27b). Identical results were obtained for commercial bronze
(90 Cu-10 Zn) clad Type 409 (Table A26b) and 85-15 brass-clad Type 409 (Table A25b), indi-
cating that the composition of the copper alloy cladding had little or no effect on localized
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corrosion of the substrate. The importance of the chloride ion on this phenomena is demon-
strated in Fig. 6, which shows the test specimens after 15 years’ exposure at Kure Beach and
Newark. In addition to tunneling from the exposed edge, localized corrosion of the stainless
steel substrate occurred along the scribe lines where the substrate was exposed. The 310100
rating at Newark, 313221 rating at Kure Beach (240-m), and 313332 rating at Kure Beach
(24-m) in Table A24b accurately reflect the condition of these specimens. In contrast to the
results for copper-clad steel, the thickness of the copper clad-stainless steel had little effect on
corrosion of the substrate (Tables A22b and A23b).

Stainless Steel Clad Aluminum

With the exception of Type 304 stainless steel/7072 aluminum/3004 aluminum/7072 alumi-
num/Type 304 stainless steel, all of the stainless steel-clad aluminums were single-clad materi-
als. Specimens of each were exposed with the aluminum facing skyward and with the stainless
steel facing skyward. Ratings for the bulk surface (first two digits) are for the skyward facing
surface.

Mass changes and corrosion ratings are included in Tables A29a through A33b. With few
exceptions, mass changes were quite small and the corrosion ratings provided the most signifi-
cant data.

The ratings for the bulk surface (first two digits) of the 434SS/3003 aluminum with the alu-
minum facing skyward (Table A29b) were similar to those for monolithic 3003 aluminum (Ta-
ble A12b) for all of the exposure periods. In this orientation, the galvanic effect with the 434SS
was small, as shown by the moderate ratings for edge corrosion and the absence of tunneling
and delamination. The ratings for the specimens with the 434SS facing skyward (Table A29d)
show no or slight pitting during the 15-year exposure period. The ratings for galvanic effects

FIG. 6—Copper/409 Stainless Steel/Copper after 15 years’ exposure showing localized corrosion of the
substrate in chloride containing environments (Kure Beach) and no localized corrosion in industrial envi-
ronments (Newark).
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(fourth through sixth digits) again show smalil galvanic effects except for the 7.5- and 15-year
exposure periods at the Kure Beach 240-m lot, which indicate severe tunneling. The reason for
this behavior is unclear, since tunneling of this combination did not occur at the other marine
sites. The lack of galvanic effects for 434SS clad 3003 aluminum is not surprising, since stain-
less steels are easily polarized and the cathode to anode area ratio is one for single clad systems.

Tunneling and delamination were more severe for 434SS clad 5052 aluminum than for 434SS
and 3003 aluminum at both Kure Beach sites. The ratings for 434SS clad 5052 aluminum (Ta-
bles A30b clad A30d) show that from 1.6 to 25.4 mm (one-sixteenth to one in.) of tunneling and
delamination occurred after the longer exposure periods. This effect could be related to the
composition of the aluminum and the metallurgy of the bond, since brittle, active intermetallic
compounds are possible in the stainless steel-aluminum system. Results at all of the other test
sites were similar for both stainless steel clad aluminums, with little or no significant galvanic
effects.

Resuits for 304SS-clad 3003 aluminum (Table A31) and 201SS-clad 3003 aluminum (Table
A32) were also similar. Mass changes were small or nonexistent irrespective of specimen orien-
tation. With the aluminum surface facing skyward, the aluminum surface became grainy grey
except at industrial sites, where it became grainy brown. With the stainless steel surface facing
skyward, a few shallow pits were observed after 7.5 or 15 years’ of exposure. There was no
noteworthy difference between the stainless steels. The ratings for edge corrosion were identical
to those for the bulk surface, indicating little or no significant galvanic effect. This was rein-
forced by the absence of tunneling and delamination.

The performance of 304SS/7072 aluminum/3004 aluminum/7072 aluminum/304SS (20 /5 /
S0 /S /20) (Table A33) contrasted sharply with that of single clad stainless steel clad alumi-
nums. This combination obviously had a much higher cathode (304SS) to anode (aluminum)
area ratio. After 3.5 years’ exposure, edge corrosion was moderate in Attleboro and Kure Beach
(both sites) with up to 12.7 mm (one-half in.) of tunneling and delamination. After 15 years’ of
exposure, up to 76.2 mm (three in.) of delamination had occurred at these sites. Corrosion
appeared to be restricted to the relatively thin 7072 aluminum thicknesses. It appears that the
7072 aluminum was either more active than the 3004 aluminum or formed a very active interme-
tallic compound. In either case, corrosion was localized at the 304SS-7072 aluminum bond line,
resulting in rapid delamination.

Copper Clad Aluminum

All of the copper clad aluminum combinations (Tables A34a to A39b) were very susceptible
to galvanic effects. The mass loss data for single-sided copper-clad 1100 aluminum (Table
A34a) showed a trend that was consistent for all of the copper-clad aluminums. Mass losses
increased during the 0.5- and 1.5-year exposure periods as galvanic corrosion at the edge was
initiated, although the mass losses were less than those of monolithic copper (Table A6a). As
tunneling proceeded and corrosion products became entrapped, mass gains were measured (3.5
years’ exposure). For the 7.5- and 15-year exposure periods, delamination of the cladding facili-
tated removal of the corrosion product and large mass losses were measured. Another phenom-
ena which was more prevalent with copper clad aluminums was galvanic pitting (the third digit
in the rating code). As shown in Figure 7, this occurs at pores or damage sites in the more noble
copper cladding. The smail surface area of aluminum exposed results in a very high cathode to
anode area ratio. This leads to rapid galvanic corrosion and, where corrosion products remain
trapped, bulging of the cladding.

The ratings for single sided copper clad 1100 aluminum show that the magnitude of corrosion
was not affected by whether the aluminum (Table A34b) or copper (Table A34d) was facing
skyward. With the exception of the industrial sites (Attleboro and Newark), tunneling and de-
lamination were between 6.35 to 25.4 mm (one-quarter and one in.) after 3.5 years exposure,
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FIG. 7—Galvanic pitting at pores and damage sites on Copper/Aluminum/Copper.

with the marine sites having the greater effect. After 15 years’ exposure, complete delamination
had occurred at most of the sites as indicated by the five ratings for delamination (Fig. 8).

The data for double-sided copper-clad 1100 aluminum (Table A35) shows that the cathode
(copper) to anode (aluminum) area ratio influenced the rate of delamination. The ratings for
tunneling and delamination were one or two rating levels worse at all of the sites after equivalent
exposure periods. The unfavorable area ratio resulted in ratings of four to five for tunneling and
delamination after only 3.5 years’ exposure. As shown in Fig. 9, the specimens were essentially
retrieved in three pieces after 15 years’ exposure. The data for double-sided copper-clad 3003
aluminum shows that this combination was not as bad as double-sided copper-clad 1100 alumi-
num, although corrosion was still very severe.

15 YEAR ATMOSPHERIC EXPOSURE
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FIG. 8—Delamination of Copper/1100 Aluminum after 15 years' exposure.
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FIG. 9—Copper/1100 Aluminum/Copper after 15 years' exposure showing degree of delamination.

Although galvanic corrosion of both single and double sided copper clad 5052 aluminum was
severe, it was less severe than copper-clad 1100 aluminum. The rating tables show that the
single-sided material (Tables A37b and A37d) did not completely delaminate after 15 years’
exposure, although up to 25.4 mm (one in.) of delamination was measured in the more aggres-
sive sites. The double-clad material (Table A38b) was essentially destroyed after 15 years’ expo-
sure. However, its performance during the shorter exposure periods was better than that of the
copper clad 1100 aluminum. This difference can be attributed to the formation of an active
intermetallic compound in the copper cfad 1100 aluminum system.

Lead-coated copper-clad 5052 aluminum (Table A39) had better resistance to delamination
and tunneling than the uncoated combination (Table A38b). The specimens in Fig. 10 after 15
years’ exposure show that the most significant damage was due to complete cotrosion of alumi-

FIG. 10—Appearance of lead coated Copper/5052 Aluminum/Copper after 15 years' exposure.
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num at the edge rather than the tunneling that predominated with bare copper-clad aluminum.
Apparently the lead coating is a less effective cathode for accelerating corrosion of the alumi-
num substrate than copper.

Summary and Conclusions

Based upon steel mass loss, the relative corrosivity of the test sites in this program was
Kure Beach (24 m) > Kure Beach (240 m) > Newark > Attleboro > Houston
> Miami (coastal) = Miami (inland) > Dallas > Anaheim

Stainless steels exhibited slight rust staining with Type 321 being the most resistant. Copper
and brass alloys developed a protective patina, which resulted in a decreasing corrosion rate
with increased exposure time. The formation of the green patina occurred more slowly in chlo-
ride-containing environments. Brasses tended to have lower corrosion rates in marine environ-
ments and higher corrosion rates in industrial environments.

Clad metals may be susceptible to galvanically induced localized corrosion such as galvanic
pitting, tunneling, and delamination. These effects may influence mass change data such that it
can be misleading. The rating system in Table 3 in conjunction with mass change data can
describe the performance of clad metals. Clad metal systems (such as copper/321SS/copper)
can be designed to resist galvanically induced localized corrosion.

The galvanic couple between nickel and steel is less severe than the couple between copper
and steel. Increasing the thickness of the steel substrate reduced the severity of galvanic effects.
The use of CORTEN as a substrate to replace steel does not have any beneficial effects. In
marine environments, copper clad stainless steels may be susceptible to galvanically induced
localized corrosion of the substrate. This does not occur with copper-clad type 321 stainless
steel.

The galvanic couple between stainless steel and aluminum in a single clad configuration is a
mild one. In general, tunneling and delamination do not occur in the single clad configuration
but do occur in the double clad configuration. The metallurgy of the stainless steel to aluminum
bond appears to be the key to delamination resistance. The formation of active intermetallic
compounds degrades the performance of this system.

Copper clad aluminums are highly susceptible to galvanically induced localized corrosion.
These systems should not be boldly exposed to corrosive atmospheres or weather. Improvement
in performance can be obtained in the bonding process by avoiding the formation of intermetal-
lics. The atmospheric corrosion resistance of substrates with copper claddings decreases in the
order

stainless steel > steel > aluminum

(Appendix tables follow, pp. 160~189; References, p. 190)
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TABLE Ala—Mass loss (grams) for 1006 steel.
Exposure Time, Years
Site 0.5 1.5 3.5 7.5 15
Attleboro 13.70 16.20 17.20 30.90 56.30
Dallas 2.40 5.90 9.70 14.48 12.60
Houston 6.80 23.20 o 26.70
Anaheim 1.30 3.10 6.60 6.70 e
Miami (inland) 4.00 6.30 10.00 18.90 25.10
Miami (coastal) 5.60 7.80 11.50 18.90 25.10
Newark 14.20 24.00 23.70 36.00 34.90
Kure Beach (80-ft) N .. . .
Kure Beach (800-ft) 9.80 24.70 >50
TABLE A1b—Corrosion ratings for 1006 steel.
Exposure Time, Years
Site 0.5 1.5 3.5 7.5 15
Attleboro 31 XXXX 30 XXXX 42 XXXX 43 XXXX 55 XXXX
Dallas 10 XXXX 20 XXXX 42 XXXX 43 XXXX 54 XXXX
Houston 21 XXXX 32 XXXX e 44 XXXX o
Anaheim 10 XXXX 22 XXXX 32 XXXX 33 XXXX e
Miami (inland) 21 XXXX 32 XXXX 40 XXXX 42 XXXX 54 XXXX
Miami (coastal) 31 XXXX 32 XXXX 40 XXXX 42 XXXX 55 XXXX
Newark 31 XXXX 43 XXXX 44 XXXX 44 XXXX 54 XXXX
Kure Beach (80-ft) . Ces ces N R
Kure Beach (800-ft) 21 XXXX 45 XXXX 55 XXXX
NoTE: See Table 3 for explanation of rating system.
TABLE A2a—Mass loss (grams) for Corten.
Exposure Time, Years
Site 0.5 1.5 3.5 7.5 15
Attleboro . ce .
Dallas 2.90 5.80 8.20
Houston
Anaheim 2.60 4.10 5.70
Miami (inland) 3.50 5.80 8.50
Miami (coastal) 3.70 4.80 7.00
Newark 8.90 9.60 12.50
Kure Beach (80-ft) 8.70 11.20 18.90
Kure Beach (800-ft) 7.50 8.30 15.50




HAYNES AND BABOIAN ON ATMOSPHERIC CORROSION OF CLAD METALS

TABLE A2b—Corrosion ratings for Corten.
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Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro e Lo ces
Dallas 10 XXXX 30 XXXX 32 XXXX
Houston
Anaheim 10 XXXX 20 XXXX 22 XXXX
Miami (inland) 20 XXXX 30 XXXX 32 XXXX
Miami (coastal) 20 XXXX 32 XXXX 32 XXXX
Newark 20 XXXX 32 XXXX 32 XXXX
Kure Beach (80-ft) 20 XXXX 30 XXXX 33 XXXX
Kure Beach (800-ft) 20 XXXX 30 XXXX 32 XXXX

TABLE A3a—Mass loss (grams) for type 409 stainless steel.
Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.15 0 0.10 0.10 .
Dallas 0 0.20 0.10 0 0.10
Houston 0 0.10 0.10 0
Anaheim 0 0.10 0 0 S
Miami (inland) 0 0 0.10 0 0
Miami (coastal) 0 0 0.10 0 0.20
Newark 0 0.10 0 0 0
Kure Beach (80-ft) 0.20 0 0.20 0.20 0.40
Kure Beach (800-ft) 0.20 0 0.10 0 0.10

TABLE A3b—Corrosion ratings for type 409 stainless steel.
Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 01 XXXX 01 XXXX 02 XXXX 02 XXXX pen
Dallas 01 XXXX 02 XXXX 03 XXXX 02 XXXX 12 XXXX
Houston 00 XXXX 02 XXXX 02 XXXX 02 XXXX e
Anaheim 01 XXXX 01 XXXX 01 XXXX 02 XXXX
Miami (inland) 01 XXXX 01 XXXX 03 XXXX 13 XXXX 13 XXXX
Miami (coastal) 00 XXXX 02 XXXX 04 XXXX 23 XXXX 32 XXXX
Newark 00 XXXX 03 XXXX 03 XXXX 02 XXXX 12 XXXX
Kure Beach (80-ft) 02 XXXX 02 XXXX 12 XXXX 23 XXXX 33 XXXX
Kure Beach (800-ft) 01 XXXX 02 XXXX 12 XXXX 22 XXXX 32 XXXX
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TABLE Ada—Mass loss (grams) for type 430 stainless steel.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.10 0 0 0.01 0.10
Dallas 0 0 0 +0.02 0
Houston 0 0 0 0
Anaheim 0 0 0 0 L
Miami (inland) 0 0 0 0 0
Miami (coastal) 0 0.10 0 0 0
Newark 0 0 0 0.01 0
Kure Beach (80-ft) 0 0 0 0 0
Kure Beach (800-ft) 0 0 +0.05 0

TABLE Adb—Corrosion ratings for type 430 stainless steel.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 01 XXXX 00 XXXX 02 XXXX 12 XXXX 22 XXXX
Dallas 00 XXXX 01 XXXX 02 XXXX 12 XXXX 22 XXXX
Houston 00 XXXX 01 XXXX 01 XXXX 12 XXXX s
Anaheim 00 XXXX 00 XXXX 01 XXXX 12 XXXX s
Miami (inland) 00 XXXX 01 XXXX 02 XXXX 12 XXXX 02 XXXX
Miami (coastal) 00 XXXX 01 XXXX 12 XXXX 22 XXXX 22 XXXX
Newark 00 XXXX 00 XXXX 00 XXXX 10 XXXX 12 XXXX
Kure Beach (80-ft) 01 XXXX 02 XXXX 12 XXXX 22 XXXX 32 XXXX
Kure Beach (800-ft) 00 XXXX o 12 XXXX 22 XXXX 12 XXXX

TABLE ASa—Mass loss (grams) for type 321 stainless steel.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.20 0.03 0 0 0
Dalilas 0 0 0 0 0
Houston 0 0.20 0 0
Anaheim 0 0 0 0 e
Miami (inland) 0 0.10 0 0 0
Miami (coastal) 0 0.10 0 0 0
Newark 0 0 0 0 0
Kure Beach (80-ft) 0 0.10 0 0 0
Kure Beach (800-ft) 0 0.10 0 0 0
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TABLE ASb—Corrosion ratings for type 321 stainless steel,
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Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 00 XXXX 00 XXXX 01 XXXX 01 XXXX 22 XXXX
Dallas 00 XXXX 00 XXXX 01 XXXX 01 XXXX 11 XXXX
Houston 00 XXXX 00 XXXX 00 XXXX 00 XXXX
Anaheim 00 XXXX 00 XXXX 01 XXXX 01 XXXX RN
Miami (inland) 00 XXXX 01 XXXX 01 XXXX 01 XXXX 02 XXXX
Miami (coastal) 00 XXXX 02 XXXX 02 XXXX 02 XXXX 12 XXXX
Newark 00 XXXX 00 XXXX 00 XXXX 10 XXXX 20 XXXX
Kure Beach (80-ft) 00 XXXX 01 XXXX 02 XXXX 12 XXXX 23 XXXX
Kure Beach (800-ft) 00 XXXX 01 XXXX 02 XXXX 02 XXXX 12 XXXX

TABLE A6a—Mass loss (grams) for oxygen free copper.
Exposure Time, Years
Site 0.5 1.5 3.5 7.5 15
Attleboro 0.45 0.45 0.90 1.52 2.93
Dallas 0.20 0.10 0.85 1.0 1.70
Houston 0.20 ... 0.85 .. ..
Anaheim .. 0.30 0.45 0.70 ...
Miami (inland) 0.20 0.20 0.60 0.72 1.24
Miami (coastal) ... 1.65 2.40 3.50
Newark e 0.55 1.40 2.00 3.83
Kure Beach (80-ft) 0.8 1.10 2.55 3.10 3.40
Kure Beach (800-ft) 0.8 1.10 2.05 3.10 3.60
TABLE A6b—Corrosion ratings for oxygen free copper.
Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 10 XXXX 20 XXXX 20 XXXX 20 XXXX g 33 XXXX g
Dallas 10 XXXX 10 XXXX 20 XXXX 20 XXXX g 20 XXXX g
Houston 10 XXXX e 20 XXXX . -
Anaheim L. 10 XXXX 20 XXXX 20 XXXX g L
Miami (inland) 10 XXXX 10 XXXX 20 XXXX 20XXXX g 30 XXXX g+br
Miami (coastal) e 20 XXXX 20 XXXX br 30 XXXX g+br
Newark v 20 XXXX 20 XXXX 20XXXX g 30 XXXX g
Kure Beach (80-ft) 10 XXXX 20 XXXX 20 XXXX 21 XXXX br 32 XXXX g+br
Kure Beach (800-ft) 10 XXXX 20 XXXX 20 XXXX 21 XXXX br 32 XXXX br

NoTe: g = green, br = brown, bl = black.
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TABLE A7a—Mass loss (grams) for commercial bronze (90 Cu 10 Zn).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.30 0.60 0.86 1.70 3.08
Dallas 0.20 0.30 0.90 1.19 1.87
Houston 0.20 0.70 1.10 1.68 .
Anaheim 0.0 0.20 0.40 0.68 AN
Miami (inland) 0.10 0.30 0.50 0.91 1.32
Miami (coastal) 0.40 0.60 0.90 1.42 1.76
Newark 0.30 0.80 1.20 ... 4.62
Kure Beach (80-ft) 0.50 0.80 1.10 1.90 2.86
Kure Beach (800-ft) 0.50 0.70 1.10 1.54 3.08

TABLE A7b—Corrosion ratings for commercial bronze (90 Cu 10 Zn).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 IN
Attleboro 10 XXXX 20 XXXX 20 XXXX 20 XXXX g 32XXXX g
Dallas 10 XXXX 10 XXXX 20 XXXX 20XXXX g 21 XXXX g
Houston 10 XXXX 20 XXXX 30 XXXX 20 XXXX g ...
Anaheim 10 XXXX 10 XXXX 10 XXXX 20 XXXX g ...
Miami (inland) 10 XXXX 10 XXXX 20 XXXX 20 XXXX bl 30 XXXX bl
Miami (coastal) 10 XXXX 20 XXXX 20 XXXX 20 XXXX br 31 XXXX br
Newark 10 XXXX 20 XXXX 30 XXXX 20 XXXX g 32XXXX g
Kure Beach (80-ft) 10 XXXX 20 XXXX 30 XXXX 20 XXXX br 30 XXXX br
Kure Beach (800-ft) 10 XXXX 20 XXXX 30 XXXX 20 XXXX br 31 XXXX br

NoTE: g = green, br = brown, bl = black.

TABLE A8a—Mass loss (grams) for 85-15 brass.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas 0.10 0.50 0.60 0.82 1.76
Houston 0.20 0.80 1.10 2.01 ...
Anaheim 0.20 0.40 0.40 0.79 AN
Miami (inland) 0.10 0.40 0.50 0.76 1.57
Miami (coastal) 0.40 0.80 0.70 1.34 1.76
Newark 0.40 1.00 1.40 2.82 5.00

Kure Beach (80-ft) 0.40 1.10 0.90 2.18 3.04
Kure Beach (800-ft) 0.30 0.90 1.10 1.90 .
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TABLE A8b—Corrosion ratings for 85-15 brass.
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Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas 10 XXXX 10 XXXX 10 XXXX 20 XXXX g 21 XXXX g
Houston 10 XXXX 20 XXXX 20 XXXX 20 XXXX g ...
Anaheim 10 XXXX 20 XXXX 10 XXXX 20 XXXX g e
Miami (inland) 10 XXXX 10 XXXX- 10 XXXX 20 XXXX bl 31 XXXX g+br
Miami (coastal) 10 XXXX 20 XXXX 20 XXXX 20 XXXX br 31 XXXX br
Newark 10 XXXX 20 XXXX 20 XXXX 20 XXXX g 32 XXXX g
Kure Beach (80-ft) 10 XXXX 20 XXXX 20 XXXX 20 XXXX br 30 XXXX br
Kure Beach (800-ft) 10 XXXX 20 XXXX 20 XXXX 20 XXXX br 31 XXXX g+br

NoTE: g = green, br = brown, bl = black.

TABLE A9a-—Mass loss (grams) for 70-30 brass.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.50 0.55 1.30 2.30 3.91
Dallas 0.10 0.50 0.85 1.05 1.53
Houston 0.20 0.80 1.30 1.97 AN
Anaheim 0.20 0.30 0.40 0.98 e
Miami (inland) 0.30 0.10 0.50 0.58 1.28
Miami (coastal) ... 0.30 0.65 0.75 1.36
Newark 0.35 0.85 2.60 3.18 5.28
Kure Beach (80-ft) 0.50 0.50 1.00 1.18 2.04
Kure Beach (800-ft) 0.50 0.40 0.80 1.21 2.21

TABLE A9b—Corrosion ratings for 70-30 brass.
Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 10 XXXX 20 XXXX 20 XXXX 20 XXXX g 32 XXXX g
Dallas 10 XXXX 20 XXXX 20 XXXX 20 XXXX g+br 21 XXXX g+br
Houston 10 XXXX 20 XXXX 20 XXXX 20 XXXX g Ce
Anaheim 10 XXXX 10 XXXX 10 XXXX 20 XXXX g+br N
Miami (inland) 10 XXXX 10 XXXX 10 XXXX 20 XXXX g+bl 20 XXXX br
Miami (coastal) L 10 XXXX 10 XXXX 20 XXXX br 30 XXXX br
Newark 10 XXXX 20 XXXX 20 XXXX 20 XXXX g 30 XXXX ¢
Kure Beach (80-ft) 10 XXXX 10 XXXX 10 XXXX 20 XXXX br 30 XXXX br
Kure Beach (800-fr) 10 XXXX 10 XXXX 10 XXXX 20 XXXX br 31 XXXX br

NoTe: g = green, br = brown, bl = black.
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TABLE Al0a—Mass loss (grams) for nickel.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.40 0.50 0.80 1.42 2.78
Dallas
Houston
Anaheim 0 0.10 0.10 0.23 .
Miami (inland) 0 0 0.05 0.13 0.33
Miami (coastal) 0 0 0.05 0.25 0.56
Newark 0.40 0.60 1.30 1.80 2.55
Kure Beach (80-ft) 0.20 0.10 0.25 0.52 1.66
Kure Beach (800-ft) 0.10 0.10 0.25 0.39 1.22

TABLE A10b—Corrosion ratings for nickel.
Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 10 XXXX 11 XXXX 20 XXXX 20 XXXX 31 XXXX
Dallas
Houston
Anaheim 00 XXXX 10 XXXX 10 XXXX 20 XXXX -
Miami (inland) 00 XXXX 01 XXXX 12 XXXX 12 XXXX 10 XXXX
Miami (coastal) 01 XXXX 11 XXXX 11 XXXX 11 XXXX 20 XXXX
Newark 10 XXXX 10 XXXX 20 XXXX 20 XXXX 20 XXXX
Kure Beach (80-ft) 11 XXXX 11 XXXX 12 XXXX 20 XXXX 20 XXXX
Kure Beach (800-ft) 11 XXXX 11 XXXX 12 XXXX 20 XXXX 31 XXXX

TABLE Alla—Mass loss (grams) for 1100 aluminum.
Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.10 0.10 +0.50 0.32 +0.60
Dallas 0 0.10 +0.70 0.48 +0.10
Houston 0 0.10 +0.10 0.06 .
Anaheim 0 0.10 0 0.10 e
Miami (inland) 0 0 0 0 +0.1
Miami (coastal) 0 0.10 0 0.02 0
Newark 0 0.10 0 0.16 0.10
Kure Beach (80-ft) 0 0 +0.10 0.20 +0.20
Kure Beach (800-ft) 0 0.10 0 0.16 +0.10
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TABLE A11b—Corrosion ratings for 1100 aluminum.
Exposure Time, Years
Site 0.5 1.5 3.5 7.5 15
Attleboro 01 XXXX 02 XXXX 22 XXXX 22 XXXX 33 XXXX
Dallas 01 XXXX 02XXXX 12 XXXX 12 XXXX 22 XXXX
Houston 02 XXXX 02 XXXX 02 XXXX 12 XXXX N
Anaheim 00 XXXX 01 XXXX 01 XXXX 12 XXXX cee
Miami (inland) 02 XXXX 01 XXXX 02 XXXX 12 XXXX 22 XXXX
Miami (coastal) 00 XXXX 02 XXXX 12 XXXX 12 XXXX 22 XXXX
Newark 02 XXXX 01 XXXX 02 XXXX 12 XXXX 32 XXXX
Kure Beach (80-ft) 02 XXXX 03 XXXX 13XXXX 13 XXXX 33 XXXX
Kure Beach (800-ft) 02 XXXX 02XXXX 02 XXXX 12 XXXX 22 XXXX
TABLE A12a—Mass loss (grams) for 3003 aluminum.
Exposure Time, Years
Site 0.5 1.5 3.5 7.5 15
Attleboro 0 0.01 0 +0.63 0.88
Dallas 0 0.1 0 +0.09 0.40
Houston 0 0.1 0 0.22 ..
Anaheim 0 0.1 0 0.04 s
Miami (inland) 0 0.1 0.1 0.04 0.12
Miami (coastal) 0 0.0 0 0.09 0.16
Newark 0 0.1 0 0.02 0.40
Kure Beach (80-ft) 0 0.0 0.15 +0.18 0.40
Kure Beach (800-ft) 0 0.1 0 +0.13 0.40
TABLE A12b—Corrosion ratings for 3003 aluminum.
Exposure Time, Years
Site 0.5 1.5 3.5 7.5 15
Attleboro 02 XXXX 01 XXXX 02 XXXX 22 XXXX 33 XXXX
Dallas 01 XXXX 02XXXX 02 XXXX 22 XXXX 22 XXXX
Houston 02 XXXX 02 XXXX 12 XXXX 12 XXXX el
Anaheim 01 XXXX 01 XXXX 02 XXXX 12 XXXX e
Miami (inland) 00 XXXX 01 XXXX 12 XXXX 12 XXXX 32 XXXX
Miami (coastal) 01 XXXX 02XXXX 02 XXXX 12 XXXX 32 XXXX
Newark 00 XXXX 02 XXXX 11 XXXX 22 XXXX 32 XXXX
Kure Beach (80-ft) 12 XXXX 02 XXXX 12 XXXX 22 XXXX 31 XXXX
Kure Beach (800-ft) 02 XXXX  02XXXX 12 XXXX 12 XXXX 32 XXXX
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TABLE A13a--Mass loss (grams) for 5052 aluminum.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.1 0.05 +0.10 0.35 0.91
Dallas 0 0 +0.40 +0.05 0.48
Houston 0 0.10 0 +0.24
Anaheim 0 0.10 +0.10 0.10 s
Miami (inland) 0 0 0 0.02 0.10
Miami (coastal) 0 0 0 0.11 0.20
Newark 0 0 +0.15 0.19 0.40
Kure Beach (80-ft) 0 0 +0.10 0.19 0.30
Kure Beach (800-ft) 0 0.10 0 0.15 0.40

TABLE A13b—Corrosion ratings for 5052 aluminum.
Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 02 XXXX 02 XXXX 02 XXXX 22 XXXX 33 XXXX
Dallas 02 XXXX 02XXXX 02 XXXX 12 XXXX 22 XXXX
Houston 02 XXXX  02XXXX 02 XXXX 12 XXXX s
Anaheim 02 XXXX 02 XXXX 02 XXXX 12 XXXX ...
Miami (inland) 01 XXXX 02 XXXX 02 XXXX 12 XXXX 32 XXXX
Miami (coastal) 02 XXXX 02XXXX 02 XXXX 12 XXXX 32 XXXX
Newark 01 XXXX  12XXXX 02 XXXX 22 XXXX 32 XXXX
Kure Beach (80-ft) 12 XXXX 12 XXXX 02 XXXX 22 XXXX 31 XXXX
Kure Beach (800-ft) 02 XXXX 12XXXX 02 XXXX 12 XXXX 32 XXXX

TABLE Al4a—Mass loss (grams) for copper/1006 steel/copper.
Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.50 0.75 1.20 2.02 destroyed
Dallas 0.20 0.60 0.80 1.10 1.91
Houston 0.30 0.70 1.05 1.88 .
Anaheim 0.10 0.30 0.40 0.62 .
Miami (inland) 0.10 0.40 0.60 1.44 3.33
Miami (coastal) 0.55 0.85 0.55 2.08 2.89
Newark 0.30 1.05 1.70 1.19 5.98
Kure Beach (80-ft) 0.60 1.10 0.90 5.10 destroyed
Kure Beach (800-ft) 0.50 1.10 1.20 3.10 6.47
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TABLE A14b—Corrosion ratings for copper/1006 steel/copper.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 100 200 200 201 200 301 202 301 destroyed
Dallas 100 100 200 201 201 201 201 301 231 522
Houston 100 100 200 201 201 201 201 201
Anaheim 100 100 100 100 200 201 201 201
Miami (inland) 100 100 201 201 220 301 201 301 344 422
Miami (coastal) 100 100 200 201 201 301 201 301 313 422
Newark 100 100 200 201 200 301 201 301 443 444
Kure Beach (80-ft) 100 200 201 222 201 302 201 302 destroyed
Kure Beach (800-ft) 100 100 200 201 200 302 201 302 314 543

TABLE A15a—Mass loss (grams) for bronze/1006 steel/bronze.
Exposure Time, Years

Site 0.5 1.5 35 7.5 15
Attleboro
Dallas 0.25 0.40 1.05 1.45
Houston 0.30 0.50 1.20 L.

Anaheim 0.15 0.20 0.50 0.71
Miami (inland) L
Miami (coastal)
Newark
Kure Beach (80-ft)
Kure Beach (800-ft)
TABLE A15b—Corrosion ratings for bronze/1006 steel/bronze.
Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas 100 100 100 100 200 301 200 311
Houston 100 100 100 100 200 300
Anaheim 100 100 200 200

Miami (inland)
Miami (coastal)
Newark

Kure Beach (80-ft)
Kure Beach (800-ft)

100 100

200 200
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TABLE Al6a—Mass loss (grams) for 85-15 brass/1006 steel/85-15 brass.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.50 1.50 2.30 2.48 4.88
Dallas 1.10 0.50 0.70 1.10 2.18
Houston 0.30 0.90 1.10 1.15 ...
Anaheim 0.10 0.30 0.40 e .
Miami (inland) 0 0.40 +0.50 0.86 1.85
Miami (coastal) 0.30 0.60 0.70 0.89 1.98
Newark 0.30 0.35 1.60 2.89 5.21
Kure Beach (80-ft) 0.40 0.80 +0.30 2.10 3.17
Kure Beach (800-ft) 0.30 0.90 0.70 1.97 1.06

TABLE A16b—Corrosion ratings for 85-15 brass/1006 steel/85-15 brass.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 100 100 200 100 200 211 200 211 323 512
Dallas 100 100 100 100 200 211 201 211 211 422
Houston 100 100 200 201 200 311 200 211 ..
Anaheim 100 100 100 100 200 211
Miami (iniand) 100 100 100 100 200 211 200 211 301 422
Miami {coastal) 100 100 100 200 200 200 200 200 211 200
Newark 100 100 100 100 200 211 200 311 301 312
Kure Beach (80-ft) 100 100 200 200 200 311 200 210 311 210
Kure Beach (800-ft) 100 100 200 200 200 211 200 311 201 522

TABLE Al7a—Mass loss (grams) for nickel/1006 steel/nickel.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.50 0.90 1.20 1.93 3.74
Dallas . 0.20 0.70 1.01 1.53
Houston 0.0 0.50 0.40 e ...
Anaheim 0.20 0.20 0.20 0.29 ...
Miami (inland) 0 0.20 0 0.25 0.51
Miami (coastal) ... 0.20 0.20 0.37 0.35
Newark 0.50 1.30 1.90 3.23 3.23
Kure Beach (80-ft) 0.20 0.70 0.70 1.43 2.72

Kure Beach (800-ft) 0 0.40 0.50 1.11 3.06
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TABLE A17b—Corrosion ratings for nickel/1006 steel/nickel.
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Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 100 100 200 200 200 200 200 200 311 411
Dallas ... 100 100 200 200 200 200 200 200
Houston 000 100 100 100 100 200 .. s
Anaheim 010 100 100 100 100 200 200 200 e
Miami (inland) 000 100 120 200 000 200 100 200 200 410
Miami (coastal) ... 120 200 010 200 100 200 200 300
Newark 100 100 200 200 201 200 200 200 300 310
Kure Beach (80-ft) 000 100 220 200 100 200 200 200 311 411
Kure Beach (800-ft) 000 100 120 200 100 200 200 200 312 420

TABLE A18a—Mass loss (grams) for copper/corten/copper (0.015).
Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas 0.20 0.35 0.70 0.97 1.71
Houston 0.30 0.30 1.05
Anaheim 0.15 0.25 0.45 ce.

Miami (inland) 0.20 0.20 0.80 2,22
Miami (coastal) 0.40 0.60 1.10 o
Newark 0.40 0.60 0.90 2.23
Kure Beach (80-ft) 0.60 1.75 +7.40 +3.90
Kure Beach (800-ft) 0.50 0.70 1.60
TABLE A18b—Corrosion ratings for copper/corten/copper (0.015).
Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas 100 100 200 210 201 321 201 322
Houston 100 210 201 320 201 322 201 333
Anaheim 100 100 100 200 201 211 ...

Miami (inland) 100 100 100 200 102 333 201 555
Miami (coastal) 100 100 200 210 101 322 201 444
Newark 100 100 200 200 201 311 203 322
Kure Beach (80-ft) 101 222 201 433 201 444 204 555
Kure Beach (800-ft) 101 210 201 332 201 433 202 444
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TABLE A19a—Mass loss (grams) for copper/corten/copper (0.030).

Exposure Time, Years

Site 0.5 1.5 35 7.5 15
Attleboro
Dalias 0.25 0.30 0.95 1.25 2.78
Houston 0.30 0.30 0.80
Anaheim 0.30 0.15 0.50 e
Miami (inland) 0.35 0.90 0.45 e 1.54
Miami (coastal) 0.35 +0.10 1.10 1.67 2.02
Newark 0.45 0.50 1.35 217 3.46
Kure Beach (80-ft) 0.70 0.80 2.10 N e
Kure Beach (800-ft) 0.70 0.65 1.35 2.16 4.22

TABLE A19b—Corrosion ratings for copper/corten/copper (0.030).
Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas 100 100 100 200 200 210 200 210 211 321
Houston 100 100 100 200 200 210
Anaheim 100 100 100 200 200 200 e
Miami (inland) 100 100 200 200 201 310 201 310 202 322
Miami (coastal) 100 100 100 200 101 330 201 210 311 544
Newark 100 100 100 200 200 200 200 200 301 311
Kure Beach (80-ft) 100 100 200 211 201 311 201 333 ces
Kure Beach (800-ft) 100 100 200 200 201 311 201 444 214 333

TABLE A20a—Mass loss (grams) for 85-15 brass/corten/85-15 brass.
Exposure Time, Years

Site 0.5 1.5 35 7.5 15
Attleboro
Dallas 0.15 0.20 0.45 0.93 0.92
Houston 0.30 0.50 1.10 0.95
Anaheim 0.20 0.20 0.45 0.52 .
Miami (inland) 0.20 0.15 0.30 e 0.92
Miami (coastal) 0.25 0.10 0.10 +0.15 +0.10
Newark 0.40 0.60 1.60 3.10 3.73
Kure Beach (80-ft) 0.40 0.40 +1.10 +6.19 e
Kure Beach (800-ft) 0.35 0.40 0.45 +1.10 +2.53




HAYNES AND BABOIAN ON ATMOSPHERIC CORROSION OF CLAD METALS 173

TABLE A20b—Corrosion ratings for 85-15 brass/corten/85-15 brass.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas 100 100 200 121 200 221 200 231 211 241
Houston 100 100 200 121 200 221 200 201 e
Anaheim 100 100 200 100 200 100 200 230 e
Miami (inland) 100 110 200 220 200 230 e 200 131
Miami (coastal) 100 210 200 232 201 333 201 444 301 344
Newark 100 000 200 000 200 100 200 100 320 100
Kure Beach (80-ft) 100 210 200 332 201 333 201 444 L.
Kure Beach (800-ft) 100 210 200 331 201 331 201 444 433 344

TABLE A21a—Mass loss (grams) for bronze/corten/bronze.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas 0.20 0.30 1.10 1.10 1.22
Houston 0.30 0.45 1.35 7.82 A
Anaheim 0.15 0.20 0.40 .

Miami (inland) 0.20 0.35 0.90 3.29 ...
Miami (coastal) 0.30 - 0.40 0.70 0.85 3.15
Newark 0.40 0.70 1.50 2.71 3.40
Kure Beach (80-ft) 0.60 0.65 +3.60 . 6.12 destroyed
Kure Beach (800-ft) 0.40 L. ... e ..

TABLE A21b—Corrosion ratings for bronze/corten/bronze.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas 100 100 200 210 200 322 201 333 211 444
Houston 100 110 201 311 201 322 201 333 :
Anaheim 100 100 201 311 200 211 S
Miami (inland) 100 100 201 311 201 422 201 444 s
Miami (coastal) 100 110 200 210 201 322 201 333 301 454
Newark 100 100 200 301 201 322 204 322 444 433

Kure Beach (80-ft) 100 211 201 322 202 433 202 555 555 544
Kure Beach (800-ft) 100 210 .. . e ce.
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TABLE A22a—Mass loss (grams) for copper/409 stainless steel/copper (0.015).

Exposure Time, Years

Site 0.5 1.5 3.5 15 15
Attleboro
Dallas 0.40 0.90 1.20 2.16
Houston . 0.40 0.90 .

Anaheim 0.20 0.25 0.40 ces .
Miami (inland) 0.10 0.30 0.55 0.83 1.24
Miami (coastal) 0.30 0.55 1.20 1.26 0.71
Newark 0.30 0.55 1.40 e cee
Kure Beach (80-ft) 0.70 - 1.30 .. ...
Kure Beach (800-ft) 0.55 0.80 1.35 1.30 1.17
TABLE A22b—Corrosion ratings for copper/409 stainless steel/copper (0.015).
Exposure Time, Years

Site 0.5 1.5 35 7.5 15
Attleboro
Dallas 200 110 200 210 200 210 211 220
Houston ... 200 110 200 110 oo e
Anaheim 100 000 100 000 200 000 e cee
Miami (inland) 100 000 100 110 101 220 200 200 300 121
Miami (coastal) 100 100 200 210 201 330 201 330 311 441
Newark 100 000 200 320 200 000 200 000
Kure Beach (80-ft) 100 100 e 203 330 204 340 e
Kure Beach (800-ft) 100 100 200 210 202 220 202 330 343 211

TABLE A23a—Mass loss (grams) for copper/409 stainless steel/copper (0.030).
Exposure Time, Years

Site 0.5 1.5 3.5 1.5 15
Attleboro
Dallas 0.40 0.80 0.97 0.47
Houston e 0.30 0.80 e .
Anaheim 0.25 0.25 0.45 0.70 RN
Miami (inland) 0.20 0.25 0.45 0.66 1.21
Miami (coastal) 0.40 0.50 1.75 1.77 0.56
Newark 0.40 0.45 1.30 2.38 2.60
Kure Beach (80-ft) 0.75 0.90 1.50 1.93 0.19
Kure Beach (800-ft) 0.65 0.82 1.20 1.02 +0.28
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TABLE A23b—Corrosion ratings for copper/409 stainless steel/copper (0.030).
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Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas e 100 000 200 210 200 220 211 220
Houston e 101 100 200 220 - ces
Anaheim 100 000 100 000 200 000 200 000 ..
Miami (inland) 100 000 100 120 ° 201 220 201 230 201 121
Miami (coastal) 100 100 100 120 201 220 201 230 211 341
Newark 100 000 100 000 200 000 200 000 310 100
Kure Beach (80-ft) 100 100 101 220 201 320 201 330 312 332
Kure Beach (800-ft) 100 100 100 210 201 320 201 330 212 220

TABLE A24a—Mass loss (grams) for copper/409 stainless steel/copper (scribed).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas
Houston
Anaheim . 0.20 0.50 0.63 ce.
Miami (inland) .. 0.20 0.50 0.53 0.74
Miami (coastal) C.. o C. - ..
Newark 0.40 0.60 1.40 - 4.19
Kure Beach (80-ft) ... 1.00 1.50 1.63 0.09
Kure Beach (800-ft) . 0.65 1.10 1.02 +0.65

TABLE A24b—Corrosion ratings for copper/409 stainless steel/copper (scribed).
Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas
Houston
Anaheim . 100 000 200 000 200 000 .
Miami (inland) c. 100 110 201 220 201 230 201 121
Miami (coastal)

Newark 100000 200000 300 000 300 000 310 100
Kure Beach (80-ft) . 200320 201 330 203 330 313 332
Kure Beach (800-£t) o 200320 201320 202 330 313 221
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TABLE A25a—Mass loss (grams) for 85-15 brass/409 stainless steel/85-15 brass.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas 0.10 0.30 0.50 0.65 1.18
Houston 0.25 1.20 0.95 .. e
Anaheim 0.20 0.30 0.40 e e
Miami (inland) 0.20 0.20 0.80 0.48 0.90
Miami (coastal) 0.35 0.30 0.20 0.20 +0.14
Newark 0.35 0.65 1.25 2.63 3.52
Kure Beach (80-ft) 0.50 0.50 0.40 +3.04 +8.98
Kure Beach (800-ft) 0.40 0.50 0.40 0.18 +2.12

TABLE A25b—Corrosion ratings for 85-15 brass/409 stainless steel/85-15 brass.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attieboro
Dallas 100 000 200 121 200 231 201 241 211 241
Houston 100 000 200 121 200 120
Anaheim 100 000 200 000 200 000 e ..
Miami (inland) 100 110 200 221 201 220 201 230 301 141
Miami (coastal) 100 110 200 231 201 231 201 241 301 244
Newark 100 000 200 000 200 000 200 000 321 100
Kure Beach (80-ft) 101 210 201 321 201 331 201 441 543 344
Kure Beach (800-ft) 101 210 201 321 201 331 201 441 323133

TABLE A26a—Mass loss (grams) for bronze/409 stainless steel/bronze.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas 0.20 0.30 0.45 0.63 1.03
Houston 0.25 0.45 0.55 1.34 ...
Anaheim 0.20 0.20 0.40 e e
Miami (infand) 0.25 0.20 0.50 0.45 1.13
Miami (coastal) 0.30 0.25 0.20 0.02 +0.14
Newark 0.35 0.65 1.50 2.67 3.67
Kure Beach (80-ft) 0.50 0.65 0.40 +3.48 +10.99

Kure Beach (800-ft) 0.40 0.50 0.50 0.08 +1.88
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TABLE A26b—Corrosion ratings for bronze/409 stainless steel/bronze.
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Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas 100 000 200 221 201 230 201 230 211 230
Houston 100 000 200 121 200 120 200 220
Anaheim 100 000 100 000 200 000 e ..
Miami (inland) 100 110 100 220 101 320 201 330 301 341
Miami (coastal) 100 110 200 332 201 322 201 442 301 244
Newark 100 000 200 000 200 000 200 000 320 100
Kure Beach (80-ft) 101 210 200 321 201 333 202 444 433 444
Kure Beach (800-ft) 100 110 200 321 201 331 201 333 323233

TABLE A27a—Mass loss (grams) for coppper/430 stainless steel/copper.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.40 0.40 0.80 1.43 2.70
Dallas 0.10 0.30 0.0 0.71 1.20
Houston 0.20 0.70 0.90 1.25
Anaheim 0.10 0.40 0.40 0.69 e
Miami (inland) 0.10 0.50 0.30 0.60 0.10
Miami (coastal) 0.30 0.60 0.50 0.44 0.30
Newark 0.20 0.70 1.30 2.37 3.90
Kure Beach (80-ft) 0.50 0.90 0.90 0.57 +1.80
Kure Beach (800-ft) 0.50 1.00 1.20 1.40 0.10

TABLE A27b—Corrosion ratings for copper/430 stainless steel/copper.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 100 000 200 000 200 100 200 100 321 200
Dallas 100 000 200 000 200 220 200 230 311 210
Houston 100 100 200 110 200 000 200 000 e
Anaheim 100 000 200 000 200 000 200 000 e
Miami (inland) 100 100 200 120 200 230 200 220 200 221
Miami (coastal) 100 210 201 230 202 341 200 343 302 344
Newark 100 000 200 000 200 000 200 000 311 100
Kure Beach (80-ft) 100 100 201 220 201 331 201 330 312 331

Kure Beach (800-ft) 100 100 201 220 201 230 200 230 211 242
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TABLE A28a—Mass loss (grams) for copper/321 stainless steel/copper.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro cen 0.85 1.50 2.11 3.28
Daifas 0.20 0.40 1.00 1.33 1.64
Houston 0.20 0.60 1.00 1.41 .
Anaheim 0.20 0.30 0.45 0.69 o
Miami (inland) 0.20 0.35 0.45 0.81 1.05
Miami (coastal) 0.55 0.80 1.10 1.99 3.50
Newark 0.35 0.80 1.45 2.42 3.54
Kure Beach (80-ft) 0.45 1.00 1.60 2.70 3.39
Kure Beach (800-ft) 0.45 0.90 1.35 2.02 3.62

TABLE A28b—Corrosion ratings for copper/321 stainless steel/copper.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 100 000 100 000 200 000 200 000 300 000
Dallas 100 000 100 000 200 000 200 000 200 000
Houston 100 000 100 000 200 000 200 000 N
Anaheim 100 000 100 000 100 000 200 000 AN
Miami (inland) 100 000 100 000 100 000 200 000 200 000
Miami (coastal) 100 000 100 000 200 000 200 000 300 000
Newark 100 000 100 000 200 000 200 000 300 000
Kure Beach (80-ft) 100 000 100 000 200 000 200 000 300 000
Kure Beach (800-ft) 100 000 100 000 200 000 200 000 300 000

TABLE A29a—Mass loss (grams) for 434 stainless steel/3003 aluminum (aluminum skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attieboro c. 0.2 ... 0.34 +0.30
Dallas 0 0.1 +0.4 0.16 +0.60
Houston 0 0.1 0 .. .
Anaheim 0 0.1 0 0.09 ..
Miami (inland) 0 0.1 0 0.02 0
Miami (coastal) 0 0.1 0 0.01 e
Newark 0 0.1 0 0.11 0.30
Kure Beach (80-ft) 0 0 0.20 2.20
Kure Beach (800-ft) 0 0.1 0 0.11 +1.68
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TABLE A29b—Corrosion ratings for 434 stainless steel/3003 aluminum (aluminum skyward).
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Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro . 020 200 s 220 200 321 200
Dallas 010 100 010 200 120 200 120 200 221 200
Houston 010 100 010 100 020 200 120 200 .
Anaheim 000 100 010 100 020 100 120 200 .
Miami (inland) 010 100 010 200 110 100 120 200 220 200
Miami (coastal) 010 100 010 200 110 100 120 200 e
Newark 010 100 020 200 120 200 210 200 310 200
Kure Beach (80-ft) 010 100 020 300 . 220 200 320 200
Kure Beach (800-ft) 010 100 010 200 120 200 120 200 221 200

TABLE A29c—Mass loss (grams) for 434 stainless steel/3003 aluminum (stainless steel skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0 0.10 - 0.30 +0.50
Dallas 0 0.10 +0.10 0.27 0
Houston 0 0.10 0 0.23
Anaheim 0 0.10 0 0.05 .
Miami (inland) 0 0.10 0 0.01 0
Miami (coastal) 0 0.10 0 0.08
Newark 0 0 0 0.11 ...
Kure Beach (80-ft) 0 0 +0.15 0.28 +0.60
Kure Beach (800-ft) 0 0 0 +0.11 1.12

TABLE A29d—Corrosion ratings for 434 stainless steel/3003 aluminum (stainless steel skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 000 000 000 000 022 000 010 000 111 200
Dallas 000 000 000 000 010 000 020 000 111 200
Houston 000 000 000 000 010 000 B R
Anaheim 000 000 000 000 010 000 010 000 e
Miami (inland) 010 000 000 000 020 000 020 000 020 200
Miami (coastal) 010 000 000 000 020 000 020 000 S
Newark 000 000 000 000 000 000 000 000 .
Kure Beach (80-ft) 010 000 000 000 020 000 020 000 120 200
Kure Beach (800-ft) 000 000 000 000 020 000 020 044 120 35S
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TABLE A30a—Mass loss (grams) for 434 stainless steel/5052 aluminum (aluminum skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro e 0.02 0 0.20 0
Dallas 0 0 +0.10 0.19 0.10
Houston 0.10 +0.05 +0.10 e
Anaheim e 0 0 .

Miami (inland) 0 0 0 +0.01 c.
Miami (coastal) 0 0 0 0.02 0
Newark 0 0
Kure Beach (80-ft) 0 0.10 +0.15 0 0
Kure Beach (800-ft) 0 0 0 +0.06 0

TABLE A30b—Corrosion ratings for 434 stainless steel/5052 aluminum (aluminum skyward).
Exposure Time, Years
Site 0.5 1.5 3.5 7.5 15
Attleboro .. 020 100 020 200 220 200 221 311
Dallas 010 000 010 000 020 220 120 200 221 200
Houston 020 100 020 200 020 110 ‘.- Ce.
Anaheim 000 200 120 100

Miami (inland)
Miami (coastal)
Newark

Kure Beach (80-ft)
Kure Beach (800-ft)

000 100 010100 020 000 120 100 321 200
020100 020200 020 100 120 200 221 200
010100 030200 120322 120 344 321 323
010100 010100 020 200 120 200 331 322

TABLE A30c—Mass loss (grams) for 434 stainless steel/5052 aluminum (stainless steel skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.10 0.03 0 0.15 e
Dallas 0.10 0.10 +0.30 0.10 0.10
Houston 0.10 +0.05 0 -
Anaheim 0 0.10 0 e
Miami (inland) 0 0 0 0.01
Miami (coastal) 0 0.10 0 0.06 0
Newark 0 0
Kure Beach (80-ft) 0 0.30 +0.25 -+0.35 +0.40
Kure Beach (800-ft) 0 0.10 0 0.10 0
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TABLE A30d—Corrosion ratings for 434 stainless steel/5052 aluminum (stainless steel skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 010 000 000 000 021 000 .. ..
Dallas 000 000 000 000 021 000 020 200 121 200
Houston 010 000 010 000 010 000 e ..
Anaheim 010 000 010 000 010 000 .

Miami (inland) 010 000 020 000 010 000 020 200 o
Miami (coastal) 020 000 020 000 020 000 020 200 021 200
Newark 000 000 000 000 .. e ..
Kure Beach (80-ft) 020 000 010 000 021 000 120 344 121 323
Kure Beach (800-ft) 010 000 010 000 010 000 121 200 121 311

TABLE A3la—Mass loss (grams) for 304 stainless steel/3003 aluminum (aluminum skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.10 0.10 0 ... 0
Dallas 0 0.10 +0.10 +0.10 0
Houston 0 0.10 0 0.61
Anaheim 0 0.10 0 0.05 R
Miami (inland) 0 0.10 0 0 0.10
Miami (coastal) 0 0.10 0 0.05 0
Newark 0 0 0 0.04 0.40
Kure Beach (80-ft) 0 0 +0.10 +0.09 0
Kure Beach (800-ft) 0 0.10 +0.10 +0.12 0

TABLE A31b—Corrosion ratings for 304 stainless steel/3003 aluminum (aluminum skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 010 100 010 200 220 200 .. 331 300
Dallas 010 100 020 200 120 200 220 200 220 200
Houston 010 100 010 200 120 100 . AN
Anaheim 000 100 010 100 120 100 120 100 .
Miami (inland) 010 100 020 200 120 100 120 200 221 100
Miami (coastal) 010 200 021 200 020 300 120 200 321 200
Newark 010 100 010 100 120 200 100 100 310 200
Kure Beach (80-ft) 010 200 020 300 020 200 120 200 321 200

Kure Beach (800-ft) 020 200 021 200 020 200 020 200 221 300
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TABLE A31c—Mass loss (grams) for 304 stainless steel/3003 aluminum (stainless steel skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.10 0.5 0 +0.05 o
Dallas 0 0.10 +0.30 +0.09 0
Houston 0 0 0 ..

Anaheim 0 0.10 0 +0.02 ...
Miami (inland) 0 0 0 +0.01 0
Miami (coastal) 0 0 0 0.01 0
Newark 0 0 0 0.02 0.30
Kure Beach (80-ft) 0 0 +0.10 0.02 0.30
Kure Beach (800-ft) 0 0 +0.10 +0.13 0

TABLE A31d—Corrosion ratings for 304 stainless steel/3003 aluminum (stainless steel skyward).

Exposure Time, Years

Site 0.5 1.5 35 7.5 15
Attieboro 000 000 010 000 020 000 010 100 ces
Dallas 010 000 020 000 020 000 010 100 110 100
Houston 000 000 010 000 010 000 . s
Anaheim 000 000 000 000 010 000 110 000 e
Miami (inland) 000 000 010 000 010 000 110 100 111 100
Miami (coastal) 000 000 021 000 020 000 110 100 111 100
Newark 000 000 010 000 000 000 100 100 210 200
Kure Beach (80-ft) 010 000 020 000 020 000 110 200 221 200
Kure Beach (800-ft) 010 000 021 000 020 000 110 100 121 200

TABLE A32a—Mass loss (grams) for 201 stainless steel/3003 aluminum (aluminum skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.10 0 0 .. 0.30
Dallas 0.10 0 +0.40 0.20 0.50
Houston 0.10 +0.02 0 s
Anaheim 0 0.10 0 e A
Miami (inland) 0 0.10 0.10 0.07 0
Miami (coastal) 0 0.10 0 0.04 0.10
Newark 0.10 0 0 0.06 0.21
Kure Beach (80-ft) 0 0.10 0 0.21 0.30
Kure Beach (800-ft) 0 0.10 0 0.11 0.30
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TABLE A32b—Corrosion ratings for 201 stainless steel/3003 aluminum (aluminum skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 020 100 020 100 020 200 R 322 200
Dallas 010 100 000 000 020 200 200 200 311 200
Houston 020 200 020 100 010 100 e cen
Anaheim 000 100 020 100 010 100 e cen
Miami (inland) 010 100 020 100 010 100 120 200 331 200
Miami (coastal) 020 200 020 100 020 200 120 200 320 200
Newark 010 100 020 100 020 200 200 200 310 200
Kure Beach (80-ft) 010 100 020 200 020 300 120 200 321 200
Kure Beach (800-ft) 020 100 020 100 020 200 120 200 221 200

TABLE A32c—Mass loss (grams) for 201 stainless steel/3003 stainless steel (aluminum skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.10 0.10 0 0.12 0.40
Dallas 0.10 0 +0.20 0.05 0.30
Houston 0.10 +0.10 0 Cel e
Anaheim 0 0.10 0 - ..
Miami (inland) 0 0.10 0.10 0.08 0.11
Miami (coastal) 0 0.10 +0.10 0.09 0.22
Newark 0.10 0 0 0.10 0.22
Kure Beach (80-ft) 0 0.10 0 0.16 0.50
Kure Beach (800-ft) 0 0.10 0 0.09 0.22

TABLE A32d—Corrosion ratings for 201 stainless steel/3003 aluminum (stainless steel skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 000 000 000 000 010 000 020 222 121 200
Dallas 000 000 000 000 020 000 020 200 121 200
Houston 000 000 000 000 010 000 . .
Anaheim 000 000 000 000 010 000 e e
Miami (inland) 010 000 010 000 020 000 020 200 021 200
Miami (coastal) 020 000 010 000 020 000 020 200 021 200
Newark 000 000 000 000 000 000 100 100 211 200
Kure Beach (80-ft) 010 000 000 000 020 000 020 200 121 200

Kure Beach (800-ft) 010 000 000 000 010 000 020 200 021 200
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TABLE A33a—Mass loss (grams) for 304 stainless steel/ 7072 aluminum/3004 aluminum/7072 aluminum/
304 stainless steel.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0 0 +0.30 +1.77 +0.2
Dallas 0 0.1 0 +0.06 0
Houston 0 0 0 .

Anaheim 0 0.15 0 +0.09 e
Miami (inland) 0 0 +0.15 +0.62 +0.10
Miami (coastal) 0 +0.10 +0.30 +0.52 +0.10
Newark 0 0 +0.15 +0.90 +4.11
Kure Beach (80-ft) 0 0 +0.10 2.12 0
Kure Beach (800-ft) 0 0 +0.10 +0.75 +0.55

TABLE A33b—Corrosion ratings for 304 stainless steel/ 7072 aluminum/3004 aluminum/ 7072 aluminum/
304 stainless steel.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 000 100 000 100 000 222 010 254 110 315
Daifas 000 100 000 100 010 211 010 200 010 200
Houston 010 100 000 100 010 200
Anaheim 000 100 000 110 010 200 010 200 ...
Miami (inland) 010 100 010 100 020 200 120 240 120 310
Miami (coastal) 010 100 010 100 020 211 120 200 120 311
Newark 000 100 010 110 000 211 100 555 112 000
Kure Beach (80-ft) 010 100 010 110 020 233 120 255 221 355
Kure Beach (800-ft) 000 100 010 233 020 233 020 244 021 355

TABLE A34a—Mass loss (gramsj for copper/1100 aluminum (aluminum skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.20 0.20 0.20 0.34 1.75
Dallas AN 0.30 +0.60 0.40 3.65
Houston 0 0.30 0.20 0.66
Anaheim 0.30 0.20 +0.20 0.66 .
Miami (inland) 0 0.20 0 0.10 0.96
Miami (coastal) el 0.20 +0.10 0.81 2.62
Newark 0.10 0.25 0.30 0.60 1.09
Kure Beach (80-ft) 0.20 0.70 0.40 1.20 6.66

Kure Beach (800-ft) 0.10 0.30 +0.30 0.22 4.45
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TABLE A34b—Corrosion ratings for copper/1100 aluminum (aluminum skyward).
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Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 121 200 120 300 210 200 321 325
Dallas e 121 200 220 322 220 200 320 355
Houston 020 200 cee 121 333 220 333 e
Anaheim 010 100 110 220 021 233 120 244 e
Miami (inland) 010 100 e 010 222 120 233 321 335
Miami (coastal) . 031 333 121 244 321255
Newark 010 200 120 300 200 200 310 222
Kure Beach (80-ft) 030 300 141 444 220 355 521 455
Kure Beach (800-ft) 020 200 131 444 221 344 321 455

TABLE A34c—Mass loss (grams) for copper/1100 aluminum (copper skyward).
Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.10 0.10 0.55 0.98 2.40
Dallas 0.10 0.20 0.10 +0.51 2.11
Houston 0 0.30 0.20 0.55
Anaheim 0.10 0.10 +0.35 0.40 ...
Miami (inland) 0 0.20 0 0.21 0.29
Miami (coastal) 0.10 0.20 +0.20 0.56 1.79
Newark 0.10 0.20 0.50 1.41 4.10
Kure Beach (80-ft) 0.20 0.40 +0.10 1.30 4.77
Kure Beach (800-ft) 0 0.30 +0.40 +0.15 3.68

TABLE A34d—Corrosion ratings for copper/1100 aluminum (copper skyward).
Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 100 000 101 000 200 000 200 220 332215
Dallas 100 000 200 000 200 000 220 233 321 355
Houston 100 000 ce. 200 000 cel ..
Anaheim 100 000 100 021 200 044 200 244 e
Miami (inland) 100 000 201 022 200 233 321 334
Miami (coastal) 100 000 201 033 201 244 311255
Newark 100 000 200 000 200 220 310 200
Kure Beach (80-ft) 100 000 201 044 200 355 421 455
Kure Beach (800-ft) 100 000 201 044 201 344 321 455
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TABLE A35a—Mass loss (grams) for copper/1100 aluminum/copper.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.30 0.20 0.50 0.45 .
Dallas 0.10 0.40 +0.40 1.12 1.97
Houston 0.30 0.80 0.20 e
Anaheim 0 0.20 +0.80 1.08 cen
Miami (inland) 0.10 0.20 +1.00 +1.34 1.30
Miami (coastal) 0 0.20 +1.30 0.33 ..
Newark 0.30 0.70 0.60 2.13 4.46
Kure Beach (80-ft) cee 2.30 3.40 1.07 5.38
Kure Beach (800-ft) 0.50 1.40 +0.10 0.47 ...

TABLE A35b—Corrosion ratings for copper/1100 aluminum/copper.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 100 221 100 333 201 244 201 355 522 355
Dallas 100 110 100 222 201 244 201 244 322 555
Houston 100 222 101 233 201 244 . e
Anaheim 100 100 100 220 201 233 200 244 .
Miami (inland) 100 110 101 232 201 244 201 355 302 455
Miami (coastal) 101 222 101 233 201 255 201 355 413 455
Newark 100 100 101 210 200 233 201 355 311 355
Kure Beach (80-ft) e 102 244 201 458 201 355 311 485
Kure Beach (800-ft) 100 221 101 232 203 355 201 455 ..

TABLE A36a—Mass loss (grams) for copper/3003 aluminum/copper.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.30 0.40 0.80 0.50 1.36
Dallas 0.20 0.40 0.80 +0.55
Houston 0.20 0.40 1.30 ...

Anaheim 0 0.20 0.10 +0.95 cee
Miami (inland) 0.20 0.13 1.10 +2.29 3.84
Miami (coastal) 0.20 0.53 1.00 +0.80 2.51
Newark 0.20 0.68 1.50 1.68 1.08
Kure Beach (80-ft) 0.60 0.93 +8.90 10.08 .

Kure Beach (800-ft) 0.50 0.40 0.20 4.8
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TABLE A36b—Corrosion ratings for copper/3003 aluminum/copper.
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Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 101 210 201 231 201 233 422 555
Dallas 100 100 101 220 201 332 201 333
Houston 100 110 101 220 201 433
Anaheim 100 100 100 220 200 221 200 333 ...
Miami (inland) - 101 230 201 332 202 443 302 544
Miami (coastal) 100 200 102 220 201 321 201 342 241 544
Newark 100 200 102 322 200 120 200 220 311 333
Kure Beach (80-ft) 102 322 205 555 205 555
Kure Beach (800-ft) 102 322 202 342 203 444

TABLE A37a—Mass loss (grams) for copper/5052 aluminum (aluminum skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas 0.20 0.33 0.50 1.23
Houston - 0 0.25 i
Anaheim 0 0 0.10 0.31 .
Miami (inland) 0.05 0 0.05 0.05 +0.84
Miami (coastal) 0.20 +0.10 0.30 0.05 +1.11
Newark 0.20
Kure Beach (80-ft) 0.15 +0.50 0.70 0.85 +1.71
Kure Beach (800-ft) 0.10 +0.50 0.16 0.55 +1.53

TABLE A37b—Corrosion ratings for copper/5052 aluminum (aluminum skyward).

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro
Dallas 020 200 120 300 120 220 210 211
Houston . 010 100 020 200 . o
Anaheim 010 000 020 120 020 220 120 220 ...
Miami (inland) 010 000 010 200 020 221 120 231 211 431
Miami (coastal) 010 000 010 100 020 211 120 231 220 333
Newark 010 000
Kure Beach (80-ft) 010 000 031 300 120 422 220 432 411 544
Kure Beach (800-ft) 010 000 020 311 120 422 120 332 323 444
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TABLE A37c—Mass loss (grams) for copper/5052 aluminum (copper skyward).

Exposure Time, Years

Site 0.5 1.5 35 7.5 15
Attleboro
Dallas 0.05 0.20 +0.03 0.93
Houston .. 0 0.25 s
Anaheim 0 0 0.20 0.32 .
Miami (inland) 0.10 +0.10 0.15 +0.38 +1.08
Miami (coastal) 0.20 +0.10 0.15 0.01 +0.33
Newark ... +0.10 0.65 0.03 ...
Kure Beach (80-ft) 0.30 +1.2 1.05 0.05 +0.51
Kure Beach (800-ft) 0.25 +0.3 0.50 +0.47 +1.05

TABLE A37d—Corrosion ratings for copper/5052 aluminum (copper skyward).
Exposure Time, Years

Site 0.5 1.5 35 7.5 15
Attleboro
Dallas 200 000 200 000 200 130 210 222
Houston e 200 000 100 010 e
Anaheim 100 110 202 010 200 031 200 131 ...
Miami (inland) 100 000 200 000 200 020 202 332 201 422
Miami (coastal) 100 000 200 000 200 010 200 332 210 433
Newark ... 200 000 200 010 200 100 ...
Kure Beach (80-ft) 100 000 200 010 200 022 200 442 211 544
Kure Beach (800-ft) 100 000 200 000 200 021 201 331 223 444

TABLE A38a—Mass loss (grams) for copper/5052 aluminum/copper.
Exposure Time, Years

Site 0.5 1.5 35 7.5 15
Attleboro 0.30 0.60 0.70 +0.20 ..
Dallas 0.10 0.20 0.80 +1.22 destroyed
Houston 0.10 0 +0.20 +0.29 e
Anaheim 0.10 0.20 +0.40 +2.29 ...
Miami (inland) 0.10 +0.30 +2.60 +7.61 +8.88
Miami (coastal) 0.30 0.30 +1.70 +6.45 +3.54
Newark 0.20 0.70 +1.10 +1.43 +2.97
Kure Beach (80-ft) s 0.70 +4.70 .. destroyed
Kure Beach (800-ft) 0.30 0.30 +2.30 +7.45 .
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TABLE A38b—Corrosion ratings for copper/5052 aluminum/copper.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attieboro 101 321 201 321 201 344 423 544
Dallas 100 110 102 322 201 342 200 344 destroyed
Houston 101 221 101 322 202 344 201 344 ..
Anaheim 100 100 100 230 201 331 201 344 .
Miami (inland) 101 110 101 221 201 342 201 354 311 555
Miami (coastal) 101 210 101 221 201 343 201 354 414 455
Newark 100 100 100 210 201 321 201 353 421 345
Kure Beach (80-ft) ... 102 333 202 454 201 555 destroyed
Kure Beach (800-ft) 101 210 101 232 202 454 201 454 414 555

TABLE A39a—Mass loss (grams) for lead/copper/5052 aluminum/copper/lead.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro 0.10 0.30 1.05 2,39 1.91
Dallas 0.05 0.50 1.30 2.51 3.67
Houston 0.50 0.50 0.20 1.02
Anaheim 0.10 0.20 0 0.60 -
Miami (infand) 0.20 0.20 0.25 0.27 1.80
Miami (coastal) 0.40 0.10 0.70 +0.83 3.38
Newark 0.10 0.30 0.40 1.10 3.56
Kure Beach (80-ft) 0.50 0.20 1.40 +2.21 -
Kure Beach (800-ft) 0.60 0.50 1.80 +2.15 2.14

TABLE A39b—Corrosion ratings for lead/copper/5052 aluminum/copper/lead.

Exposure Time, Years

Site 0.5 1.5 3.5 7.5 15
Attleboro . 200 100 200 100 201 200 442 411
Dalilas 200 100 200 100 201 211 201 210 212 310
Houston 200 100 .. 201 211 201 222 ce
Anaheim 200 100 200 100 100 100 200 100 v
Miami (inland) 200 100 ... 101 220 101 220 344 422
Miami (coastal) 200 100 ... 201 321 201 331 445 444
Newark 200 100 ce 200 100 200 100 311 200
Kure Beach (80-ft) 201 200 ... 201 422 201 444

Kure Beach (800-ft) 200 100 . 201 421 201 422 52;1 544
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ABSTRACT: The deterioration in mechanical properties, mass loss, and the appearance of vari-
ous forms of localized corrosion are documented for the exposure of a representative group of
unstressed wrought aluminum alloys at three test sites over a ten-year period. Loss of ductility is
the chief form of mechanical property damage observed. Among the forms of localized corrosion
observed, intergranular corrosion, which led to partial sheet delamination or exfoliation, is the
most damaging to the ductility of materials. Intergranular corrosion without a strong element of
orientation in the wrought direction is less damaging, though more damaging than pitting without
associated intergranular attack. A study of the effect of a sacrificial cladding layer indicated that
loss of ductility can be completely eliminated when 7072 alloy is clad on 3004-H36 and 7178-T6
alloys, and 1230 alloy is clad on 2024-T3 alloy.

KEY WORDS: atmospheric corrosion, aluminum pitting, exfoliation, intergranular corrosion,
clad aluminum, mechanical properties, tensile strength, elongation

Aluminum alloys are generally considered to have good resistance to corrosion in atmospheric
exposure [/]. Uncoated aluminum alloys are used extensively in exterior applications for a vari-
ety of purposes, including structural, electrical conductor, thermal conductor, and architec-
tural applications. A number of studies of the atmospheric corrosion behavior of aluminum
alloys was carried out in the 1940s [2] and 1950s [3, 4], but recent studies have centered largely
on stress corrosion resistance [5] and special applications [6].

This study [7] provides a compilation of the behavior of unstressed aluminum alloys under
atmospheric conditions at different sites than previously studied. Atmospheric conditions in
urban and industrial areas have undergone a substantial change in the past two decades due to
environmental regulations. Recent results show that the rural atmosphere in the northeastern
United States has become more corrosive to galvanized steel, while the industrial atmosphere
surrounding New York City, for example, has become substantially less corrosive to galvanized
steel [8]. It was of interest to see how aluminum alloys have responded to this change in the
atmosphere. Unfortunately, this study was terminated after ten years so that the full impact of
the environmental changes was never realized.

The present study also includes a full range of sheet materials in a range of tempers. Some
limited extrusion alloys are also included. Some of the alloys in this study were not reported on
previously.

!Chief engineer, materials, Air Products and Chemicals, Inc., Allentown PA 18195.
*Consultant, formerly with the Consolidated Aluminum Corp., St. Louis MO.
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Materials Tested

Table 1 lists the alloy, alloying additions, temper, and form of the 27 materials tested. The
specimens used for the outdoor exposure testing were chosen within a narrow gauge range
(nominally 1.3 to 2.0 mm for sheet and approximately 3.0 mm for extruded material} so that
strength and elongation loss values may be compared within the sheet and extrusion material
categories, respectively. Table 2 lists the spectroscopic analyses of the bare alloys. Table 3 shows
the spectroscopic analysis of the individual core and clad elements of the five sacrificial core
clad combinations that were part of the study. All of the materials used were taken from con-
temporary commercially produced lots.

Test Procedures

Mill finish flat sheet products were sheared to 102 by 203 mm test specimens with the long
edge in the rolling direction. Standard bus bar extrusions 102 mm wide were sheared to a 203
mm length. Identification numbers were stamped on each specimen and the specimens were
solvent degreased and then cleaned in reagent nitric acid to remove any superficial oxide. The
specimens were weighed to -0.01 g prior to exposure. The specimens were exposed in triplicate
with removal planned for one, three, five, and ten years. Control specimens were retained in the
laboratory to provide aged mechanical property data. This study presents only the results of the
ten-year exposure, although the earlier results were examined to understand the behavior ob-
served after ten years. Three exposure sites were chosen for this study: New Haven, CT; Brook-
lyn, NY; and Daytona Beach, FL. The exposures were initiated from 1963 to 1964.

New Haven, CT (NH) is a coastal urban-industrial environment. Test panels, racks, and
stands were situated on the roof of a one story building. They faced in a southeasterly direction
and were 45° from horizontal. The site was approximately 1.6-km north of New Haven harbor.

Brooklyn, NY (BR) is a severe industrial environment. Originally, the test panels were situ-
ated approximately 15 stories above land, just south of the Brooklyn bridge, 200 m from the
East River, an estuary of varying salinity. In 1969, a new site was located about 3.2 km north-
east of the former location, on the roof of a six-story building, approximately 420 m east of the
East River and bordering the south bank of Newtown Creek in the Greenpoint section of Brook-
lyn. They faced in a southeasterly direction and were at an angle of 45° from horizontal at both
Brooklyn sites.

Daytona Beach, FL (DB) represents a marine (high chloride containing) environment. Test
panels, racks, and stands are situated on the ground S0 m from the mean high-tide water mark
near the mouth of the Halifax River. Test panels faced in an easterly direction and were
mounted 45° from horizontal. Positioned in this manner, the exposed surfaces of the test speci-
mens were exposed to salt spray conditions (i.e., chloride contamination).

At the New Haven and Brooklyn sites, the specimens were held by aluminum bolts with neo-
prene rubber grommets to provide electrical insulation. It was necessary to replace the bolts and
grommets used in long-term tests because of degradation of the rubber. Porcelain spools were
used at Daytona Beach in accordance with the ASTM Standard Practice for Conducting Atmo-
spheric Corrosion Tests on Metals (G 50).

Upon removal from the test site at each period, the panels were first examined visually and
the condition noted. Corrosion products were removed in a mixture of chromic and phosphoric
acids as recommended in ASTM Standard Practice for Preparing, Cleaning and Evaluating
Corrosion Test Specimens (G 1). The acid mixture was prepared with reagent grade chemicals
and distilled water. The cleaning solution contained 2% chromic acid (CrQ3) and 5% by vol-
ume ortho phosphoric acid and was maintained at 80°C. Test panels were immersed for 5 to 10
min and then rinsed in distilled water. They were then scrubbed with a sponge and rinsed again.
If a film was still present, the panels were immersed in concentrated reagent grade nitric acid
for 1 to 2 min and rinsed, scrubbed, and rinsed again in distilled water. This procedure was
repeated until the samples were all free of corrosion products.
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Mass loss measurements were made on the cleaned panels. Microscopic inspection was then
carried out on the ten-year panels using a low power binocular microscope (7 to X30).

One specimen of each set of replicate panels removed was machined into a tensile specimen,
and longitudinal mechanical properties were determined. Ultimate tensile strength, 0.2% off-
set yield strength, and percent elongation in 50.8 mm values were obtained. The crosshead
speed was 42 um/sec to the yield point and 212 pm/sec to fracture. The strength values were
obtained according to ASTM Method of Tension Testing Wrought and Cast Aluminum and
Magnesium Alloy Products (B 557). The strength loss values were calculated from these mea-
sured values by subtracting the values for the exposed samples from those of retained samples
and expressing the loss as a percent of the retained sample values.

Pit depths were measured by a dial micrometer. Panels showing evidence of localized corro-
sion were sectioned and prepared for metallographic examination in the regions showing local-
ized attack. Photomicrographs were made to show the morphology of localized corrosion.

Test Results

Mechanical Property Loss

Table 4 shows the percentage loss in longitudinal mechanical properties tabulated by alloy,
temper, gauge, and form for exposure at New Haven, Brooklyn, and Daytona Beach test sites
for a 10-year period. These data were sorted before tabulating to show the most severely dam-
aged materials at the top of the table and the least damaged materials at the bottom of the table.
The basis for this sorting process was the loss in ductility, which was by far the greatest form of
damage to the mechanical properties.

Inspection of Table 4 shows that alloys such as 7075-T6, 2024-T3, 6005-TS, 6063-TS, repre-
sent the class of solution heat treatable and aged materials that suffered the most in loss of
ductility. Among the nonheat treatable alloys, the most severely damaged materials were those
where the greatest cold work had been introduced without partial annealing or stabilizing treat-
ment. 1100 alloy in the H18 temper lost 22% of its ductility in Brooklyn, while the same alloy in
the H16 and zero tempers lost 12% and 4.8%, respectively, in the same environment. A similar
effect of cold work is shown in the comparison of 5052-H16 with 5052-0 in which the H16 mate-
rial lost 7.5% of its ductility in Brooklyn and New Haven and lost almost none of its ductility in
either environment in the zero temper.

The most striking result observed was the beneficial effect of cladding with sacrificial clad-
dings of 1230 and 7072 alloys. For example, 2024-T3 lost 32% of its ductility in New Haven,
while the same material clad with 1230 alloy lost no ductility in the same environment. Another
example is 7075-T6, which lost 45.8% of its ductility in Brooklyn and lost only 2.5% when clad
with 7072 sacrificial afloy. Other examples of protection from ductility loss resulting from the
use of a 7072 alloy cladding layer occurred in 6061 and 7178, which showed no ductility loss with
the 7072 cladding layer present. A partial exception to the beneficial effect of the 7072 cladding
was 3004-H36, which lost 5% of its ductility in Daytona Beach. The sacrificial effect was, how-
ever, present in both New Haven and Brooklyn, where the sacrificial layer was completely effec-
tive in preventing ductility loss.

The loss in ultimate strength and yield strength was much less for most of the alloys tested
than the ductility loss. The most severe loss occurred in the case of a 6005-T42 extrusion whose
yield strength loss in Brooklyn exposure was almost 10%. Most of the other alloys, including
those whose ductility dropped more than 20%, suffered strength losses in the 3 to 6% range.
The clad materials generally had strength losses considerably less than the corresponding un-
clad materials.
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Metallographic and Macrophotographic Examinations

The resuits of the macroscopic and metallographic examinations are categorized in Table 5.
Photographic evidence supporting this formulation is presented in the following figures. Cate-
gory 1 examples are illustrated in Figs. 1 and 2. Fig. 1 shows an example of highly directional
intergranular corrosion in 2024-T3 sheet exposed in the skyward direction at Daytona Beach for
five years. Fig. 2 shows exfoliation of the edge of a 7075-T6 sheet exposed in Daytona Beach for
ten years. Shearing induced enough strain to cause exfoliation on the edges of these panels. The
short transverse direction is most susceptible to exfoliation damage. Both 2024-T3 and 7075-T6
fall into the category of materials susceptible to severe loss of ductility on prolonged atmo-
spheric exposure as noted in many earlier studies [4].

Category two materials show intermediate loss of ductility accompanied by intergranular cor-
rosion with slight directionality. Category 2 examples are illustrated by Figs. 3 and 4, which
show intergranular attack two to three grains deep in 6005 alloy resulting from exposure in
Brooklyn and Daytona Beach, respectively, for a ten-year period. The severity of a ductility loss
for 6005-TS in a ten-year period is 13%, compared to losses of 32 to 46% for the Category 1
materials.

Category 3 materials show isolated pitting and moderate ductility loss. Fig. S shows an exam-
ple of isolated pitting of 5052-0 after ten years of exposure in Brooklyn. The loss of ductility of
this material was 0.8% or essentially zero.

TABLE 5—
Relative Severity of
Mode of Attack Ductility Loss Loss of Elongation

Intergranular corrosion with greatest most severe >18%

involvement along grains parallel to Category 1

the direction of deformation.
Intergranular corrosion with less severe between 18% and 5%

intermediate to slight preferred Category 2

orientation.
Scattered pitting attack least severe <5%

Category 3

L ey
100um

FIG. 1—2024-T3, Daytona-5 yrs: Longitudinal Exfoliation, Skyward Surface, as polished, 100X
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FIG. 2—7075-T6. Edge, Daytona-10 yrs: Severe delamination, 11 X.

100um iy

FIG. 3—6005-T5. Brooklyn-10 yrs: Intergranular Attack. two-three Grains deep, Skyward, Etch:
Kellers-10 s 150, Transverse.

‘oo

FIG. 4—6005-T5, Daytona-10 yrs: Intergranular Attack. two-three Grains Deep, Skyward, Etch:
Kellers-10 s 150 X, Transverse.
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FIG. 5—-5052-0. Brooklyn-10 yrs: Pitting, Skyward Surface, 11 X.

Mass Loss Due to Atmospheric Exposure

Table 6 shows the mass losses caused by corrosion on the materials exposed for the ten year
period in New Haven, Brooklyn, and Daytona Beach. These data show a clear trend with re-
spect to the relative severity of the test sites, with Brooklyn being most severe, followed by New
Haven, with the least damaging site being Daytona Beach.

Specimens removed from the Brooklyn test site after ten years were generally dark gray from
the deposition of black particulate matter embedded in the corrosion products. The source is
believed to be soot and ash from combustion sources in the area.

Identical specimens removed from the New Haven test facility revealed corrosion products
which were a lighter gray, indicating a lower content of particulate matter in that environment.
Finally, identical panels removed from the Daytona Beach test site after ten years revealed
frosty white corrosion products.

These data suggest that the carbonaceous particulate matter from the two industrial sites is a
more potent agent for causing corrosion of aluminum alloys than the airborne salt coupled with
high humidity at the Daytona Beach site. The presence of particles at discrete locations would
also provide a mechanism for pit initiation. These particles are most likely fly ash from coal
burning furnaces and carry heavy metals which are effectiwe cathodes for local cell action.

Table 6, showing the mass loss data, is arranged in the same order going down the table as
Table 4, in which the basis for order is decreasing ductility loss from the top of the table to the
bottom. All three test sites show mass losses that have a very weak correlation to the loss of
ductility shown in Table 4. For example, while the ductility loss of 7075-T6 is 46% and 2024-T3
clad with 1230 is zero in the Brooklyn site, the mass loss of 7075-T6 is 20.2 g/m? compared to
15.9 g/m? for 2024-T3 clad with 1230, a percentage difference of only 27%. The mass loss for
the 2024 clad product is confined to the cladding in the form of flat bottom pits, so that there
was no stress riser effect.

The rate of mass loss from all of these specimens is not linear with exposure time. In general,
the mass loss rate decreases with exposure time in a2 manner similar to that observed for alumi-
num alloys [4] and for other metals in atmospheric exposures [9]. The following expression may
be used to characterize mass loss as a function of exposure time:

M = K" (1)
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TABLE 6—~Moass loss and maximum pit depth caused by corrosion for a ten-year exposure period.

New Haven Brooklyn Daytona Beach
Alloy Temper ML PD ML PD ML PD
7075 T6 9.6 0.05 20.2 0.05 12.1 E
2024 T3 10.0 S 27.4 0.05 ... S
6005 TS 5.6 0.10 13.6 0.13 0 0.28
extrusion
6063 TS 5.2 0.0S 12.6 0.10 1.2 0.30
extrusion
1100 H18 7.0 S 18.8 0.13 5.2 S
5086 H34 9.6 0.08 17.4 0.15 4.0 0.03
5086 H36 12.2 0.13 12.4* 0.13 5.6 0.13
6005 T42 6.2 0.13 13.0 0.18 2.4 0.18
extrusion
1100 Hl16 ce. v 16.9* 0.05 S.0 0.08
3003 H14 8.2 S 24.8 0.05 7.2 S
5050 H36 6.2 0.03 15.2 0.08 4.0 0.03
3003 0 8.6 0.0S 19.0 0.15 S.1 S
3003 Hi4 9.0 S 19.4 0.08 4.2 S
5005 H36 ... ... 16.8* 0.18 4.1 0.18
6061 T6 7.0 0.03 15.4 0.18 6.0 0.05
5052 H16 7.3 0.03 18.1 0.03 3.0 S
5050 0 6.2 0.05 14.3 0.23 3.4 0.08
3004
clad with 7072 H36 7.9 0.10 16.9 0.08 4.3 0.13
6061 T4 7.0 0.0S 15.4 0.10 6.0 S
1100 0 7.4 S 15.4 0.05 4.7 0.08
7075
clad with 7072 Té6 7.4 0.03 16.8 0.08 6.5 0.10
5005 0 6.0 0.10 14.4 0.15 2.8 0.15
5086 0 7.6 0.08 17.0 0.15 2.8 0.20
5052 0 6.9 0.05 15.4 0.25 2.9 0.03
6061
clad with 7072 T4 7.0 0.0S 16.0 0.10 7.1 S
7178
clad with 7072 T6 6.6 S 11.8 0.13 4.2 0.05
2024
clad with 1230 T3 6.6 S 15.9 S 4.4 S

NOTE: ML = average mass loss in g/m?. PD = maximum pit depth in mm. S = less than 0.03 mm, E =
exfoliation. * = 11.4 years exposure.

whete M is the total mass loss caused by corrosion per unit of exposed area (g/m?),

t is the exposure time (years),
K is a proportionality constant, and
n is the mass loss exponent.

The K constant is the mass loss occurring in the first year of exposure and so is an indication
of the initial rate of mass loss. The mass loss exponent # is a measure of the tendency for the
corrosion process to accelerate or decrease with time. Values of n greater than one indicate an
autocatalytic or accelerating corrosion process, while values less than one indicate a self-limit-
ing process. Parabolic kinetics are seen when # is 0.5 and are typical of a system with a uni-
formly protective corrosion product layer.

To calculate the constants in Eq 1 from the mass loss versus time data, a logarithmic conver-
sion is made. This linearizes the data so that a simple least squares regression analysis may be
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made. Replicate mass loss measurements are averaged and the mean mass loss values are used
in the regression analysis. Correlation coefficients are calculated to show how good the data fit.
In general, the closer the correlation coefficient R is to one, the better the fit. The calculated
values of K, n, and R are given in Table 7.

The values for the New Haven site are of substantially poorer accuracy because many of the
early samples were not removed or were lost. The values for n, the mass loss exponent, tend to
be greatest at the Brooklyn site. Also the mass loss exponents are greater for clad alloys, proba-
bly because the metal {oss occurs mainly in the cladding, and exposure of the core alioy tends to
accelerate the corrosion of the cladding.

Discussion

It is of interest to compare the results of this study to earlier results. The ASTM B 3-1957 {10}
program included many of the alloys covered in the present study. The seven-year results are

TABLE 7—Mass loss versus exposure time regression analysis results.

Brooklyn New Haven Daytona Beach

Alloy Temper n K R n K R n K R
1100 0 0.78 2.7 099 030 3.3 0.83  0.27 1.7 0.43
1100 Hi6  0.52 5.4 0.88  0.66 1.9 1.00  0.65 1.1 0.99
1100 H18  0.71 3.3 098 0.31 3.0 0.84 0.25 1.9 0.38
2024 T3 0.66 6.8 097 029 47 0.84 0.19 6.2 0.42
2024 CD T3 1.18 1.2 099 035 24 0.71 0.67 0.9 0.98
3003 0 0.88 2.8 098 043 25 0.72  0.51 1.4 0.98
3003 Hi4  0.78 43 099 026 3.6 0.44  0.59 1.8 0.95
3004 H36  0.90 2.7 098 046 3.3 093 0.77 0.8 0.97
3004 CL H36  0.88 22 099 086 0.6 0.60  0.62 1.0 0.99
5005 0 1.10 1.3 098 035 2.1 0.88 1.41 0.1 0.91
5005 H36  0.45 4.9 0.78  0.66 1.9 099 0.48 1.7 0.86
5050¢ 0 0.50 5.6 0.81 0.58 1.9 099 069 09 0.96
50504 0 1.04 1.6 0.96 1.45 03 0.79 1.39 0.2 0.77
5050¢ H36  0.21 7.6 033 0.78 1.6 0.91 0.76 0.9 0.98
50507 H36 092 2.1 098  0.40 1.9 0.71 097 0.6 0.87
5052 0 1.02 1.8 098 036 25 0.70 059 08 0.93
5052 Hi6  0.60 4.3 099 031 3.0 0.7 0.53 1.0 0.97
5086 0 0.94 1.6 0.87 0.31 3.2 0.74 1.00 3.6 ¢
5086 H34  0.91 2.7 095 033 39 0.81 0.71 0.9 0.85
5086 H36  0.38 6.3 0.82 0.81 2.7 092  0.62 1.4 0.80
6005 Ext TS 0.58 3.4 0.94 1.95 0.05 0.93 e N b
6005 Ext T42 0.69 2.5 0.96 1.38 0.2 0.98 1.77 0.03 0.80
6063 Ext TS 0.73 2.3 099 089 0.6 0.91 1.54 006  0.83
6061 T4 0.67 3.8 0.98  0.77 1.3 0.82 1.06 0.8 0.84
6061 T6 0.65 4.5 1.00 0.33 29 0.62  0.61 1.3 0.99
6061 CL T4 0.82 2.7 0.99 043 2.0 0.70  0.73 1.4 0.98
7075 T6 0.82 3.9 0.91 0.34 4.0 0.50 082 23 0.93
7075 CL T6 1.22 1.3 0.98 1.65 0.2 0.81 095 0.7 0.76
7178 CL T6 1.01 1.5 0.98 1.41 0.3 09 070 0.8 0.94

“Based on only two points.

PInsufficient data to make analysis.

‘Lot #27415.

Lot #27520.

Lot #27417.

/Lot #27513.
NOTE: CD = AiClad with 1230. CL = AlClad with 7072. M = Kt", m = mass loss in g/m?, t in years.
K = regression coefficient to give mass loss in g/m?2. » = mass loss exponent on years exposure.
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roughly comparable and it is instructive to compare the mass loss values for these two expo-
sures. Some of these values are presented in Table 8. It is apparent that the Daytona Beach site
is less severe than the Kure Beach 25-m site. This is to be expected, because the Daytona Beach
site is significantly further from the mean high tide point, so that the ocean spray has further to
travel to reach the specimens.

The Newark-Kearney mass loss results fail between the Brooklyn and New Haven mass loss
results. This again is more or less what would be expected from the proximity to local sources of
fly ash and other particulates. Unfortunately, we are not able to draw any conclusions on
changes in the atmosphere because of the relatively short exposure, except to note that the
Brooklyn site is certainly aggressive to the aluminum alloys studied during this period. It will be
of interest to compare results from more recent studies, such as the 1976 G 1 program [/]], to
see if the atmosphere in urban sites becomes less aggressive to uncoated aluminum alloys as a
result of regulations designed to minimize atmospheric pollution.

The mass loss regression data is of interest because this approach to reporting aluminum
mass loss data has not been widely reported. In many sources, atmospheric corrosion is re-
ported as a linear rate. However, extrapolation of corrosion caused mass loss is much more
likely to be accurate if the proper correlation equations are used. In general, when localized
corrosion processes dominate, the mass loss exponents will be significantly less than one. This is
a result of increasing diffusion lengths and the presence of corrosion product films. However, it
should be noted that mass loss does not necessarily correlate well with the extent of damage
caused by localized corrosion. For example, the mass loss values were generally less at Daytona
Beach, but the pit depths were often greater.

1t is also significant that the pitting found on the skyward side of the panels was greater, both
in depth and frequency, than on the groundward side. This was observed on specimens from
both New Haven and Brooklyn. At Daytona Beach the groundward pitting was about equivalent
to the skyward side. This is of interest because it has been observed in other studies that pitting
on aluminum panels on the groundward side is more severe than on the skyward side {4]. The
reason for this difference in behavior is probably related to the aggravating effect of particulate
fallout, especially in industrial sites. It may also be related to the fact that the referenced studies
used a 30° exposure angle rather than the 45° angle employed in this study.

The loss of ductility is of interest because it correlates far better with the development of
intergranular corrosion than with mass loss. The results on 6005-T5 show this clearly. This alloy
has very small measured mass loss values, but the pitting is intergranular in nature and the alloy
suffered substantial loss in ductility. The presence of intergranular attack apparently serves as
stress risers during the mechanical testing and caused crack propagation. The presence of chlo-
rides in the atmosphere apparently aggravates the tendency towards intergranular corrosion,

TABLE 8—Comparison of selected mass loss values with ASTM B3-57 exposure results.

Mass Loss
Marine Industrial
KB DB NK BK NH
Alloy Temper  Seven Years Ten Years Seven Years Ten Years Ten Years
1100 4 5.8 5.0 7.2 18.8 7.0
3003 Hi4 5.6 7.2 12.0 24.8 8.2

5005 H34 6.3 4.1

“1100 panels were H14 temper at KB and NK sites; H16 temper at DB, BK and NH sites.
NOTE: All mass loss values in g/m?. KB = Kure Beach 25-m lot. DB = Daytona Beach 50-m lot. NK =
Newark-Kearney. BK = Brooklyn. NH = New Haven.
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especially in pits. It was surprising to see the number of alloys which exhibited intergranuiar
corrosion associated with pitting. Cold work in alloys also seems to aggravate the intergranular
corrosion process.

On the other hand, the ability of the alclad alloys to resist damaging localized attack was
apparent. The cladding clearly prevented intergranular attack of the basis alloy and so these
alloys showed no loss in ductility, even though the mass loss rate was appreciable. Thus, the
concept of using clad alloys to maximize the load carrying capacity of aluminum alloys seems
justified.

Conclusion
The main conclusions to be drawn from the corrosion data are as follows:

1. A sooty industrial environment is far more damaging to unstressed aluminum alloy than a
warm, humid, salt-laden seacoast atmosphere from the standpoint of general mass loss.

2. By far the most noticeable effect of prolonged atmospheric exposure is loss of ductility in
susceptible alloys, which correlates with a tendency toward exfoliation corrosion. Intergranular
corrosion without a special orientation in the direction of the process deformation is far less
damaging to ductility and isolated pitting corrosion has almost no damaging effect on ductility.

3. Materials in tempers which maximize their mechanical strength suffer the greatest loss in
ductility.

4. Sacrificial cladding, particularly of materials in tempers which maximize their mechani-
cal strength, completely eliminates ductility loss.
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ABSTRACT: The marine atmospheric corrosion resistance of a variety of metallic, ceramic, and
metallic/ceramic coatings on aluminum and steel alloys is investigated to assess the long term
protection capabilities of these barrier coatings. Results of 6 to 42 month exposures indicate that
the following coatings provide the best marine atmospheric corrosion protection: thermal sprayed
aluminum, zinc, zinc-aluminum pseudo alloy, aluminum oxide (Al,O;), and both zinc-based and
aluminum-based metallic/ceramic coatings. The application of a low viscosity sealer to one of the
ceramic coatings extends the protective capability of the coating.

KEY WORDS: coatings, metallic coatings, metallic/ceramic coatings, ceramic coatings, thermal
spray, flame spray, arc spray, plasma spray, electron probe microanalysis, metallography, corro-
sion, aluminum, zinc, zinc-aluminum alloys, marine exposures, marine atmosphere, steel

Increasing use of aluminum and steel structural alloys in the marine atmosphere necessitates
the development of corrosion coating technology to extend the service life of these materials.
Metallic, ceramic, and metallic/ceramic barrier coatings have shown promising corrosion per-
formance in marine atmospheric environments and, therefore, were chosen for evaluation
[1-8]. The protection provided by these coatings ranges from strictly a physical barrier (ce-
ramic) to a physical barrier plus some degree of sacrificial protection (metallic and metallic/
ceramic). The specific objective of this research is to assess the long-term protection capabilities
of these barrier coatings. Service life predictions are discussed as well as corrosion mechanisms
for selected coatings.

Coatings

Listings of the types of coatings evaluated in this investigation are presented in Tables 1 to 3.
A variety of methods were used to apply the metallic, ceramic, and metallic/ceramic coatings.
Six out of the eight metallic coatings and both of the ceramic coatings were applied using ther-
mal spray processes. Aluminum coatings deposited by room temperature peen plating and by
electroplating were also evaluated. The metallic/ceramic coatings were applied by either a
room-temperature hand-spraying process or through the use of a dip/spin technique.

In the thermal spray process, the coating material (in the form of wire, rod, cord, or powder)
is melted by either a gas flame or electrical heating. After melting, the material is accelerated

'Materials engineer, Marine Corrosion Branch, David Taylor Naval Ship Research and Development
Center, Bethesda, MD 20084,
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TABLE 2—Ceramic coatings.

Coating
Coating  Substrate Thickness Number of
Designation Material* Coating (pm)* Bond Coat Sealer  Specimens
1
1 5086-0  99.5% AlLO; None None 12
and
] 6061-T6  99.5% ALO, 89.5 Ni-5.5 Al-5 Mo  None 15
125-
K Al 87% ALO;-13% TiO, 200 89.5 Ni-5.5 Al-5 Mo None 9
L i 87% AL,0;-13% TiO, i 89.5 Ni-5.5 Al-5 Mo  Phenolic 9

“Surface preparation was the same as that for the thermal sprayed metallic coatings (Table 1, Substrate
Preparation Procedure 1).
"Excluding bond coat,

TABLE 3—Metallic/ceramic coatings.

Coating Number of
Designation Coating Composition Method of Application Specimens
M Zinc Base with Potassium Hand Sprayed, Air Cured 9

Silicate Binder

N Zinc Base with Potassium Dip/Spin Applied, Air Cured 9
Silicate Binder

O Aluminum Base with Hand Sprayed, Oven Cured 9
Phosphate/Chromate Binder
and Inorganic Topcoat

P Aluminum Base with Hand Sprayed, Oven Cured 9
Phosphate/Chromate Binder
and Fluorocarbon-modified
Silicone Topcoat

Q Aluminum Base with Dip/Spin Applied, Oven Cured 9
Phosphate/Chromate Binder
and Fluorocarbon-modified
Silicone Topcoat

R Aluminum Base with Phos- Hand Sprayed, Oven Cured 9
phate/Dichromate Binder
and Ceramic Sealer

NoTe: Coatings were applied onto carbon steel fasteners. Surface preparation consisted of degreasing the
fasteners and grit blasting with 100-grit AL,O;. Coating thicknesses were 25 to 50 pm.

toward the grit blasted substrate surface, where it impacts and solidifies to form a layered coat-
ing. Three types of thermal spray processes were used to deposit the coatings investigated in this
evaluation: flame spraying, arc spraying, and plasma spraying. Flame spraying uses the heat
from a chemical reaction to melt the coating material—typically an oxygen-acetylene fuel gas
mixture is used. A jet of compressed gas, usually air, is used to accelerate the moiten droplets
toward the substrate. Materials that melt at temperatures less than 2760°C without sublimation
are capable of being applied by this process. Coating materials requiring higher melting tem-
peratures use electrical heating for melting.

Inthe arc spray process, the coating material, in the form of wire or rod, is melted when a
potential difference is applied across the two consumable wire electrodes. A stream of com-
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pressed gas is directed across the arc zone, shearing off the molten droplets and projecting them
towards the substrate. Materials with melting temperatures of 4000°C or less can be applied
using the arc spray process. Coating materials with melting temperatures over 4000°C can be
melted using a plasma (ionized gas) heat source. Plasma spraying is typically used to apply
oxide and carbide coatings for high-temperature corrosion and wear applications. Several de-
tailed treatments of thermal spray coating processes are available in the literature [9-11].

The *“as deposited” structure of a thermal spray coating is different from that of the same
material in wrought form due to the incremental nature of the coating buildup and the fact that
coating composition is affected by reaction of the coating material with process gases and the
atmosphere. The as-applied structure of all thermal spray coatings is similar in layered struc-
ture and in that they all contain some degree of porosity. Figure 1 presents a schematic cross-
section of a thermal spray coating showing parameters that influence coating structure.

Eight metallic thermal spray coatings were evaluated. The coatings were sprayed in accor-
dance with DOD-Std 2138(SH), Nov. 1981 [/2] to a thickness of 175 to 250 ym. Low-carbon
steel substrates were used for all of the metallic thermal spray coatings. Panel dimensions be-
fore spraying were 4 X 6 X 1/gin. (10.2 X 15.2 X 0.32 ¢cm), and each panel was coated on both
sides and all four edges. Initial substrate preparation consisted of degreasing and abrasive blast
cleaning of the panels. Final surface preparation involved abrasive blasting of the panels with
aluminum oxide (mesh size 16-30) to obtain a white metal surface with an anchor tooth profile
of 50 to 75 um. All of the coatings were evaluated in the *‘as-sprayed” condition, with scribe
marks extending to the base metal on several of the specimens. The ‘“‘as-sprayed” or unsealed
condition represents a ‘‘worst possible case’ type of exposure, since these coatings are typically
sprayed or brushed with a low-viscosity sealer prior to use.

Coating A was arc sprayed using two different consumable wire electrodes, one aluminum,
the other zinc. The diameters of the two consumable wire electrodes were chosen to produce an
approximate coating composition of 85% Zn/15% Al. The actual composition of coating A
varied between 15% Al/85% Zn and 60% A1/40% Zn by weight. Coatings C and D were ob-
tained by flame spraying one material to a coating thickness of 100 um, and then spraying the
second material over the top of the first to obtain a total coating thickness of approximately
200 pym. Variations in thickness of 50 to 75 um were common for the flame sprayed coatings,
and variations of 50 to 125 ym were common for the arc sprayed coatings. Typical porosity
levels for the flame and arc sprayed coatings ranged from 5 to 15% by volume.

In addition to the thermally sprayed coatings, peen sprayed aluminum and electroplated alu-
minum coatings were also evaluated. Coating G was obtained by spraying an aluminum powder
(99.5% Al) glass bead mixture at room temperature onto 5086 aluminum panels. Substrate
preparation consisted of polishing the ‘“‘as-received”” surfaces of the panels with 600 grit paper

OXIDE INCLUSIONS

COATING-SUBSTRATE SUBSTRATE ROUGHNESS
ADHESION

COHESIVE STRENGTH
POROSITY

. leAsE mATERIALE

FIG. 1—Schematic cross section of a thermal spray coating.
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before application of the coating. The coatings were applied to both faces of 3 X 4 X /s in.
(7.6 X 10.2 X 0.32 cm) panels to a coating thickness of 50-125 um. Epoxy was used to seal the
uncoated panel edges prior to exposure. Again, the coated panels were exposed in the “as-
deposited” condition. Coating H was obtained by electroplating aluminum from a nonaqueous
organic electrolyte. The proprietary deposition process very similar to the process developed by
Ziegler [13], operates at a relatively low temperature (100 to 120°C), and no hydrogen in the
ionic state is present or can be produced by decomposition reactions. The electroplated coatings
were applied to a thickness of 25 um and were evaluated in the “as-deposited” condition. Panel
dimensions were 4 X 6 X 1/321in. (10.2 X 15.2 X 0.32 cm) before coating and the edges were
sealed with epoxy before exposure.

Two ceramic coatings were evaluated on both 6061-T6 Al and 5086-0 Al panels. The coatings
were plasma sprayed on both faces and each of the four edges of 3 X 4 X /g in. (7.6 X 1.0 X
0.3 mm) panels. Substrate surfaces were prepared in the same manner as described above for
the metallic thermal spray panels. Coating J was prepared using a 89.5% Ni/5.5% Al/5% Mo
bond coat (75 um thick) under the aluminum oxide. This was done to determine whether the
bond coat improved coating adhesion to the substrate. Both coatings K and L contained a bond
coat, Coating thicknesses (excluding bond coat thickness) ranged from 125 to 200 pm. Coating
L contained a brushed-on phenolic sealer.

All of the metallic/ceramic coatings evaluated were applied to carbon steel fasteners of size
0.5in.-13 UNC by 1 in. long. All fasteners were prepared for coating by degreasing followed by
grit blasting with 100 grit aluminum oxide (mesh size). Coatings were then applied by conven-
tional, air-assisted hand spraying or by dipping a 11.34 kg (25 Ib) batch of fasteners into the
coating material and then spinning to remove any excess coating. Two basecoats were deposited
and one topcoat, where required. Final coating thicknesses averaged 25 to 50 um. Coatings
requiring oven curing were baked for 1 h at 650°F (343°C) after applying each coat.

Experimental Procedure

All of the specimens were exposed at the LaQue Center for Corrosion Technology’s marine
atmospheric test site in Kure Beach, NC for exposure periods ranging from 6 to 42 months.
Table 4 lists the exact exposure times. The specimens were exposed on racks located 25 m (80 ft)
from the ocean and angled 30° from horizontal, facing the ocean. Metallographic analysis and/
or electron probe microanalysis was used to characterize the coatings before and after corrosion
exposure.

Results and Discussion

Marine atmospheric observations of all coatings evaluated are listed in Tables 4 to 6.

Metallic Coatings

After 34 months of marine atmospheric exposure, coating A was in good condition. A light
deposit of zinc and aluminum corrosion products was noted on each of the seven specimens
examined. No blistering of the thermal spray coating and no corrosion of the steel substrate was
observed. Metallographic examination of the coating revealed widespread depletion of zinc
from the zinc-rich areas within the coating (Fig. 2B). Previous characterization [/4] of the
pseudo-alloy coating has shown the coating structure to be lamellar, with very distinct zinc-rich
(>90% Zn) and aluminum-rich (>90% Al) areas (Fig. 2A). Electron probe microanalysis of
thermal spray coatings after exposure has shown that the oxide layers and pores within the
coating form a continuous path for the ingression of chlorides into the coating. Corrosion of
the coating initiates along the oxide layers and pores within the coating and then extends into
the coating layers. Severe mechanical degradation of the coating is anticipated in the future due
to the continued depletion of zinc from the zinc-rich areas.
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TABLE 4—Corrosion performance of metallic coatings.

Coating Exposure
Designation ~ Time, months Appearance
A 34 Light accumulation of zinc-aluminum corrosion products on coating

surface. Metallographic analysis revealed widespread depletion of
zinc from zinc-rich areas within the coating.

B 34 Blisters noted within the coating and not at the coating-substrate inter-
face. Metallographic/microprobe analysis indicates depletion of
zinc-rich phase along oxide layers within coating.

C 34 Heavy accumulation of zinc corrosion products. In some locations zinc
layer totally depleted.

D 34 Dark (Black) staining of coating. Blistering between zinc and alumi-
num layers noted on 4 of 7 specimens.

E 42 Supplier #1
Light accumulation of Al corrosion products,

Supplier #2 '
Relatively large blisters (10 mm in dia) noted at coating—substrate
interface.

F 42 Heavy accumulation of zinc corrosion products.

G 6 Severe flaking/spalling of the coating. Metallographic examination re-
vealed large amounts of fragmented glass within the coating.

H 6 Blistering/delamination of the coating at the coating—substrate inter-
face.

TABLE 5—Corrosion performance of ceramic coatings.

Exposure
Coating Time, months Appearance
1 18 Blistering of coating, exposing underlying substrate within four
months’ exposure. Minima! increased corrosion between 4 and 18
months.
] 24 Grey stain present on all coated panel surfaces.
K 18 Blistering of coating noted after four months’ exposure. Blistering ex-

tensive enough to expose substrate noted after 9 months’, with in-
creasing corrosion through 18 months.

L 18 Blistering of coating noted after nine months’ exposure. Exposure of
substrate from blistering was found in some areas after nine months,
but the extent of corrosion was much less severe than that on un-
sealed Al,0,-TiO; panels after nine months. The corrosion of the
sealed panels increased between 9 and 18 months.

TABLE 6—Corrosion performance of metallic/ceramic coatings.

Exposure
Coating Time, months Appearance

M 31 White corrosion products on all fasteners. Slight pinhole rust on 2/9
nuts noted after 25 months’ exposure.

N 24 25% base metal rust noted on 1/6 fasteners after three months’ expo-
sure. Up to 20% base metal rust noted on remaining 5/6 fasteners
after nine months’ exposure.

o} 31 White corrosion products on all fasteners. Slight pinhole rust on 4/s fas-
teners noted after seven months’ exposure.

P 31 Slight pinhole rust.

Q 31 Moderate pinhole rust.

R 30 Moderate pinhole rust.




212 DEGRADATION OF METALS IN THE ATMOSPHERE

100

A. mexposed (light ares = Al rich, #. After 34 Months Marine
dark areas Zn-trich) Atmospheric Exposure

F1G. 2—Arc-sprayed zinc-aluminum pseudo alloy coating (unetched).

Coating B changed in color from a metallic silver grey to a dark charcoal grey after exposure.
Flaking and blisters of the thermal sprayed coating was noted on each of the seven specimens,
with blisters averaging S mm in diameter. Despite the poor condition of the coating, it was still
able to completely protect the base metal. Metallographic examination of the coating showed
extensive depletion of zinc from the zinc-rich phase along the oxide layers within the coating
(Fig. 3). Previous characterization [74] of the prealloyed wire coating has shown a structure
comprised of a very fine dispersion of zinc-rich and aluminum-rich phases. X-ray area scans of a
coating cross-section before exposure are presented in Fig. 4 and show the uniform distribution
of zinc, aluminum, and oxygen within the coating. Degradation of the coating was caused by
depletion of zinc from the zinc-rich phase after chloride ingression into the coating along the
oxide layers and pores. An aluminum-rich matrix is left behind after the zinc is depleted, but
this matrix is weak and eventually collapses, resulting in the formation of large voids within the
coating.

Coating C displayed heavy zinc corrosion product formation on the bottom half of each of the
seven panels after exposure. No blistering of the coating and no base metal corrosion were noted
on any of these panels. Optical cross sections of the coating revealed moderate to heavy corro-

A. Onexposed B. After 34 Months Marine
Atmpspharic Exposure

F1G. 3—Flame-sprayed zinc-aluminum prealloyed wire coating (unetched).
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FIG. 4—X-ray area scans for zinc-aluminum pralloyed wire coating cross section.

sion of the zinc layer (Fig. 5). Longer exposures will be necessary to determine whether the
duplex zinc-top coatings show improved long-term performance over pure zinc coatings. Visual
examination of coating D showed small blisters on four of the seven specimens and dark stain-
ing indicative of the initiation of base metal corrosion on each of the panels.

After 42 months of marine atmospheric exposure, three of the five flame-sprayed coating E
specimens and both of the arc-sprayed coating E specimens were in very good condition. Little
corrosion product build-up and no blistering of the coating were noted on these five specimens.
No evidence of base metal corrosion was found on these five specimens, but it should be noted
that none of the specimens were scribed. It is expected that a light buildup of rust would have
been formed along the scribe if the panels had been scribed. Optical cross-sections after expo-
sure show slight degradation of the coating initiating along the oxide layers and adjacent to
pores in the coating (Fig. 6). Two of the five thermal sprayed coating E panels exhibited blister-
ing of 10% of the coating along the panel edges. Both of these specimens and one of the good
specimens were prepared by a second supplier. Blister sizes ranged from a couple of millimeters
in diameter to >10 mm in diameter. The blisters formed along the coating substrate interface
and contained large amounts of aluminum corrosion product. No rusting of the base metal
underneath the blisters was noted on the specimen removed for detailed evaluation. These early
failures have been attributed to either improper coating application or insufficient surface prep-

F1G. 5—Flame-sprayed duplex zinc-top coating (unetched).
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FIG. 6—Flame-sprayed aluminum coating (unetched).

aration by the second supplier, and emphasize the critical nature of these two steps in the over-
all long-term performance of the coating.

The five flame-sprayed and two arc-sprayed coating F panels exhibited moderate to heavy
zinc corrosion product buildup after 42 months of atmospheric exposure. No blistering of the
coating and no base metal corrosion were observed. Metallographic examination of the coating
showed widespread depletion of zinc along the oxide layers and a heavy buildup of zinc corro-
sion products at the coating surface (Fig. 7).

Severe degradation of coating G was obsetrved after six months of exposure, (Fig. 8B). Char-
acterization of the coating before exposure revealed a large amount of fragmented glass within
the coating, (approximately 50% by volume) (Fig. 8A). Degradation of the coating resulted
from the ingression of chlorides along the paths provided by the fragmented glass.

After six months of exposure, coating H exhibited light staining and blistering/delamination
of the coating (Fig. 9). Characterization of the coating prior to exposure revealed a very dense
coating of uniform thickness with some delamination of the coating noted. No base metal corro-
sion was detected beneath the coating, but rust was noted in areas where the coating had been
intentionally damaged.

FIG. 7—Flame-sprayed zinc coating (unetched).
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FIG. 8—Peen plated aluminum coating {unetched).

FIG. 9—Electroplated aluminum coating after six months' marine atmospheric exposure.

Ceramic Coatings

Coatings I and J exhibited varied results independent of the substrate material. The panels
containing a nickel bond coat under the ceramic coating exhibited blistering extensive enough
to expose the substrate within four months’ atmospheric exposure (Fig. 10). Minimal increased
corrosion was noted between 4 and 18 months. In contrast, panels prepared at a separate site
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FIG. 10—5086 Al panel with Al,O; plasma spray coating after four months’ marine atmospheric
exposure.

with no bond coat remained in excellent condition after 24 months’ exposure. The only evidence
of coating deterioration was the presence of a grey stain on the panel surfaces. These variations
in coating performance are presumably due to differences in the quality of coating application
at the two sites at which the panels were prepared, not to the nickel bond coat.

The corrosion resistance of coatings K and L was below that of coatings I and J. Blistering of
coating K was noted after four months, with increasing corrosion through 18 months. Blistering
of coating L (the same as coating K, but sealed) did not occur until nine months, and the extent
of corrosion was significantly less severe than on the unsealed panels. However, the corrosion
performance of the sealed panels was still well below an acceptable level. The condition of coat-
ings K and L after 18 months’ exposure is seen in Fig. 11.

The rapid blistering noted above suggests inadequate coating adherence. A lack of coating
adhesion was identified in a few areas on both of the ceramic coated panels before marine expo-
sure, which would be obvious sites for increased coating degradation and eventual substrate
corrosion upon exposure. Examination of the ceramic coatings after marine exposure identified
coating deterioration at both the ceramic coating/bond coating interface as well as at the bond
coating/substrate interface. Figure 12 exemplifies a typical coating defect before exposure as
well as coating disbondment at both ceramic coating/bond coating and bond coating/substrate
interfaces after marine exposure. These findings suggest that neither the bond coating nor the
ceramic coating adequately adhered and emphasize the need for proper coating application.
Improper application of the plasma spray coating can result in very early failure, whereas a
properly applied coating can provide a minimum of two years’ protection in the marine environ-
ment (as seen on some of the aluminum oxide panels). This is consistent with other research
[15], which reported good salt water corrosion resistance for aluminum oxide plasma spray
coatings.
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5086 Al with Al;03
Plasma Spray

6061-T6 Al with Al;04-TiOp
Plasma Spray

Plasme.
Leating

Before Marine Exposure Drs bondmeit

After Marine Exposure

FIG. 12—Plasma spray coated panels before and after marine exposure.

Metallic/Ceramic Coatings

Results shown in Table 6 for exposure times up to 31 months indicate that coatings M and O
are providing the best corrosion protection. Slight pinhole rusting was noted on a few of the
coating M nuts (within 25 months’ exposure) and on some of the coating O fasteners (within
seven months). The extent of corrosion for coating O fasteners did not progress beyond pinhole
rust through 31 months. The white corrosion products, present on both coatings, are typical for
aluminum and zinc-based coatings exposed to marine conditions (8, 14].

Coatings P-R exhibited slightly reduced corrosion resistance compared to coatings M and O.
Slight pinhole rusting was evident on coating P fasteners through 31 months and moderate
pinhole rusting on coating Q and R fasteners through 31 and 30 months, respectively. Coating
N was the least corrosion resistant of the coatings evaluated. Failure of this coating, denoted by
base metal rust, occurred on all fasteners within the first nine months of exposure.

It is worth noting the variability in corrosion performance between coatings M and N. These
coatings can both be classified as inorganic zinc, and they vary only in their potassium silicate
binder ratio. The reduced corrosion resistance of coating N was not due to the coating composi-
tion, but was attributable to the method of coating application. These fasteners were coated in
the manufacturer’s laboratory in a preliminary setup to determine the feasibility of application
by a dip/spin process. The poor marine performance of the coating strongly suggests inade-
quate coating coverage.

Conclusions

1. Thermally sprayed Zn-Al pseudo alloy coatings provided a minimum of 34 months’ pro-
tection to steel substrates under severe marine atmospheric conditions. Thermally sprayed alu-
minum and zinc coatings provided a minimum of 42 months’ protection in this environment.
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2. Of the two ceramic coatings evaluated, the aluminum oxide (AL O;) provided the best
protection for aluminum substrates under marine atmospheric conditions.

3. The extent of corrosion observed on the sealed aluminum oxide-titanium dioxide ceramic
coating was much less than that noted on the same coating in an unsealed condition.

4. Metallic/ceramic coatings M (zinc-base) and O (aluminum-base) provided a minimum of
31 months’ protection to steel substrates under severe marine atmospheric conditions.

References

[/] American Welding Society, ‘‘Corrosion Tests of Flame Sprayed Coated Steel—19 Year Report,”
American Welding Society Report #C2.14-74, Miami, FL, 1974,
[2] Bailey, 1. C., Proceedings of the 8th International Thermal Spray Conference, American Welding
Society, Miami, FL, 1976, pp. 223-231.
[3] Schmitt, R. J. and J. H. Rigo, Materials Protection, Vol. 46, No. 52, April 1966, pp. 145-150.
[4] Hoar, T. P. and O. Radavici, Proceedings of the 6th International Conference of Electrodeposition
and Metal Finishing, 1964, pp. 211-222.
[5] Legault, R. A. and V. P. Pearson, Corrosion, Vol. 34, No. 10, Oct. 1978, pp. 344-349.
[6] Stanners, J. F. and K. O. Watkins, British Corrosion Journal. Vol. 4, Jan. 1969.
[7] Haagenrud, S. E. and R. Klinge, Proceedings of the 9th International Thermal Spray Conference,
1980, pp. 385-391.
[8] Munger, C. G., Materials Performance, Vol. 14, No. 5, May 1975.
[9] American Welding Society, First Thermal Spray Manual, (in press), 1985.
[10] National Materials Advisory Board, ‘‘Metallized Coating for Corrosion Control of Naval Ship Struc-
tures and Components,”” NMAB Report No. 409, National Academy Press, Washington, DC, 1983.
[11] Shreir, L. L., Corrosion, Newnes-Butterworths, London, 1976, pp. 13:78-13:91,
[12] DoD-STD-2138(SH), *‘Metal Sprayed Coating Systems for Corrosion Protection Aboard Naval
Ships,” Nov. 1981.
[13] Karl Zeigler and Herbert Lehmkuhl, U.S. Patent 2,849,349, 26 Aug. 1958.
[14] Shaw, B. A. and P. J. Moran, Materials Performance, Vol. 24, No. 11, Nov. 1985, pp. 22-31.
[15] Swain, D., Machine Design, Vol. 53, No. 5, 1981, p. 5.



Jaroslav Priisek!

Computer Techniques in Corrosion
Protection

REFERENCE: Priiiek, J., “Computer Techniques in Corrosion Protection,” Degradation of
Metals in the Atmosphere, ASTM STP 965, S. W. Dean and T. S. Lee, Eds., American Society
for Testing and Materials, Philadelphia, 1988, pp. 220~226.

ABSTRACT: The development of a problem oriented corrosion expert system (CES) is described.
The CES has the following aims: (1) compilation of corrosion data files from data obtained by
experimental activities or from analyses of practical results, (2) analysis of corrosion problems
(determination of environmental aggressivity, degradation mechanisms, and corrosion kinetics)
with the use of corrosion data bases and generalized theoretical knowledge, (3) optimizing the
selection of technology for the protection of engineering plant, machines, and products from cor-
rosion, and (4) economic analysis of the individual corrosion protections suggested.

Corrosion technologists and designers can utilize CIS to (1) file the results of corrosion research
for subsequent application in corrosion analysis and evaluations and (2) objectivize, upgrade, and
speed up the designing of corrosion protection including its economic evaluation.

The structure of the software has been devised for the interactive solution of problems. A dia-
logue of the user and the computer permits protection design optimizing.

KEY WORDS: optimization, design, computers, corrosion protection, corrosion forecast, data
base

The present level of theoretical knowledge and experimental results in the field of corrosion
and material protection have prepared conditions for a proposal of a problem oriented corro-
sion expert system (CES) [1.2].

One of the duties of designers is to assess the problems related to the effects of aggressive
environments on the performance properties and durability of technical products. Demands on
the performance properties of a particular plant, machine, or product, and an analysis of the
corrosion effects provide a basis for the designing of suitable protective measures that would
rule out or suppress all the possible negative influences of environment on the product.

The criterion of an optimized corrosion protection design is to ensure protection of maximum
durability at the lowest possible cost of its application and maintenance during the entire life
required.

To resolve responsibly the protection, the designer should know the character and measure of
aggressivity likely to endanger the product, and has to assess the type and degree of possible
corrosion damage. A design of optimum protection should be based on extensive expert knowl-
edge as well as on availability of complete sets of corrosion, technological, and economic data
applicable in technical practice. Corrosion protection designs have not always been fully effec-
tive. Failures of protective measures caused by incorrect designs are responsibie for most of the
existing corrosion losses.

The present trends towards savings in metals, raw materials, and energy make correct selec-
tion of corrosion protection a highly demanding task on all decision-making levels of manage-

"Research worker, G. V. Akimov State Research Institute for Materials Protection, Prague 9, Czechoslo-
vakia.
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ment. The newly designed, problem oriented computerized corrosion expert system (CES) is a
highly effective tool helping the corrosion experts and designers in their responsible work. Using
a computer, it is now possible to analyze specific corrosion problems and design a correspond-
ing protection. The decisions made by the computer are based on generalized knowledge in the
field of the corrosion of metals and in that of corrosion protection.

Concept of the Corrosion Expert System

The basis of CES is a general model of the procedure used to select optimum corrosion pro-
tection (Fig. 1). By means of the input data, that is,

(1) the type of product, its expected performance properties and the required life, and
(2) the characteristics of the prevailing environment in which the product is to serve,

it is possible to determine, for selected types of materials and protective systems, all the required
output data substantiating the design of an optimum protective system.

The structure of the system software is shown in Fig. 2. CES consists of packages of users and
system programs. The software has been devised for resolving the most frequent corrosion prob-
lems. The CORA and EDATA programs are intended for corrosion scientists and technologists,
while the application programs for the design of optimum corrosion protection systems, classi-
fied according to the respective environment to ATM, WATER, SOIL, TEMP, should serve as
tools for designers. The support EDRA and EDATA software facilitates checking, scanning,
and revision of programs as well as their supplementing, updating, and independent scanning
of data bases.

The main programs contain sequences of interlinked subroutine files. They comprise gener-

[ Proouct | [ Ewvionment | waterias | [ pRoTECTIONSYSTEMS |

demands made on function
dermands made on service life

4
L STIPULATION OF CORROSION AGRESSIVITY |

!

e | PROPOSALS OF PROTECTION ALTERNATIVES je—

L STIPULATION OF DEPRECIATION KINETICS _]
| ECONOMICAL ANALYSIS OF ALTERNATIVES ]
[ RECOMMENDED OPTIMAL CORROSION PROTECTION OF PRODUCT J

FIG. 1—Basic model of the procedure used in selecting an optimum corrosion protection.
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CAD.CES
COMPUTER AIDED DESIGN
CORRQOSION EXPERT SYSTEM

(1) corrosion analysis

(2) protection against atmospheric corrosion
(3) protection against corrosion in water

(4) protection against corrosion in soil

(5) temporary protection

(6) editor of executive routines

(7) editor of data banks

your problem
2

User's programs Main program for

—(1 | CORA | — corrosion analysis of materials

—@— AM ]| - protection of product in atmosphere

—3—[ water]] - protestion of product in water
4 || — protection of product in soil
5 TEMP ]| - temporary protection of product
System's programs

H—6— EDRoU|]  — supervision of routines

7| EDATA || - supervision of databasis

FI1G. 2—Elementary structure of the CES software.

alized decision making procedures concerned with corrosion, corrosion technology, and econ-
omy. The software structure is based on system processing of particular conditions for corro-
sion, their analysis, and on algorithmized procedures producing the results of the solutions.

Internal cooperation with the data base files is a necessary prerequisite in computer analyses
of corrosion problems. The data base files in fact constitute the supporting thesaurus of knowl-
edge. Access to the data bases is ensured by the programs. Whereas the program software is
generally applicable and valid, and data bases can be compiled so as to apply exclusively to a
certain region or country (for example, sets of paint types are classified according to the manu-
facturing program in a certain country, or with respect to specific stipulations of national stan-
dards, and so forth). The software allows the user to cooperate simultaneously and optionally
with a number of data bases of exclusive validity.

The individual creation of data bases and selective access to them permit the CES software to
be generalized on an international level. The system is capable of respecting the national differ-
ences as well as providing conditions for comparisons between different variants of solutions. In
this way it is possible to ensure substitution of protective materials or systems by others im-
ported from, or available in, another country, including economic evaluation of the respective
alternatives.

The designing of corrosion protection invariably involves some risks, so that it is necessary to
ensure a certain probability that the solution has been correct. The computerized processing of
an extensive data base creates suitable conditions for rendering the conclusions as objective as
possible.
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Interactive Operation of the System

The operation of the CES is started by calling the input program (Fig. 2). The user has a
choice of a number of main programs for his particular problems and purposes. The main
program chosen then controls automatically the sequence of computing, feeding in the input
data, its analysts, evaluation, and processing of the final solution.

The computer works on the principle of interaction. The task is resolved in direct contact with
the user, in fact in a dialogue between the operator and the computer. The software allows the
computing procedure to be backspaced and the task conditions changed. It permits solution
variants to be obtained when using alternative data bases.

Examples of the Main Software for the System

The structure of the main CORA program, devised for corrosion analysis, estimation of the
course of corrosion, or the time during which a certain degradation is to be expected, is shown
in the flow chart in Fig. 3; a part of subroutines MATM for atmospherical environments is
shown in Fig. 4.

In the application of the system, use is made of the corrosion aggressivity classification ap-

1. atmosphere
2. water

3. soil

4. special

environment
”

Subroutine for analysis of
€orrosion properties

(1) MATM - of materials in atmosphere

A +—{2) MWAT - of matenals mn water
——(3) MSO! ~ of matenais in soil

—(4) MSPE ~ of materials n special environments

another
environment

another
choice of
program

FIG. 3—Flow chart of main program CORA.
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Subroutine for unput on user's demands

Determination of corrosivity category

~ from environmental data (1S0)

DSEV - from environmental data (ST SEV)
DLOS — from corrosion loss on first year
MEV Subroutine for estimation of corrosivity category
-
Ll
MATERIAL 1. carbon steel 6. nickel
2. weathering steel 7. monel
3. zinc 8. brass
> 4. copper 9. lead
5. aluminum 10. tin

/ _ REQUES] / (@xinetics of the course of corrosion
(@)time of attaining of defined corrosion loss

By —
o —
Y/

another request

SUBEND

FIG. 4—Flow chart of the subroutine MATM.

proved by Working Group 4, International Standards Organization (ISO) Corrosion of Metals
and Alloys (TC 156) [3,4]. The classification is based on environmental data (time of wetting,
sulfur dioxide [SO,], and Cl~ content) as well as on corrosion data (annual corrosion losses of
steel, zinc, aluminum, and copper). The classification criteria stipulated in COMECON stan-
dards are also respected [5]. The system allows for the possibility of creating a degradation
function and deriving conclusions from empirical approximative relationships suggested by a
number of authors.

The structure of the main ATM program devised for optimized designing of systems protect-
ing steel from atmospheric corrosion is shown in Figs. 5 and 6. The procedure for entering the
input data is illustrated by the flow chart of subroutines DEM. Following analysis of the condi-
tions for corrosion, possible protection methods are recommended and the consequences of
unprotected weathering steel are specified. The technical, technological, and economic evalua-
tion of the individual solution can then be chosen by the user.
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ATM
Subroutine for
[ DEM ] — input on user's demands
EV ~ evaluation of corrosivity category.
steady state corrosion rate and
corrosion losses
| EXPE - presentation and search in published
data on corrosion rates and losses
LIT — finding of references
* RECO - recommendation of types of protection
Recommended types of materials or protection
protection
found 1. unprotected carbon steel
2
type of 2. un.prmected weathering steel
protection 3. painting
? 4. galvanizing

5. flame spraying of aluminum or zinc
6. electrospraying of aluminum
and painting
7. flame spraying of aluminum
orzinc and painting
8. galvanizing and painting
9. enameling
10. plasting
11. electroplating

another choice
of program

(o DI | ces |

FI1G. 5—Flow chart of the main program ATM continued.

Hardware for the System

The already finished parts of the system have been operated with the use of the Hewett Pack-
ard (HP) 9835 computer. The software is written in BASIC. In view of the interactive character
of operation the system should utilize a personal computer. The functionally verified part of the
system uses a working store of 64 kB capacity, an external disk store, a CRT display, and a
printer output.

The data base and program pack is stored in the external fixed store. According to the course
of the dialogue, the selected program is automatically transcribed into the working store of the
computer. The data bases providing the necessary data and information for decision making
are called simultaneously. According to the conditions entered and the users requirements, the
interactive work with the computer proceeds until the corrosion problem is gradually resolved.

Conclusion

The principal philosophy used in the creation of the CES is based on the interactive character
of its operation. The computer is regarded as a partner in dialogue with the user who influences
the computer function as well as the degree of its utilization, and has a priority in the resolving
of the individual technological and economic problems of corrosion protection. The main con-
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A

Q Subroutines for recommendation of
appropriate technical, technological
and economical data for

—m — carbon stee!
—iZl — weathering steel
——<3I - painting
—(4) - galvanizing

_(5) - flame spraying
——6) ~ electrospraying
—(7 - flame spraying and painting
——48 - galvanizing and painting
——(9 — enameling
-——{10 - plasting
———(11) ~ electroplating

another choice

FIG. 6—Flow chart of the main program ATM.

tribution of the computer is its rapid and qualified formulation of decisions in relation to the
users requirements, and its ready retrieval of the necessary information from the data bases.

The algorithmization of procedures for the design of protection from atmospheric corrosion
has already been resolved. The software, in the form of the CORA, ATM, EDROU, and
EDATA main programs, is ready for use. The structures of general data bases have been de-
vised, for example, technological data bases for application in Czechoslovakia. The system is
ready for the introduction of further data bases, and the validity of the outputs can be readily
expanded to cover additional fields.

The problem oriented CES can be utilized separately as well as extended to include further
applications. For instance, the system can be included in a program for automatic designing of
steel structures for new investment projects, or in an information system dealing with environ-
mental factors in industrial regions, and so forth. In such instances, CIS can either be operated
separately, or its parts can be introduced as suitable subroutines into another system.
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ABSTRACT: The Bureau of Mines, U.S. Department of the Interior, as part of the National Acid
Precipitation Assessment Program, is conducting a field exposure program to measure the corro-
sion damage on commonly used structural metals and the incremental effects of acidic deposition
and other environmental variables. Corrosion damage, air quality, rain chemistry, and meteorol-
ogy are being continuously measured at five sites in the Eastern and Midwest United States for
periods up to 84 months. Corrosion damage on zinc for periods up to 36 months was determined
from weight-loss measurements, analysis of corrosion film chemistry, and of precipitation runoff
chemistry. The results suggest the long-term zinc corrosion film consists of a stable inner layer
sensitive to atmospheric sulfur dioxide (SO,) concentrations and a nonprotective outer layer. A
synergistic reaction involving SO, and nitrogen dioxide (NO,) may occur. Dry deposition of SO,
and NO, on the corrosion film is substantial. Zinc losses from the corrosion film are proportional
to hydrogen ion loading. Covariance between many air quality and rain chemistry variables may
be low enough to avoid, to a considerable degree, problems in developing linear regression models
of corrosion damage.

KEY WORDS: corrosion, atmospheric corrosion, zinc, air quality, rain chemistry, meteorology,
corrosion film chemistry, runoff chemistry, hydrogen ion load, sulfur dioxide, nitrogen oxides,
acidic deposition, wet deposition, dry deposition

As part of the research of Task Group VII-Effects on Materials, within the National Acid
Precipitation Assessment Program (NAPAP), the Bureau of Mines (BOM), U.S. Department
of the Interior, is conducting a field exposure program to measure corrosion damage to com-
monly used structural metals. The purpose of this research is to determine the effects of acidic
deposition and other important environmental variables on corrosion damage, and to establish
a data base for testing various physicochemical models of corrosion damage from which dose/
response relationships or damage functions can be developed. Accurate assessment of environ-
mental effects on corrosion damage requires concurrent measurements of air quality, rain
chemistry, and local meteorology. Five sites where these measurements are continuously re-
corded have been established in the East, Northeast, and Midwest of the United States. Two of
these sites have been operated since 1982. Metals being studied by the BOM at these sites are
1010 carbon steel, Cor-Ten A, 110 copper, 191 zinc (high-purity rolled zinc), 3003-H14 alumi-
num, and two coated-steel products, galvanized steel, and Galvalume. Other weathering stud-
ies are being conducted at these sites by the Environmental Protection Agency on industrial and
household paints, and the National Park Service and Geological Survey on dimension stone. A
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description of the field exposure program, including onsite monitoring activities and aerometric
and rain chemistry characteristics, has been reported [/]. Zinc corrosion data from this pro-
gram are the focus of the present paper.

The atmospheric corrosion of zinc has been widely studied in laboratory and field exposures
[2-7]. Much of a general nature is known about the zinc corrosion process. However, specific
details of the chemical and physical processes, and complex interactions between these pro-
cesses, which allow one to assess changing environmental conditions and determine their effect
on corrosion, are not nearly as well known. In this paper, seasonal variations in air quality and
rain chemistry at four of the exposure sites are described. Covariance between environmental
variables that may affect linear regression models of atmospheric corrosion is examined. The
effects of environmental factors on the dissolution of the corrosion film and their implications
concerning corrosion film chemistry are discussed. Finally, evidence is presented from three-
year exposures that the corrosion film consists of an outer layer that is relatively unprotective,
and an inner layer sensitive to sulfur dioxide (SO,) concentrations that controls the corrosion
process in long-term exposures.

Experimental Program

Field exposure corrosion tests are conducted at five sites, which are located at Research Tri-
angle Park, NC, Washington, DC, Chester, NJ, Newcomb, NY, and Steubenville, OH. Air
quality, rain chemistry, meteorology, and particulate chemistry are monitored continuously at
these sites. A combination of federal, state, local, and private organizations are conducting the
environmental monitoring activities [/]. A smaller methods site for trials of new experiments is
operated without environmental monitoring at the BOM Avondale Research Center. The test
site on the roof of the West End Library in Washington, DC (Fig. 1) is typical of the five sites.
Three types of exposure experiments, boldly exposed, sheltered, and runoff, are being con-
ducted [/]. Only the boldly exposed and runoff experiments are discussed here.

Boldly Exposed Measurements

Zinc specimens are prepared and exposed using ASTM recommended procedures for atmo-
spheric corrosion tests [/]. Exposed specimens are mounted on a rack facing south and inclined
30° with the horizon. Weight-loss panels measure 10 by 15 cm (4 by 6-in.) and are exposed in
triplicate. Microanalysis coupons, intended for subsequent surface analyses, are exposed with
the weight-loss panels and measure 2.5 by 4.5 cm (1 by 1.75-in.). Specimens are exposed for
periodsof 1, 3, 12, and 36 months; exposures up to 84 months are in progress. In addition, pairs
of specimens with one side masked off are being exposed to measure skyward and groundward
effects at the New York and Washington, DC, sites. Corrosion film weights and corrosion
weight loss are measured gravimetrically. Corrosion film compositions are measured by wet
chemical analysis of the weight-loss panel stripping solutions [/].

Runoff Measurements

Measurements to determine corrosion film losses in precipitation runoff are conducted only
at the Washington, DC, site. The runoff experiment is similar to the boldly exposed experiment
except that it involves a single large zinc panel, which is fitted with a special polyethylene tray to
collect all of the precipitation draining from the skyward side of the panel. The runoff is fun-
neled into a container for subsequent chemical analysis [8]. The runoff panel measures 0.2 m?
(1 by 2 by ft) on one side. A Type 304 stainless steel panel is used as a control to determine
runoff effects from a relatively inert surface for comparison with the zinc runoff results. Runoff
samples from the zinc and stainless steel panels and a rain chemistry sample are collected
monthly for analysis. The monthly runoff samples and the rain chemistry sample are analyzed
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FIG. 1—Washington, DC, exposure site on roof of West End Library showing: test racks for metal.
paint, and building stone: collectors for rain chemistry specimens; and sampling line for air quality mea-
surements.

for hydrogen, sodium, potassium, calcium, magnesium, ammonia (NH,), chlorine, nitrate
(NO;), sulfate (SO,), and zinc. A skyward side corrosion experiment is conducted concurrently
with the runoff experiment to provide data on the weight loss and corrosion film composition of
the zinc runoff panel. With these data, a mass balance on the runoff panel corrosion film yields
directly the amount of dry deposition on the panel

D,'=R,'+A,"W,' (1)

where for the /th chemical species and measured per unit of runoff panel surface area

W = wet deposition: the input to the panel surface from rain and snow; determined from the
analysis of the rain chemistry sample,

A = corrosion film accumulation: determined from the composition of corrosion film on the
skyward side corrosion panel exposed for the same time as the runoff panel,

R = runoff: the output from the panel surface; contains contributions from both wet and
dry deposited material plus that leached from the corrosion film; determined from
analysis of the runoff sample, and

D = dry deposition: the input to the panel surface from dusts, aerosols, and adsorbed gas-
eous species.

Corrosion Product Characterization

Corrosion films from selected zinc microanalysis specimens have been examined by scanning
electron microscopy, X-ray photoelectron spectroscopy, X-ray diffraction, ion scattering spec-
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troscopy, and thermogravimetric analysis (TGA); the results are reported elsewhere [9]. Addi-
tional TGA analyses were performed on zinc specimens exposed 1 to 36 months. One set of
measurements was made in helium at atmospheric pressure. A second set was done under vac-
uum using a Veeco SP1-10 monopole residual gas analyzer (RGA) and an ionization pressure
gage to measure the composition of gases produced during thermal decomposition of the corro-
sion film. Corrosion film weight-loss measurements were made using a Cahn RH electrobal-
ance. A Cahn Mark II time derivative computer was used to generate weight-loss rate curves.
Both weight-loss and weight-loss rate were recorded at a nominal heating rate of 5°C/min over
the temperature range 40 to 250°C. For measurements under vacuum, the composition of the
gas produced by thermal decomposition was determined at roughly S-min intervals.

Results and Discussion

Environmental Variables

The air quality and rain chemistry data exhibited seasonal behavior that was typical for each
of the variables. These observations were made by inspection of three years of monitoring data;
they are meant only to indicate whether the data from the different sites are periodic.

Air Quality— Average gaseous pollutant concentrations computed for the 24-month period
1983 June to 1985 May are given in Table 1. Except for SO, at the Washington, DC, site, these
values are similar to those reported earlier [/]. The Washington, DC, SO, value represents a
35% reduction from 1982 levels. High nitrogen oxide (NO) levels are characteristic of the DC
site and should be considered in terms of possible synergistic cotrosion effects involving SO,
and NO; at low relative humidities [10, 11]. Figure 2 is a plot of monthly average SO, concentra-
tions for the Washington, DC, and New York sites. The cycle of maximum SO, levels in the
winter and minimum levels in the summer is in good agreement with historic patterns related to
regional energy demands. With two exceptions, a similar pattern was observed for NO and
nitrogen dioxide (NO,) at each of the sites. Nitrogen oxides are too low at the New York site for
any pattern to be observed. Nitrogen dioxide is high all year at the Washington, DC, site and
exhibits no periodic behavior. Ozone has a cycle that is shifted by 6 months from those for SO,
NO, and NO,, and is characterized by a maximum concentration in the summer and a mini-
mum concentration in the winter.

Rain Chemistry—Monthly ion loading, defined as the product of ion concentration and
monthly rain volume divided by the cross-sectional area of the rain collector, is used here as a
measure of the total exposure of a material to an ion species. Figure 3 is a plot of monthly
hydrogen ion loads at the Washington, DC, and New York sites. The hydrogen ion load reaches
a maximum during the summer and a minimum in the winter. This cycle is roughly 6 months
out of phase with the cycle for SO, shown in Fig. 2. Other ions, such as SO,4, NOj, and NH,,
follow the same cyclic pattern as the hydrogen ion load.

Table 2 lists correlation coefficients computed from monthly air quality and rain chemistry
data obtained at each site over a two year period, 1983 July to 1985 June. The correlation be-
tween rain volume V and the hydrogen ion load H is perhaps of the most interest. One would

TABLE 1—Average pollutant concentrations in ppb. 1983 June
through 1985 May.

Site SOZ NO NOZ 03
North Carolina 3.0 7.9 12.7 27.3
Washington, DC 10.2 38.4 33.5 17.5
New Jersey 8.3 5.3 15.5 31.8
New York 2.8 0.2 1.3 31.0
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FIG. 2—Monthly average SO, concentrations at Washington, DC, and New York sites: data set, 1952
March through 1985 December.
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FIG. 3—Monthly hydrogen ion load at Washington, DC, and New York sites; data set. 1982 June
through 1985 June.

expect, since H; includes rain volume in its computation, that the correlation would be strong.
Instead the correlation coefficient ranges from 0.42 for the Washington, DC, site to 0.84 for the
New Jersey site, that is, from a weak correlation to a moderately strong correlation. Similar
values are observed for the interactions V-SO,4; and V-NO3;. Table 2 shows high correlations
between ions associated with acidic deposition, H; -SO,4; and H-NOj3;, and with atmospheric
aerosols, NH4;-SO4; and NH4;-NOj;. On the other hand, there is no correlation or relatively
weak negative correlation for SO»-S04;, NOx-NO;;, H;-SO,, and H;-NOy. The results in
Table 2 suggest that covariance (or multicollinearity), while not to be discounted in developing
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TABLE 2—Correlations between air quality and rain chemistry variables,
1983 July through 1985 June.

Correlation Coefficients

Interaction NC DC NJ NY

V-H, 0.62 0.42 0.84 0.50
V-SO,, 0.65 0.54 0.79 0.44
V-NO;, 0.68 0.63 0.80 0.65
H,-SO, 0.06 —0.34 —0.41 0.26
H,-NO, —0.42 —0.58 —0.34 —0.26
H,-SO,, 0.98 0.93 0.97 0.89
H,-NO;, 0.94 0.85 0.92 0.73
NH,;-8O,; 0.88 0.82 0.88 0.84
NH,;-NO;; 0.94 0.88 0.84 0.77
SO,-SO,; —0.05 -0.41 —0.48 —0.40
NOx-NO;; —0.55 —0.60 —0.30 —0.20

linear regression models for corrosion damage, may not be a significant problem for a number
of important air quality and rain chemistry variables, including rain volume and hydrogen ion
load, sulfur dioxide and sulfate ion load.

Zinc corrosion damage has been shown to vary directly with the atmospheric concentration of
$0,[2.4.6,10,12-14]. In one study, Schikorr [14] shows that the monthly average corrosion rate
of zinc closely followed the annual cyclic variation in SO, concentration. The corrosion data
from the present study were examined for seasonal trends. None were found in the data from the
North Carolina, Washington, DC, and New Jersey sites for exposures of 1, 3, or 12 months. The
absence of such trends suggests that other environmental factors, such as time of wetness
(TOW), are important in the zinc corrosion process. (Temperature and humidity data are being
assembled for each site but are not yet available.) On the other hand, data from the New York
site exhibited cyclic behavior for all three exposure periods. Maximum corrosion rates for
monthly exposures were observed in September and minimum corrosion rates in January
through February. This does not coincide with the pattern identified by Schikorr [/4] for SO, or
identified here for any of the other air quality or rain chemistry variables. However, freezing
temperatures during winter at the New York site will result in a low TOW, which one suspects is
at least partially responsible for the low corrosion rates observed during the January through
February period.

Corrosion Film Chemistry

In the absence of acidic deposition and marine influences, the atmospheric corrosion of zinc
involves first the formation of zinc oxide, or hydroxide [9]. Equilibration with atmospheric car-
bon dioxide (CO,) then leads to the formation of basic zinc carbonates [15]. The various reac-
tions and equilibria involved in these processes lead to the reaction paths shown schematicaily
in Fig. 4. Loss of zinc from the corrosion film can occur by two such paths. In clean environ-
ments, those free of acidic deposition, the zinc hydroxide (Zn(OH),) or zinc carbonate can dis-
solve in precipitation and wash from the surface in a manner described by K, ; and K, . When
acidic species are present in wet or dry deposition, a second path involving the reaction of hydro-
gen ion with the basic zinc corrosion product is available. A soluble salt, such as zinc sulfate
(ZnS0O,), which can be washed from the metal surface, is the product of this second reaction.
Two moles of H™ are needed to free a mole of Zn from Zn(OH),; only one mole of H™ is re-
quired for zinc carbonate (ZnCOQ ;) forming the soluble bicarbonate ion [9]. The rate of neutrali-
zation in this second reaction path will depend on the kind of acidic species delivered to the zinc
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FIG. 4-—Schematic representation of reactions and equilibria involved in forming zinc corrosion film.

surface, its rate of delivery in wet or dry deposition, its residence time on the surface, and the
presence of other species that may influence the reaction.

Zinc corrosion film weights, which are roughly related to corrosion film thickness, are shown in
Fig. 5. Each vertical bar represents data from 25 one-month exposure tests (involving three panels
per test), fourteen 3-month exposure tests, and eleven 12-month exposure tests. The correspond-
ing number of tests for the Ohio site are 12, 4, and 1. The vertical bar represents the range of the
mean film weights (that is, the mean for the three panels in a test) observed in the tests. The
horizontal line dividing the bars represents the average film weight for all of the tests. The horizon-
tal line for the three-year exposures represents the one test completed at each of the sites (except
for Ohio). The considerable dispersion in the film weights reflects the sensitivity of the corrosion
film to environmental conditions. The minimum corrosion film weights at each site increased with
exposure time. The average corrosion film weights also increased with time. This increase was
rapid for the Washington, DC, site, particularly after three-months exposure, moderate for the
New Jersey and New York sites, and slow for the North Carolina site. The substantial corrosion
film present after only one month of exposure would suggest that the corrosion product forms
rapidly and that the zinc surface is covered by corrosion product within hours or days of its initial
exposure.

Zinc corrosion rates are shown in Fig. 6 for the same set of tests as presented in Fig. S. The
vertical bars represent the range of the mean corrosion rates (that is, the mean for the three
panels in a test) observed in the tests. The solid black bar represents the standard deviation
computed from replicate measurements and indicates the precision of the measurements. The
midpoint of the solid bar locates the average corrosion rate for all tests. The wide dispersion in
the corrosion rates for the shorter exposures indicates the importance of environmental condi-
tions during the initial exposure. Such variations in corrosion rate are common in much of the
field data reported for short exposures [/-5]. Figure 6 shows that most of these variations have
damped out after one year. Except for the Washington, DC, site, mean monthly corrosion rates
fall by a factor of 2 after 3-months exposure and by a factor of 2 again after 12-months expo-
sure, indicating that the corrosion product offers some degree of protection to the underlying
zinc. However, from one to three years there is little decrease in the corrosion rate at the New
York, New Jersey, and North Carolina sites, and the corrosion rate actually increases by 50% at
the Washington, DC, site. This, coupled with the substantial increase in film weight with time
shown in Fig. 5 would suggest that continued film growth in long exposures makes little or no
contribution to the overall protection of the zinc.
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FIG. S—Zinc corrosion film weights for five field sites and four exposure periods. Shaded bar represents
the range of mean film weights observed in individual tests: horizontal line dividing the bar is average film
weight for all tests: data set, 1982 March through 1985 December.

Zinc corrosion films produced in 1-month to 3-year exposure periods all gave similar TGA
weight-loss curves. The features of these curves include a gradual but increasing weight loss
with increasing temperature and then, for measurements in helium at atmospheric pressure, a
rapid weight-loss from 200 to 250°C. For the TGA-RGA measurements in a vacuum, the rapid
weight-loss began at temperatures 20 to 30°C lower (Fig. 7). (Temperature control was more
difficult in the vacuum. This lead to fluctuations in the heating rate, which prevents direct
comparison of the weight-loss and weight-loss rate curves in Fig. 7.) The TGA measurements
were consistent with a film composed of basic zinc carbonate, ZnCOj - nZn(OH),. The similar-
ity of the TGA weight-loss curves for corrosion films produced in both short- and long-term
exposures suggests that conversion of the initial Zn(OH), into the basic zinc carbonate begins as
soon as the initial corrosion product forms. Measurements on specimens exposed one month
and three years at the Avondale, MD, site using the combined TGA-RGA technique showed
that CO; and H,0 were produced by the thermal decomposition of the corrosion film (Fig. 7),
indirect evidence that the zinc corrosion product contains both the carbonate and the hydrox-
ide. The relative amounts of these two compounds as a function of temperature (and roughly of
time) can be computed from the data in Fig. 7 by assuming that the partial pressures for CO,
and H,O are proportional to the molar production of these gases from the corrosion film. The
integrated area under the curves, after establishing a reasonable baseline, is then proportional
to the total molar production of the gases. Using these areas, the mole ratio H,0/CO, is 1.5,
which is the value that corresponds to the basic zinc carbonate film 2ZnCO; - 3Zn(OH), [16].
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F1G. 6—Zinc corrosion rates for five sites and four exposure periods. Shaded bar represents the range of
mean corrosion rates observed in individual tests; solid bar represents standard deviation of replicate mea-
surements; average corrosion rate for all tests is midpoint of solid bar: data set. 1982 March through 1985
December.

Corrosion film analyses by wet chemical techniques showed the amount of sulfur present in
the films was low. Sulfate is not a major constituent of the corrosion films. After 1-month expo-
sure at the Washington, DC, site, the measured accumulation of sulfur in the corrosion films
averaged 8 mol % compared to the amount of zinc in the film. It tended to remain at this level in
longer exposures, and the sulfur concentration after three years had increased only to 10.0
mol %.

The wet and dry deposition of sulfur, nitrogen (as NOj3), calcium, and sodium on zinc ex-
posed one and three months at the Washington, DC, site is summarized in Table 3. The corre-
sponding wet and dry deposition values for stainless steel are included for comparison. The
deposition values were computed from runoff measurements using Eq 1. Calcium, a constituent
of dusts and ash, not surprisingly is delivered to the panels primarily as dry deposition. Sodium,
which is often explained as a constituent of sea salt but is also a significant constituent in ash
[16], is delivered in roughly equal amounts in wet and dry deposition. The dry deposition of
calcium and sodium on the zinc and stainless steel surfaces is similar and suggests that, at least
in short exposures, both surfaces have roughly the same efficiency as collectors of the character-
istic particulates containing these elements. On the other hand, the dry deposition of SO, is
much higher on zinc than on stainless steel. To a lesser extent, this is also true of NO,. If it
assumed that the adsorption of NO, and SO; on the stainless steel is small, that is, that all of
the dry deposition on stainless steel is caused by nitrate and sulfate aerosols, and that a similar
amount of nitrate and sulfate dry deposition occurs on zinc, then the increased dry deposition of
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FIG. 7—TGA and RGA results for corrosion film on zinc microsample C-67 exposed three years at the
Avondale, MD. methods site.

sulfur and nitrogen on zinc can be interpreted as a result of SO, and NO, absorption by the zinc
corrosion product. In the case of sulfur, the figures in Table 3 clearly indicate that the zinc
corrosion film is a strong absorber of SO,. This fact is further accentuated by knowing that the
deposition measurements reported here were made in the June-Aug period when atmospheric
SO, concentrations were, lowest and wet deposition of sulfate was highest. Despite these condi-
tions, the sulfur deposited by dry deposition was nearly as great as that by wet deposition. A
similar analysis shows that NO, is also absorbed by the corrosion film. However, the analysis
also shows that NO and NO;, which generally have much higher atmospheric concentrations
than SO, at the Washington, DC, site, are much less readily absorbed than SO,.

The results of the runoff measurements in terms of solution chemistry are shown in Fig. 8.
The lines in this figure are a graphical presentation of the equilibria given in Fig. 4. The small
cross-hatched area represents the range of pH and zinc concentrations observed in the runoff
samples collected over a seven-month period, June-December 1985, at the Washington, DC,
site. The bracket at the lower left corner of the figure shows the pH of the incident rain. The
brackets above it show the range of Zn** concentrations that would result if all the H* neutral-
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TABLE 3—Wet and dry deposition on zinc and stainless steel (SS) at Washington, DC,
in a one- and three-month exposure in 1985.
1 Month 3 Month
Dry Dry
Wet, umol umol % of Wet, umol umol % of
Element/Metal cm? cm? Total cm? cm? Total
S—Zn 0.37 0.34 48 0.89 0.99 53
—SS 0.37 0.10 21 0.89 0.20 18
N¢—Zn 0.33 0.16 32 0.69 0.45 40
—SS 0.33 0.13 28 0.69 0.32 32
Ca—Zn 0.039 0.334 85 0.234 1.045 82
—SS 0.039 0.401 87 0.234 1.214 84
Na—Zn 0.024 0.033 58 0.065 0.064 30
—SS 0.024 0.022 48 0.065 0.057 47
“N as NOj;, does not include NH,.
! T T
HCO3
cor
107 —
Zn*tin runo"
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a and amorph
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1

FI1G. 8—Monthly zinc runoff results and related equilibria; data set. June through December 1985.

ized either Zn(OH); or ZnCOj;. 1n addition to a curve describing the solubility of ZnCOj, there
are curves for amorphous Zn(OH), and for «-Zn(OH),. Pourbaix [/7] indicates that these
forms of zinc hydroxide are more likely to exist under the neutral to slightly acid conditions that
occur on the outer surface of the corrosion film than the less soluble e-Zn(OH),. In any case,
this figure shows that the solubility of the zinc corrosion product is orders of magnitude higher
than the concentrations that exist in the runoff. Saturation of the runoff in zinc ions, even in a
thin boundary layer adjacent to the film surface, would appear unlikely. The narrow range of
near neutral pH values observed for the runoff, 6.58 to 6.74, indicates that the corrosion film
has reacted with nearly all of the acidic species present in the precipitation.

Runoff data are reported in Table 4 for the June-December 1985 measurements; H; is the
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TABLE 4—Zinc runoff data from Washington, DC, June through December 1985;
H{ = hydrogen ion load, V = rain volume load, and R = zinc runoff loss
from the corrosion film.

R, mg Zn/dm?
Month H,;, mg H/dm? V., L H,0/dm? Observed Fitted«
June 0.0940 0.478 4.27 4.74
July 0.0641 0.554 3.43 3.96
August 0.0643 0.574 4.61 4.00
September 0.0365 1.441 5.00 5.84
October 0.0549 1.088 6.16 5.34
November 0.0527 0.908 5.00 4.67
December 0.0064 0.159 1.98 0.73

‘R =(ay, + o, [HTDHV,.

monthly hydrogen ion load, V, is the monthly rain load, and R is the zinc lost from the corro-
sion film in runoff. These data were fit by least squares to the two-parameter model

R =(a; +a[H)V, (2)

where H; = [H*]V,, and [H™*] is the hydrogen ion concentration in the incident rain. This
equation was reported in a slightly different form earlier [9]. «, represents the solubility of the
corrosion product in neutral precipitation; o, represents the grams of zinc dissolved from the
corrosion film per gram-equivalent weight of hydrogen ion consumed in neutralization reac-
tions with the zinc corrosion product (Fig. 4). Both processes (solubility and neutralization)
occur concurrently during field exposures; separating them in Eq 2 is done only to facilitate
analysis of the data. With a correlation coefficient of 0.42 for the Washington, DC, site (Table
2), H; and V can be treated as independent variables in computing c; and «;. The results of
these calculations are shown in Table 5 (DC runoff) using H; and V; alone as explanatory
variables and then together. 7-scores indicate that the o’s are significant for each of these cases.
However, the higher R? would suggest the combination of H; and V/ is the preferred model for
the runoff data. This result leads to a solubility of 3.2-mg zinc dissolved from the corrosion fiim
per litre of precipitation. The «; value of 34.2 is close to the stoichiometric value of 32.7 for the
dissolution of Zn(OH),. It suggests that Zn(OH), is the principal constituent neutralized in the
corrosion film at the Washington, DC, site in short-term exposures.

TABLE S—Effect of Hy and V on zinc runoff losses. *

V; Coefficient H,; Coefficient
Independent Variable o t-Score %3 t-Score R,
DC runoff (short term)
H, only e ... 70.9 5.8 0.85
V, only 5.09 7.5 oo o 0.90
H;,and V; 3.18 4.8 34.2 3.6 0.97
Weight-loss experiments
H,; only 93.2 31.5 0.91
V. only 4.21 25.5 e 0 0.86
H;and V; 0.10 0.2 91.0 6.6 0.91

“Ry = {ay + o [HTD V.
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Runoff results can also be calculated from the boldly exposed weight-loss data. Zinc lost from
the weight-loss panels is equal to the total metal loss less the amount of zinc retained in the
corrosion film. Runoff results calculate in this way for 3-, 12-, and 36-month exposures at the
North Carolina, Washington, DC, New Jersey, and New York sites were fitted to Eq 2. The
results (weight-loss experiments) are shown in Table 5 in the same format used for the runoff
data. While H, and V, alone are both significant explanatory variables, only the H, term is
significant when they are combined. For this reason and the slightly higher R?, H, was chosen
as the explanatory variable. The runoff results based on the weight-loss data and the fitted curve
are plotted in Fig. 9. The a5 value of 93.2 is higher than the stoichiometric value of 65.4
associated with the dissolution of ZnCOj. It suggests that other environmental species in addi-
tion to H, contribute to film dissolution in the longer exposures. The high value of «; also
indicates that per mole of hydrogen ion, the zinc corrosion film dissolves more rapidly in these
exposures than in short-term exposures at the Washington, DC, site.

Weight-Loss Measurements

The loss of corrosion products in the runoff as a result of hydrogen ion and other acidic
species, particularly the higher loss rates observed in long exposures, raises the question of
whether the corrosion film is ever completely stripped from the panels. The results in Figs. 5
and 10 would indicate that this does not occur. Zinc weight loss is shown in Fig. 10 as a function
of zinc runoff in one- and three-year exposures at four sites plus a three-year exposure at the

250

200 (— Key

O 3 month
A 12 month
O 36 month

150 L

100

Zinc Runoff, mg/dm?’

e, @éﬁa ° n

1 1
1.0 15 2.0

+25

B

Hydrogen lon Load, mg/dm?’

FIG. 9—Zinc runoff and hydrogen ion loading data from weight-loss experiments at the NC, DC, NJ. and
NY sites in exposures of three months to three years; data set, 1982 March through 1985 December.
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Avondale, MD, methods site. A mass balance on the corrosion film shows that the zinc weight
loss from the panel M is given by

M=M, + M, 3)

where

M = zinc weight loss, mg/dm?,
M, = zinc accumulated in the corrosion film; determined from corrosion film analyses,
mg/dm?, and
Mg = zinc runoff; measured as the difference (M — M), mg/dm?.

The derivative of Eq 3 with respect to My is

M aM,
OMr  dMg

+1 4

At steady state conditions, when there is no further growth in the corrosion film, M ,/0Mg
should be zero and the zinc weight loss should equal the corrosion film runoff loss, that is,
dM/3Mp = 1. However, as Fig. 10 shows, dM/dMz = 1.35 and dM 4,/0Mp > 0, indicating
that even after one- and three-years exposure zinc is accumulating in the corrosion film. There
are some site-to-site differences in the slopes computed from the data in Fig. 10. The Washing-
ton, DC, and New York sites have slopes of 1.65, while that for New Jersey is 1.20 and North
Carolina is 1.16,

Zinc weight-loss data are plotted in Fig. 11 versus exposure time for 3 year exposures at each
of the sites, and a series of 1 year exposures at the Washington, DC, and North Carolina sites.
The shape of the short-term curves varies considerably. As noted earlier, this is typical for such
data and related to the importance of environmental conditions during the initial exposure.
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FIG. 11—Zinc weight loss curves for three-year exposures at the four sites and a series of one-year expo-
sures at the Washington, DC, and North Carolina sites: data set, 1982 March through 1985 March.

Figure 11 that shows the instantaneous corrosion rates (slope of the curves) levels off with time
or in the case of the Washington, DC, site, actually increases. This is not the result expected of
protective corrosion films when the film thickness is continuing to grow (Fig. 5). Nor is it the
behavior exhibited by the corrosion films in short exposures where an increase in film thickness
produces a decrease in corrosion rate (Figs. 5 and 6). In long exposures the increase in film
thickness beyond a certain value appears to offer no real improvement in corrosion protection.
This would suggest that the long-term corrosion film may consist of two layers, a stable inner
layer with considerable control over the corrosion process and a nonprotective outer layer that
continues to grow. This outer layer would be affected to a greater extent by all of the weathering
processes that affect the corrosion film: TOW, H, dry deposition, runoff, basic carbonate for-
mation. In short exposures, while the two-layer structure is developing, these processes would
affect both layers of the corrosion film; hence, the strong influence of environmental factors on
corrosion rate observed in exposures up to a year. However, in long exposures where the two-
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layer structure is well developed the sensitivity of the corrosion kinetics to some of these factors
is reduced.

The existence of a two-layer structure in longer exposures is also suggested by the ordering of
the three-year weight-loss values (Fig. 11), an ordering that is totally different from that which
would be inferred from the short-term data. For the first time the ordering of metal damage
would appear related to atmospheric SO, concentration. Slopes of the weight-loss curves for
long exposures were computed by the difference between the one- and three-year weight-loss
values. The slopes are shown in Table 6 expressed as equivalent annual weight loss and as corro-
sion penetration (in pum/year). Also listed in Table 6 are the hydrogen ion load for the final two
years of the specimen exposure and the average SO, concentration for this period. Weight-loss
values do not correlate well when plotted versus H; ; the value for the Washington, DC, site is a
distinct outlier from those for the other sites. On the other hand, there is a good, if nonlinear,
correlation of weight-loss with average SO, concentration (Fig. 12).

The development of a stable inner layer sensitive to SO, concentration may lead to conditions
where other environmental factors also become important. For example, Kucera [/0] and Byrne
and Miller [11] have both indicated that SO, and NO, can act synergistically under relatively
dry conditions to produce sulfuric acid

S0, + NO; + H,0 - H,804 + NO (5)

TABLE 6—Long-term zinc corrosion damage computed from 12 and 36 month exposure data.

Annual Equivalent
Hy, Average SO,, Weight Loss, Corrosion
Site mg/dm? ppb mg/dm? Rate, um/year
New York 0.861« 2.75¢ 51.5 0.72
North Carolina 0.694¢ 3.00° 46.3 0.65
New Jersey 1.399% 8.13¢% 75.9 1.06
Washington, DC 1.270¢ 10.17¢ 135.8 1.90

“Measured 1983 June through 1985 May.
*Measured 1983 March through 1985 February.
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FIG. 12—~Effect of SO concentration on long-term corrosion damage.
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Kucera has cited evidence for this reaction on carbon steel and copper. Byrne and Miller, based
on chemical analyses of corrosion film and condensate, indicate that it may also occur on alumi-
num. Haynie et al. [/3] examined the possibility for such a reaction on galvanized steel and
found none, but the SO, and NO, levels chosen may not have been suitable for establishing
such an effect. Relative to the other sites, the environment at the Washington, DC, site would
seem more likely to meet the conditions needed for Reaction 5 to occur. The Washington, DC,
site has a relatively low annual time-of-wetness, and NO, concentrations are high. Further-
more, runoff measurements indicate that dry deposition of NO, occurs on the corrosion film at
this site. Thus, a two-layer corrosion film may be a reasonable concept to use in explaining the
long-term corrosion behavior of zinc. The stable inner layer is sensitive to ambient levels of SO,.
A mechanism, such as Reaction 5, then accounts for the much higher corrosion rate observed in
long exposures at high NO, sites, such as the Washington, DC, site.

Conclusions

Zinc exhibits different short-term and long-term corrosion performance related to environ-
mental conditions and the nature of the corrosion film. Zinc corrosion in long exposures (ex-
ceeding one year) depends on atmospheric SO; concentration. A synergistic relationship be-
tween SO, and NO, may exist where conditions favor the oxidation of SO, to form sulfuric acid
(H,50,), that is, relatively dry conditions and significant dry deposition of NO;. Zinc corrosion
rates are level or increasing in long-term exposures even though the corrosion film continues to
grow. A two-layer structure is suggested by the fact that film growth in long-term exposures
does not improve the corrosion protection. In this model, a stable inner layer sensitive to SO,
concentration controls the long-term corrosion kinetics of the zinc. The outer layer is relatively
nonprotective, responsive to weathering processes, and continues to grow. In short exposures,
before the two-layer structures is well developed, the zinc corrosion rate is strongly influenced
by the effects of environmental conditions on both layers.

The zinc corrosion film begins transforming into a basic zinc carbonate as soon as corrosion
product is formed. 2ZnCO; - 3Zn(OH), was identified in the long-term corrosion product. Ap-
proximately 8 to 10 mol % sulfur relative to zinc is present in the corrosion product for all
exposures. Significant amounts of SO, and to a lesser extent NO, are deposited in the corrosion
film by dry deposition. The loss of zinc in runoff from the corrosion film is directly proportional
to H;. In short exposures at the Washington, DC, site, the principal constituent dissolving from
the corrosion film is Zn(OH),; in long exposures it appears to be ZnCQj;. The correlation coeffi-
cient for rain volume and H, ranged from weak to relatively strong. In general, covariance was
sufficiently low between many of the air quality and rain chemistry variables of interest that
problems in developing linear regression models of corrosion damage may, to a considerable
degree, be avoided.
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DISCUSSION

T. J. Summerson' (written discussion)— Are there any plans to extend the studies to western
site locations?

You reported only on the rolled zinc sheet. What have been the resuits for carbon steel, alu-
minum, and these other materials?

S. Cramer, J. P. Carter, P. J. Linstrom, and D. R. Flinn (authors’ closure)—A site near
Carus, OR, was located by the Bureau of Mines to serve as a “‘clean” or reference site for index-
ing the environmental effects at the five earlier sites. The site, operated by the Oregon Depart-
ment of Environmental Quality, had continuous monitoring of some air quality and meteoro-
logical parameters, and could have been expanded to the operating standards of the other sites.
It had a temperate climate, adequate rainfall, and most importantly, excellent air quality and a
rain pH 1 to 2 units higher than rain at the other sites. Unfortunately, the Environmental Pro-
tection Agency (EPA) and National Acid Precipitation Program (NAPAP) did not fund its oper-
ation.

On the other hand, California has an extensive materials effects program funded by the Cali-
fornia Air Resources Board, which addresses some of the unique problems of the western states,

'Kaiser Aluminum & Chemical Corp., Center for Technology, Box 877-6177 Sunol Blvd., Pleasanton,
CA 94566.
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that is, fogs, minimal precipitation, and high levels of the nitrogen oxides. Much of this work is
focused on the environment of the Los Angeles basin.

Limited results for carbon steel, aluminum, and the other materials have already been pub-
lished in several sources. Additional results will be forthcoming in National Association of Cor-
rosion Engineers (NACE), ASTM, and other publications, particularly as data from the long-
term exposures becomes available. NAPAP will use this data in preparing the 1989 assessment
document and later the final report on materials effects scheduled for 1992.
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ABSTRACT: The resistance of products to atmospheric degradation is an important quality con-
sideration. In Czechoslovakia, corrosion protection is considered to be an integral element of
quality. The corrosion protection system is verified after each production step. The quality of the
corrosion protection system is also confirmed by authorized state and departmental testing labora-
tories, Commissions of large industries concerned with atmospheric effects provide consultation
and expert advice, especially in the application of international, national, and departmental stan-
dards and regulation.

The assurance of product corrosion resistance is an integral part of the quality control process.
A system of coordinated standards covering general principles regulates construction, design, se-
lection of materials, and protection systems. Emphasis is placed on the standardization of quality
testing methods. Departmental and industry standards are now being developed. The physical
and chemical principles of corrosion are incorporated in the approach used in these standards.

Every product is exposed to the atmosphere, either during manufacture or during its service life.
The atmospheric environment varies from place to place and moment to moment. To select cotro-
sion protection measures rationally for construction materials, it is necessary to know how the
various atmospheric factors affect materials and the protective systems that are used with them.
The generalization of this knowledge regarding the kinetics of the degradation of materials and
protective systems, with information on the influence of the atmospheric factors, permits a practi-
cal classification system for atmospheric corrosivity to be developed. The essence of this classifica-
tion system has been incorporated in national and international standards.

Active international cooperation among twelve member nations has allowed the International
Standards Organization Technical Committee 156, Working Group 4 to produce four draft stan-
dards. This work summarizes many years of independent effort by the members.

The technique of classification of the corrosivity of the atmosphere is useful in making maps
showing the corrosivity distribution for regions. It is also helpful in the detailed mapping of locali-
ties with variations in pollution levels. This approach is also used to select optimum corrosion
protection measures and to develop testing procedures for products exposed to the atmosphere.

KEY WORDS: atmospheric corrosion, industrial pollution, marine pollution, time of wetness,
classification criterion, corrosivity category

Construction materials and the products made from them become degraded by exposure to
the atmosphere during transportation, storage, and operation. The relationship between the
tendency for materials to become degraded by atmospheric exposure and the character of the
atmosphere has been determined in a number of cases. However, interpretation of atmospheric
degradation in terms of corrosion processes allows for more general use of the data.

!Senior scientific workers, G. V. Akimov State Research Institute for the Protection of Materials, 250 97
Praha, Czechoslovakia.
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In Czechoslovakia, there is a system that translates information about protection against cor-
rosion into practical designs required for technical applications. Corrosion resistance is consid-
ered an important aspect of the products and devices used in atmospheric environments, and
measures designed to impart corrosion protection are integral quality features. These measures
are checked at each stage of production. Authorized state testing shops have been set up to
follow the quality of these protective measures. International, national, and local standards
with the advice of qualified experts are used in designing appropriate protective measures.

Other countries, including the USSR and Sweden, also emphasize the atmospheric corrosion
resistance of materials and products. Committees of experts concerned with these problems
collaborate with national standardization authorities and institutes concerned with corrosion
and determine appropriate techniques for securing corrosion resistance. This work is valuable
not only in terms of optimizing the use of materials, but also in terms of improving the nation’s
economy. Only products with sufficient resistance to atmospheric corrosion can compete in in-
ternational trade, especially in exports to Third World developing nations. The requirements of
international trade also provide an impetus for developing a classification system for atmo-
spheric corrosion. Standards and regulations relating to a variety of products could refer to such
a classification system.

Standards on Atmospheric Corrosion Resistance

A coordinated system of standards has been developed in Czechoslovakia to guide designers
and engineers in the selection of materials for service in corrosive environments. These stan-
dards emphasize the need to conduct tests and inspections to determine the severity of the appli-
cations. Various protective measures are evaluated by considering the function of the product
and the degradation processes that may be encountered. Towards this end, it is necessary to
evaluate or at least estimate the corrosivity of the environment in which each product is used. It
is also possible to estimate the life of various protective systems used on products in corrosive
environments. The lives of these alternative systems can then be evaluated in terms of the needs
of the product involved. This analysis allows the selection of an optimum protective system by
comparing the life of each protective system with the requirements of the product.

The selection process for a protective system is illustrated in Fig. 1. The Czechoslovakian
standards which provide guidance for this process are listed in Table 1. At the conclusion of this
process it is necessary for the product design and manufacturing engineers to incorporate these
recommendations into specific product designs.

A set of standards has been developed in Czechoslovakia to provide guidance in selection
measures to combat corrosion and other forms of environmental degradation. The approach
used in this effort is illustrated in the diagram below in Fig. 2.

Classification of Corrosivity of Atmospheres

Every product is exposed to an environment during its useful life that may influence its opera-
tion. The external environment is, in principle, the earth’s atmosphere containing all of the
corrosive components present in the local environment. However, when a product is put into
use, a different environment may be created because of heat transfer to or from the environ-
ment, contamination of exposed surfaces, abrasive effects from contact with solid particles, and
many other causes.

It is necessary to consider the working environment as well as atmospheric effects when evalu-
ating the long-term performance of products and protective systems. It is also necessary to con-
sider the conditions that occur during production, shipment, storage, and start up. In some
cases, serious damage has occurred during these nonoperational periods.

The atmosphere is a complicated environment with a number of variables that affect corro-



250 DEGRADATION OF METALS IN THE ATMOSPHERE

Atmospheric
Corrosivity
-—

Kinetics of

Degradation
Processes
| |
1 |
| Material of Construction |
\ i
| |
| | Optimum
| |————| Protectton
: | Systems
|
| Corrosion Protection Systems | l
| |
___________________ Product

Functional
Demands

Operating
Life

FIG. 1—Selection of corrosion protection measures for products in atmospheric service.

TABLE 1—Czechoslovakian standards for the protection of products against external degradation.

Standards Title Description
CSN 03 8206 division lines of the globe into climatic the surface of the earth is
region for technical purposes divided into macroclimatic
zones according to the cli-
matic elements affecting the
technical products
CSN 03 8804 The specification of protection systems the principles of specifi-
of technical products against cation of protective sys-
environmental effects tems and the verification
of their quality are deter-
mined
CSN 03 8101 basic demands made on the testing of the the basic demands made on the
quality of metal protection systers quality testing of the corro-
against corrosion sion protection systems are
determined. The tests are
divided according to purpose
of use
CSN 34 5620 climatic tests selection of electrotechnical the kinds and degrees of the
equipment in adverse climatic test severities in relation
conditions to the kind of product are
specified
CSN 03 8805 kinds of climatic versions of technical in relation to the macrocli-

products

mate, the category of the
location and type of

atmosphere of the kinds
the product are specified
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TABLE 1—Cortinued.

Standards

Title

Description

CSN 03 8203

CSN 03 8204

CSN 03 8004

CSN 03 8110

CSN 03 8211

CSN 03 8260

CSN 03 8240

CSN 03 8207

corrosivity classification of atmosphere

the determination of an atmosphere’s corrosivity

for metals and metal coatings

quality of coatings on metals; terminology

testing of atmospheric corrosion resistance in
functional conditions and on atmospheric
test stations

measuring the atmospheric pollution by sulfur
dioxide

protection of steel structures against
atmospheric corrosion; Specifications,
quality control, and maintenance

protection of steel structures by paints
against atmospheric effects

protection of metallic products against
climatic effects during storage

in relation to the macro-
climate, the category of
the location and degree
of pollution by SO; and
chlorides for five degrees
of corrosivity are
classified

the processes for the
quantification of the
corrosivity are specified

the terminology and quality
features of important coatings
of metals and the informa-
tive features of the de-
preciation are stated

the principles of the testing
of the resistance of con-
struction materials, pro-
tection system products,
and functional parts are
outlined

the absorption methods
using alkaline plates
are sketched

the selection, workmanship
quality inspection, and
maintenance of protec-
tion systems of building
steel structures against
atmospheric corrosion in
relation to the corro-
sivity classification are
specified

the quality features of
protected surfaces and
paints in relation to
the corrosivity are
specified

the definition of the corro-
sivity classification for
storage conditions with more
precision and specification
of protection modes are
developed

Note: Additional standards covering specific types of coatings and laboratory corrosion tests are not

listed.

sion. There is no single expression that can be used to estimate the atmospheric degradation of
materials. In general, it is necessary to establish limits for the amount of damage that can be
tolerated. Then the degradation processes that operate in the environment must be understood.
It is necessary to estimate the extent of damage that may occur because of these processes and
this must be compared to the limits established. Generally, it is desirable to have specialists
carry out such an analysis.
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FIG. 2—Czechoslovakian system of standards to provide guidance in the selection of protective mea-
sures.

An important component of this evaluation process is the classification of atmospheric corro-
sivity with respect to various materials for construction and protective systems. Specific levels of
atmospheric corrosivity have been established for materials in terms of the damage that occurs.
In the case of coatings, these corrosivity categories may be used in setting minimum require-
ments for surface preparation, coating thickness, and quality testing.

The classification of atmospheric corrosion of metallic material is presented in this paper.
The results of tests at atmospheric exposure sites and in laboratory settings, as well as observa-
tions from the field, show that the corrosion rate of engineering metals is proportional both to
the level of pollutants and the fraction of time that the metal surface is wet with moisture. Also
the rate of corrosion decreases when stable and protective corrosion product layers form on
metal surfaces. After a sufficient period of exposure, the corrosion rate achieves a constant
value, which is a function of the fractional time of wetness and the level of pollutants in the
atmosphere. However, the initial corrosion rates are more sensitive to the pollution level and
fractional time of wetness than the long-term rates and so are more desireable in characterizing
atmospheric corrosivity.

The results of past atmospheric corrosion studies are used in the preparation of Czechoslova-
kian standards CSN 03 8203 and CSN 03 8204 (Table 1). The corrosivity of the atmosphere is
classified in these standards, and techniques for estimating the extent of corrosion damage are
provided. Corrosion rates that may be used to design engineering metals over a range of atmo-
spheric corrosivities have been identified as “‘guiding values.” These Czechoslovakian stan-
dards were used as the basis for the work of the International Standards Organization Techni-
cal Committee 156 on the Corrosion of Metals and Alloys, Working Group 4, concerned with
the Classification of Corrosivity of Atmosphere (ISO/TC156/WG4).

The classification of atmospheric corrosivity is in fact a generalization of our knowledge of
the atmospheric corrosion of materials and coatings. As such it provides an essential link in the
process of optimization of protective measures to combat corrosion [/]. The system diagramed
in Fig. 3 is a specific version of Fig. 1 as applied to metallic materials.

This approach to the selection of materials should be followed for all types of products. How-
ever, it is necessary to obtain more precise information on the characteristics of atmospheric
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FIG. 3—Diagram of the approach to selecting materials and protective systems for products containing
metallic materials in atmospheric service.

exposures that influence corrosion rates, especially in terms of regional variations. Both the
variation in the corrosion rate with atmospheric corrosivity and regional variations of atmo-
spheric corrosivity have been monitored continuously in Czechoslovakia for the past ten years.

Special attention has been paid to the accumulation and processing of atmospheric data for
the various macroclimatic zones, especially in Czechoslovakia. Measurements have been made
of environmental characteristics, including pollution levels in important regions and areas of
industrial activity. Maps have been prepared showing the distribution of corrosivity for the en-
tire nation and detailed maps have been made for industrial regions and residential areas—for
example, the city of Prague. Some of the results of this work are presented in Tables 2 and 3.

Long term studies on the corrosivity of some specific microclimates have also been carried
out. These studies cover specific types of structures, such as bridges, and also include the effects
of sheltering and occluded areas. Some examples of the results of this work are shown in Table 4
and 5. In spite of the difficulties of generalizing these results, they do provide important infor-
mation on areas where the expected corrosion rates will be significantly different from those
predicted from standard guiding values.

The results of statistically designed corrosion tests at various exposure sites are also included
in the evaluation of atmospheric corrosivity and the development of the classification system. A
very extensive set of results, including approximately 900 experimental values for steel, has
recently been completed. These resuits were incorporated with the results of eight other test
programs on sixty types of structural steels for a ten-year exposure period. A model developed
from these results is not able to predict damage from corrosion in the atmosphere, but it is
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TABLE 4-—Mass losses of steels after four-year exposure on steel bridge in urban atmosphere.

Steel, g/m? Steel, %
Place and Category
of Location Position of Specimens 11 523« 15217 11 523« 15217%

Outside the bridge vertically north 645 500 100 77.5
Category 1 vertically south 381 233 100 61.2
Under bridge floor vertically 386 297 100 76.9
Category 2 horizontally from above 268 203 100 75.7

horizontally from below 370 296 100 80.0

911 523 = standard structural steel.
#15 217 = Atmofix weathering steel.

TABLE S—Characterizing the microclimates of various categories of location in the same locality.

Characterization Outdoors Shelter Storage
Duration of relative humidity 80% (% of time) 11.3 20.4 8.3
Indicated time of wetness QAY* (% of time) 42.9 58.6 0.1
SO, pollution®/mg/m?/day 36.2 21.9 9.7
Rate of corrosion on carbon steel g/m?/day 0.350 0.177 0.006

“Indication system of SVUOM with conductivity pickup.
#Measured on alkaline absorption plates.

useful for the analysis of the influence of individual variables [2]. This analysis did highlight
limitations of the classification approach.

Joint test programs of SVUOM (G.V. Akimov State Research Institute) in Prague and SCI
(Swedish Corrosion Institute) in Stockholm were important in this work. Similar exposures were
carried out at eleven atmospheric exposure test sites in Czechoslovakia and Sweden. The atmo-
spheric conditions covered by the sites in these two countries cover conditions typical of a very
large area, including central and northern Europe, the United States, and Canada. This is a
very important area in terms of the use of products. The results of the 4-year exposure have been
published, [3.4] and the eight-year samples will be withdrawn starting in 1986. As a result of
this work, we anticipate that we will be able to predict long term corrosion behaviour.

International Standardization of the Classification of Atmespheric Corresivity

The ISO Technical Committee 156 on Corrosion of Metals of Alloys/Working Group 4 (ISO/
TC156/WG4) is responsible for the classification of the corrosivity of atmospheres. This work-
ing group includes specialists from twelve countries bringing together many years of experience
in atmospheric corrosion. This working group produced four proposals for standards concern-
ing the classification of atmospheric corrosivity. These were registered by the Central Secretar-
iat of the ISO in 1985. The titles of these documents are listed in Table 6.

The approach that has been used in ISO/TC156/ WG4 for the classification of atmospheric
corrosivity involves a consideration of the following significant factors that influence atmo-
spheric corrosion:

(a) time of wetness, including moisture condensation and precipitation,
(b) pollution of the atmosphere by sulfur dioxide (SO,), and
(¢) the deposition of chlorides from marine sources.
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TABLE 6—ISO draft proposals concerning atmospheric corrosivity classification.

1SO/DP 9223 corrosion of metals and alloys—Classification of corrosivity categories of atmospheres

1SO/DP 9224 corrosion of metals and alloys—Guiding values for the corrosivity categories of atmo-
spheres

1SO/DP 9225 corrosion of metals and alloys— Aggressivity of atmospheres—Methods of measurement
of pollution data

1SO/DP 9226 corrosion of metals and alloys—Corrosivity of atmosphere—Methods of determination
of corrosion rate of standard specimens for the evaluation of corrosivity

These factors were chosen because of the strong effect that they have on atmospheric corro-
sion in most environments. Levels are proposed for each of these factors and used to develop an
estimate of atmospheric corrosivity. Corrosivity is also classified into five categories for each of
the four different metals. The mass loss corrosion damage after one year of exposure is the basis
for determining the corrosivity category. These mass loss values are used only to determine
corrosivity category and have no technical importance by themselves. They are, however, a nec-
essary intermediate stage in the determination of corrosivity category. The guiding values of
corrosion loss may be used to determine corrosion allowances in calculating the thickness of a
supporting structural member or in determining the appropriate coating thickness.

It is important to note that the proposals cited in Table 6 provide a detailed methodology for
determining corrosivity classification. The various classification tables from these proposals for
time of wetness, sulfur dioxide, and chloride and the guiding values for corrosion plain carbon
steel, zinc, copper, and aluminum are given in the Appendix (Tables Al to A6).

Applications of the System for the Classification of Atmospheric Corrosivity

The estimation of the corrosivity of the atmosphere is the key input information for the selec-
tion of suitable corrosion protection measures as shown previously in Fig. 1. However, to im-
prove the use of this approach in certain cases, we propose developing more detailed methods to
estimate corrosivity categories based on the design and functional characteristics of the product
or device in question. For example, this approach has been used for steel structures and motor
vehicles in Czechoslovakia. Because of the complexity of the design in these cases, it has been
necessary to carry out testing on model systems.

The use of the classification system of the corrosivity of the atmosphere has been codified in
some legislation. Decree No. 105 concerning the documentation of construction requires that
data used in developing the system of corrosion protection be taken from that published in the
Codes of Law in Czechoslovakia. These data can be derived from the documents covering the
classification of corrosivity in individual localities. Regional maps showing the distribution of
corrosivities have become popular. However it must be noted that local effects created by the
operation of the exposed technical product or adjacent operations can overwhelm the regional
corrosivity effects.

Detailed mapping of the corrosivity appears to be suitable for large production plants that
show significant variations in corrosivity. These maps can be used to select corrosion protection
systems as well as to determine the time schedule for maintenance painting and recoating. In
this case, it is necessary to use actual corrosion tests with standard specimens to develop the
maps.

To determine the changes in the atmosphere as a result of new industrial activity, a network
of measuring points is used with a central monitoring laboratory. The primary elements of this
system or the partially processed data values may also be used for corrosivity estimation. The
Municipal Information System (MIS) of the city of Prague supplies sufficient information to
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calculate the corrosivity of the atmosphere in the “living environment” circuit. The selection of
corrosion protection measures can be optimized with this information.

Changes in the living environment in an area may cause economic damage, e.g., damage
from corrosion [5]. These changes should be evaluated. The use of the guiding values of corro-
sion from the previously mentioned standards provides a rational method of evaluating corro-
sion damage. An example of this process is given in Table 7 for steel structures, and Table 8
provides an evaluation of service lives of various alternative protective coatings for steel based
on their atmospheric corrosivity category and guiding value of corrosion. The use of this table
precludes the necessity of integrating the complex corrosion kinetics involved in these corrosive
conditions.

The draft proposals of the ISO/TC156/WG4 for atmosphere corrosivity classification have
been recommended by the Working Group on Effects of the Influence of Pollution of the ECE
UN as a suitable technical document for evaluating the effects of the environment on various
objects and products. It was also recommended for the selection and optimization of protective
measures as well as the numerical expression of damage. The classification of corrosivity thus
provides an important contribution to the goals of the Convention on Long Range Trans-bound-
ary Air Pollution.

TABLE 7—Comparison of annual costs of the production and maintenance of
steel structures at their 30-year service life, Kcs year™'.

Corrosivity Category
(maximum steady state corrosion

rate of carbon steel) Version of Steel Structure
Standard
Steel,
Standard Structural Atmofix Aluminum
Type of Structure Steel with Paints Weathering Steel 250 pm
3 to 20 pm, yr~!
light structures 1063 859 1263
medium structures 1632 1835 1847
4to 40 um, yr~!
light structures 1450 859 1263
Sto 7 um, yr~'
light structures 1954 unsuitable 1263
medium structures 2171 1835 1848

TABLE 8—Guiding service lives of coating systems of steel structures, years.

Degree of Corrosivity of Atmosphere

Kind of Corrosion Protection 1 2 3 4 S
120 pm coat on manually derusted surface 20 10 S <5 <$
120 um coat on blasted surface 30 20 10 S <5
hot galvanizing, 60 to 80 um 50 50 40 20 10
hot spray of aluminum, 150 to 200 pm >S50 >S50 >50 50 30

Electric metallization by aluminum, 60 to 80 um, coat >50 >S50 >50 S50 30
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Conclusion

The system of classification of the corrosivity of the atmosphere is a generalization of our
knowledge of the atmospheric corrosion of materials. As such, it provides an important tech-
nique to optimize the selection of corrosion protection measures.

This system can be used to generate data bases that provide data on the corrosion behavior of
materials and protective systems. The system may also be used in the evaluation of economic
damage resulting from atmospheric corrosion.

To expand the proposed classification system, it is necessary to study in detail the corrosion
that occurs in mildly aggressive environments, and especially to study the effect of combined
pollutants, including the fall-out of ionizable materials. In view of the existing data, it is desir-
able to further subdivide Classes 1 to 3, thereby providing more precision in the method. It is
also necessary to develop better knowledge of the atmospheric corrosion that occurs in extreme
conditions, such as in tropical and arctic regions.

APPENDIX

Selected Tables from ISO/DP’s or Atmospheric Corrosivity Classification

Unification of Time of Wetness According to ISO/DP 9223

TABLE Al—Classification of time of wetness of corroding metallic surface.*><4

Time of Wetness

Category Hours/Year % of Year Example of Occurrence

T <10 <0.1 Internal air without climatic control

75 10 to 250 0to 1.3 Internal air without climatic control except for internal
nonair-conditioned space in wet regions

T3 250 to 2500 3t030 Outdoor atmospheres in dry and very cold regions and
properly ventilated sheds in temperate zones

T4 2500 to 5500 30to 60 OQutdoor atmospheres in all zones except for the dry trop-
ical and extremely cold zones

Ts > 5500 >60 Very damp regions, unventilated sheds in humid condi-
tions

“The time of wetness of a given locality depends on the temperature-humidity complex of the open air
atmosphere and the category of the location.

®The column indicating the occurrence does not include all possibilities following from the degree of
sheltering.

In indoor atmospheres without climate control wetted by operational sources of vapor, times of wetness
of 73 to 75 can be attained.

4For times of wetness 7, and 7,, the corrosion proceeds according to probability laws (probability and
frequency of critical values affecting environmental factors). The probability of corrosion is higher for sur-
faces on which dust may settle.

Classification of Pollution Categories According to ISO/DP 9223

Pollution categories are defined for pollution of the atmosphere by SO; and for airborne sa-
linity. These two kinds of pollution are representative of atmospheres such as rural, urban,
industrial, and maritime.
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TABLE A2—Classification of pollution by sulfur-containing substances represented by SO, %"/

Deposition Rate of SO,, Concentration of SO,,
mg/m?/d pug/m—3 Category
<10 <12 P,
>10to 35 >12to0 40 P,
>35 to 80 >40 to 90 P,
>80 to 200 >90 to 250 P,

“Methods of determination of SO, are specified in ISO/DP 9225.

#The SO, values determined by the deposition (Sd) and volumetric (Sc) methods are equivalent for the
purposes of classification. The relationship between measurements using both methods could be approxi-
mately formulated as Sd = 0.8 Sc.

“For the purposes of this standard, the SO, deposition rate and concentration are expressed as the annual
average. The result of short-term measurements may differ considerably from long-term averages. Such
results serve for guidance only.

“Any concentration of SO, up to P, is considered to be the background concentration and is insignificant
from the point of view of corrosive attack.

Pollution by SO, over P; is considered extreme and is typical of operational microclimates beyond the
scope of this standard.

/In shed atmospheres and especially in indoor atmospheres, the concentration of the pollutants is reduced
depending upon the degree of sheltering.

TABLE A3—Classification of pollution by airborne salinity
represented by chloride.*"?

Deposition Rate of Chloride

mg/m?/d Category
3 So
3 to 60 S
60 to 300 S,
300 to 900 S;

“The classification of airborne salinity according to this standard is
based on the wet candle method specified in ISO/DP 9225.

*Determination of corrosivity categories are made from corrosion
measurements on standard specimens according to ISO/DP 9223 and
1SO/DP 9226.

NotE: The classification of pollution by chloride (see Table A3) re-
lates to outdoor atmospheres which are polluted by airborne salinity in
marine environments.
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TABLE A4—Corrosion rates for the first year of exposure for the different

corrosivity categories.*

Corrosion Rates of Metals, g/m?/year um/year

Corrosivity
Category Steel Zinc Copper Aluminum?®
1 1to10 <0.7 <09 negligible
0.ito1.3 <0.1 <0.1 negligible
2 10 to 200 0.7t05 09to5 <0.6
1.3t025 0.1t00.7 0.1t0 0.6 <0.25
3 200 to 400 5to 15 5to 12 0.6 to2
25 to 51 0.7t02.0 0.6t01.3 0.251t00.8
4 400 to 650 1510 30 12t0 25 2t05
51 to 83 2.0t0 4.2 1.3t02.8 0.8t02
5 > 650 >30 >25 >5
>83 >4.2 >2.8 >2

“The classification criterion is based on flat plate or helix specimens (see ISO/DP

9226).

# Aluminum experiences localized corrosion, but the corrosion rates shown in the Table

are calculated as uniform corrosion.

NoTe: Numerical values for the first year corrosion rate for four standard metals are
given in Table A4 for each of the corrosivity categories. The values cannot be extrapolated
for prediction of long term corrosion behavior.
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ABSTRACT: Exposure of steel and zinc specimens at 32 test sites in Scandinavia shows that the
pollution by sulfur dioxide (SO,) and by chlorides in marine locations is of decisive importance in
the corrosion attack. The differences in the corrosion rate at the six rural sites in Southern Scan-
dinavia are very slight despite substantial variations in other environmental parameters. Dose
response relations for the corrosion attack on steel and zine, including SO, concentration, chloride
deposition rate, and time of exposure have been developed. The results may serve as a basis for a
quantitative description of corrosivity classes in systems for classification of the corrosivity of at-
mospheres of the type which is now under development by the International Standardization Or-
ganization.

KEY WORDS: atmospheric corrosion, carbon steel, zinc, SO, pollution, chlorides, dose response
relations, classification of cotrosivity

Atmospheric corrosion is a process of great practical and economic importance that has at-
tracted materials scientists for several decades. Extensive laboratory and field investigations
have gradually improved knowledge about the qualitative, and in the last decades, the quantita-
tive influence of climatic parameters on the atmospheric corrosion rate of the most important
materials. Knowledge of the corrosivity of the atmosphere could be used for reduction of the
corrosion damage by a rational choice of materials and protective measures. In some countries,
standards or codes of practice have been issued including a classification system of the corrosiv-
ity of atmospheres [/]. This is also the case in Scandinavia, where the corrosivity classes, how-
ever, are mostly defined only in a qualitative manner [2,3]. During the last few years, a quanti-
tative system for the classification of the corrosivity of atmospheres has been worked out that is
within the scope of the International Standardization Organization (ISO)*S.

To improve knowledge in this field, a common Nordic exposure program coordinated

'Director of research and senior research scientist, respectively, Swedish Corrosion Institute, Stockholm,
Sweden.

Senior research scientist, Norwegian Institute for Air Research, Kjeller, Norway.

Senior principle engineer, Det norske Veritas, Bergen, Norway.

‘ISO DP 9223 Corrosion of Metals and Alloys—Classification of corrosivity categories of atmospheres.

51SO DP 9224 Corrosion of Metals and Alloys—Guiding values for the corrosivity categories of atmo-
spheres.
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through the Scandinavian Council for Applied Research, NORDFORSK, was started in 1975 at
test sites with different types of atmospheres. The aim of the project was to map the corrosivity
of the atmosphere in Scandinavia by exposure of carbon steel and zinc as reference materials
and to find relations between corrosion and environmental parameters. The results from one
and two years’ exposure [4] and from four years’ exposure [5] have been published previously.
The present publication constitutes a final report after eight years’ exposure. It contains all
results obtained and an analysis of the influence of the most important climatic parameters on
the corrosion attack. The results are then discussed in light of the above mentioned I1SO classifi-
cation system of the corrosivity of atmospheres.

Experimental Procedure

Test Sites

The exposure was performed at 32 test sites in Scandinavia (two in Denmark, five in Finland,
six in Sweden, and the remainder in Norway). The locations of the sites are shown in Fig. 1. All
sites, with the only exception the subarctic station in Gillivare, are located in Southern Scan-
dinavia within the temperate climatic zone. Some of the sites are located in inland atmospheres
that are either rural or have SO, as the main pollutant. Others are typical marine locations,
while several are influenced both by manmade pollutants and airborne salinity, which is typical
in Scandinavia because of the long coast line.
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FIG. 1—Corrosion test sites in Scandinavia identified by the numbers found in Table I.
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Measurement of Environmental Parameters

At most of the test sites, environmental parameters were measured. However for some of the
sites meteorological data were used from the closest available meteorological site. The main envi-
ronmental parameters of the sites are given in Table 1. This table also contains the corrosion
attack on carbon steel and zinc after one year’s exposure, which according to the above-men-
tioned ISO standard®, constitutes another way to characterize the corrosivity of an atmosphere.

The SO, content in the air in Sweden, Norway, and Denmark was measured by a volumetric
method in which a known volume of air was passed through an absorption solution containing
hydrogen peroxide. Air particles were retained in a filter prior to the solution. In Finland how-
ever, vertical alkaline impregnated filter papers were used to measure the SO, deposition rate,
which has been converted to SO, concentration [4]. The different procedure used in Finland
constitutes a source of uncertainty.

At most sites precipitation was also collected and analysed for certain constituents such as
sulphates and chlorides, and for the pH-value. The chloride content in precipitation was used to
assess the chloride deposition rate. Unfortunately, the wet candle method® was not used for
chloride determination. This makes a direct comparison of the corrosivity in marine locations
with the ISO standard difficult.

The basic meteorological parameters—temperature and relative humidity—were measured
continuously with thermohygrographs. These data have been used for calculating the mean
temperature and the time of wetness. To estimate the time of wetness, the time at which RH >
80% at T > 0°C has been used.

Corrosion Measurements

The materials tested were carbon steel and zinc with the following composition:
Steel: 0.14 C, 0.42 Mn, 0.10 Si, 0.06 Cr, 0.017 P, 0.015 S, 0.01 Nj, 0.00 Cu
Zinc: 0.05 Fe, <0.0001 Cd, <0.001 Ti, <0.0005 Ni, 0.0007 Cu, 0.002 Pb, <0.0005 Al

For the carbon steel the extremely low copper content should be mentioned, which makes this
steel more sensitive to corrosion attack than steels used in most other investigations. The zinc
used was of electrolytic grade and very pure.

Test panels (100 by 150 by 1 mm) were exposed on racks at 45° to the horizontal (at 30° in
Finland), facing south. The exposure started in July 1975, except in Denmark, where it started
in July 1977. The zinc specimens were withdrawn after one, two and four years’ exposure. The
exposure periods for steel were one, two, four and eight years, with the exception of some Nor-
wegian sites, where the last withdrawal was performed after 8.5 to nine years.

The corrosion attack has been established by evaluation of the mass loss. The corrosion prod-
ucts were removed by pickling. For the one and two years’ exposure, the metal loss during
pickling was corrected for through simuitaneous pickling and weight-loss measurements of
clean dummy specimens. For the four and eight years’ exposure, pickling in at least four consec-
utive periods was adopted using the method of linear regression and extrapolation to zero pick-
ling time for calculation of the weight loss. For pickling of steel, Clarks’ solution was used. The
zinc specimens were pickled in a solution of saturated ammonium acetate at room temperature.

*ISO DP 9225 Corrosion of Metals and Alloys. Corrosivity of Atmospheres—Methods of Measurement of
Pollution Data.
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Analysis of Results

Experimental data comprising the corrosion attacks and environmental data were subjected
to statistical treatment and to regression analysis. The statistical model used is described in
more detail below.

Results

Environmental Parameters

The main environmental parameters of the test sites are given in Table 1. The values are given
as yearly averages.

Corrosion Attack for Steel and Zinc

The corrosion attack after one to eight years’ exposure expressed as a reduction in thickness
in micrometers are given in Table 2.

Corrosion Attack as Function of Time and Pollution

The corrosion attack on carbon steel and zinc as a function of time is illustrated in Fig. 2 and
3. A detailed analysis of the problem is given below.

Statistical Analysis and Development of a Statistical Model

Basic Principles

Since the quality of the environmental data from the different test sites varies and as some of
the sites have special influencing factors, the set of test sites were subdivided into three groups
before the statistical analysis.

The first group, denoted “*A” in Table 1, consists of the sites that fulfill the following require-
ments:

1. Data on corrosion attacks on carbon steel are available from one, two, four and eight
years’ exposure.
The environmental data are measured close to or at the test location.
SO; concentration is measured continuously during at least one year.
. No special pollutantlike cement dust strongly influences the environment.
Marine extreme conditions like the splash zone are excluded.
The test site must be located in the temperate climatic zone.

ov AL

The second group, denoted ‘B’ in Table 1, consists of test sites for which not all of the first
three requirements are fulfilled.

Group *“C” in Table 1 consists of the three test sites for which one of requirements 4, 5, or 6 is
not fulfilled.

Group A was considered a suitable basis for regression analysis in terms of environmental
factors and time of exposure. The mathematical model of corrosion attack thus obtained can
then be used also for calculations on data from Groups B and C. The comparison in observed
and calculated data may then be discussed.
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F1G. 2—Corrosion attack on steel at some test sites in Scandinavia after one, two. four, and eight years’
exposure.

Tvpe of Models

Since Group A consists of 14 test sites, there are 4 X 14 = 56 independent data on corrosion
attack on steel after one, two, four, and eight years’ exposure. There are analogously 3 X 14 =
42 independent data on corrosion attack on zinc after one, two, and four years.

For carbon steel it is well known that the corrosion attack is a nonlinear function of exposure
time during prolonged exposure periods of, for example, eight years [6, 7]. A fair description of
the time course for a specific test site can usually be obtained by using the function.

K =ar 1

where K is corrosion attack, ¢ is time of exposure, and a and r are constants that may depend on
environmental factors. The constant n usually is between 0.5 and 0.6. This type of model was
chosen for carbon steel.

The corrosion attack on zinc is usually a linear function of time [8]. If the exposure conditions
during the initial exposure period are extremely wet, a higher corrosion rate than that corre-
sponding to the pollution level can be expected during the first one to two years. After this initial
period, the corrosion rate decreases and attains “‘expected” values. This deviation from linear-
ity can, however, not easily be described in terms of the average values of environmental factors.
Hence the linear model

K =ct (2)

where 7 is time of exposure and c is a constant, was chosen for zinc.
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FIG. 3—Corrosion attack on zinc at some test sites in Scandinavia after one. t 0, and four years' expo-
sure.

Regression Analysis of Steel Data

The mathematical model was constructed in three steps. First, the constants a and n were
calculated for each test site from the time-course of the corrosion attack during the eight years.
Linear regression analysis was then performed on constants @ and » using the environmental
factors of the different test sites in Table 1 as potential regressors. In combination with SO,

concentration, only chloride deposition rate was significant as a regressor for a in Eq 1. The
equation obtained was:

a=0.7550, + 0.51CI + 16; R =0.96 )

where

SO, = SO, concentration, pg/m?, and
Cl = deposition rate of chloride, mg/m?-d.

The exponent » in Eq 1 varies rather little between most test sites. As the regression equation
obtained explained only 38% of the variation using the environmental data, the value of the
exponent n was chosen as the average of n in Group A, i.e., 0.58. From these results the model
for steel corrosion was formulated as:

K = (C]SOz + C2Cl + C3)'tc4 (4)
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Finally, all the data of the well-defined test sites were used for a least-squares fitting to the
model given in Eq 4. A general least-squares program with Taylor expansion as the method for
linearization was used. Weighting of the data was performed with the assumption of a constant
relative error. The following equation for the corrosion attack on carbon steel was obtained:

K = (0.7750; + 0.42Cl + 14)°% )

where

K = corrosion attack on steel, um,
SO, = SO, concentration, ug/m?>,
Cl = deposition rate of chioride, mg/m?- d, and
= time of exposure, years.

The standard deviations for the constants denoted ¢, ¢3, ¢3, and ¢4 in Eq 4 were 0.08, 0.05,
1, and 0.03, respectively.

The model derived was tested by comparing observed corrosion attacks and corrosion attacks
calculated from Eq 5 (see Table 2 and Fig. 4). The correlation coefficient for the data from one,
two, four, and eight years’ exposure of the test sites in Group A was 0.943, calculated as:

— 2
R = \/1 _ ):(Kohs Ifcalc) (6)
I (Kops — K

where K = the arithmetic mean of the corrosion attacks of Group A.

The agreement between observed and calculated data for the well-defined sites of Group A
may thus be considered good. If the analysis is also extended to sites from Category B, the
spread around the line tends to be greater (Fig. 5). The outliers below the line from sites of
Category B belong to the Finnish and Danish sites. A possible explanation is that the SO, depo-
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FI1G. 4—Comparison of calculated and observed corrosion attack on carbon steel at one, two, four, and
eight years’ exposure comprising all well-defined test sites (denoted A).
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FIG. 5—Comparison of calculated and observed corrosion attack on carbon steel at four years' exposure
comprising all test sites (A + B): O sites of category A, @ sites of category B.

sition rate measurement underestimates the SO, concentration at the sites in Finland. At one of
the Danish sites, an air-out-blow near the rack and at another, close proximity to a street
treated with deicing salts may cause the high observed values.

Regression Analysis of Zinc Data

Multiple linear regression analysis of corrosion attack on zinc in terms of the environmental
data in Table 1 confirmed that the time course is essentially linear. A least squares fitting of all
data of the well defined test sites was performed in the same way as for steel using the following
model:

K = (d;S0, + d,Cl + d3) 7
The following equation for the corrosion attack on zinc was obtained:

K = (0.023S0; + 0.011Cl + 0.53)¢ (8)

where

K = corrosion attack on zinc, pum
SO, = SO, concentration, ug/m3
Cl = deposition rate of chloride, mg/m? - d
t = time of exposure, years

The standard deviations for the constants denoted d, d,, and d; in Eq 7 were 0.004, 0.002,
and 0.06, respectively.

The correlation coefficient defined according to Eq 6 for observed and calculated corrosion
attacks of one, two, and four years’ exposure of the test sites in Group A was 0.89. The observed
and calculated data according to Eq 8 are given in Table 2 and for four-year values at test sites
of Category A + B in Fig. 6.
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FIG. 6—Comparison of calculated and observed corrosion attack on zinc at four years' exposure com-
prising all test sites (A + B): O sites of category A, @ sites of category B.

Discussion

In classifying the corrosivity of the atmosphere, the corrosivity classes are usually defined
using either the environmental parameters time of wetness and contents of sulphur pollutants
and airborne chlorides or using the corrosion attack on standard specimens after one-year’s
exposure. In the present investigation, all sites have in principle been divided into three main
types of atmosphere—rural, urban, and marine with a subdivision based on the pollution levels
of SO, and chlorides. In Table 3, the sites are classified according to this system and values of
corrosion attack for steel and zinc are given as illustrations. Using this table as a starting point,
the influence of the main environmental parameters will be discussed.

Effect of Meteorological Parameters

The time of wetness defined as the time when the relative humidity exceeds 80% at tempera-
tures above 0°C varies at the sites in southern Scandinavia between 2,750 and 4,100 hours per
year. Also the total amount of precipitation shows big differences from around 500 to over 3,000
mm per year. A comparison of the results at rural sites with SO, levels <10 ug/m?3 shows that
the corrosion rate of steel based on one year’s exposure at six sites varies only between 17 and 23
pm/year. Based on four years’ exposure the difference in corrosion rate is even smaller—namely
11to 13 um/year. This shows that the variations in the meteorological parameters have a minor
effect on the corrosion rate within the limits occurring at the test sites of Southern Scandinavia.
It also confirms that even in extensive areas within the temperate climatic zone, the pollution
level is of decisive importance to the corrosivity of the atmosphere.

In the northern part of Scandinavia, in the subarctic zone represented by the test site Gal-
livare, the corrosion rate of steel in an unpolluted atmosphere is only six um/year. This may be
ascribed to the long period with temperatures below 0°C. The time of wetness, 1,580 hours/
year, is thus substantially shorter than in Southern Scandinavia. Exposure of zinc in principle
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gives similar results showing corrosion rates in rural regions of 0.6 to 0.9 um/year. The excep-
tions are some sites on the Norwegian west coast, e.g., Voss, Hyllestad, and Stend. They show
rather high corrosion attack (1.7 to 2.0 um/year) during the first year of exposure. This may be
explained by the large amount of precipitation, which seems to have affected the corrosion rate
of zinc at the beginning of the exposure period, as shown by Ellis [72]. This so-called memory
effect may exert its influence during the first one to two years of exposure. After four years, the
corrosion rate has decreased and at long-term exposure it seems to reach a value similar to that
at the other rural sites (see Fig. 3).

Effect of SO, Pollution

The sulphur compounds, and especially SO, constitute the most important manmade pollu-
tant in atmospheric corrosion today. The test sites may be divided into four categories according
to the ISO Draft Proposal [4]: rural sites with < 10 4g/m3 SO; and three urban categories: Ul
with 10 to 40 ug/m?3, U2 with 40 to 90 ug/m?, and U3 with 90 to 200 pg/m?3. To the U2 category
belongs the Borregaard site, which has the highest corrosivity of all sites based on the four years’
results for zinc and steel. The U3 class is not represented at all in the present network of test
sites. A future study should also involve highly polluted sites. This would permit an assessment
of the validity of the derived dose response functions for the whole interval of pollutant levels for
which the classification system is intended.

In general, the corrosion rate of both steel and zinc at the SO; polluted sites is two to five
times higher than at the rural sites. In the previous interim report, after four years’ exposure,
the corrosion rate at sites not strongly polluted by airborne chlorides correlated strongly with
the SO, concentration. The following regression lines were reported:

K, steel = 18.580, + 292.5; R = 0.88, V=22% 9)
and
K, zine = 1.150; + 14.6; R = 0.88, V=2% (10)

where

K, = corrosion attack at four years’ exposure given in g/m?,
SO; = SO, concentration in pg/m?3,

R = correlation coefficient, and

V = unexplained variance.

In Scandinavia, with its long coast, several important areas with combined SO; and chloride
pollution can be found. In the U1 category, there are eight sites where sulphur pollution is
accompanied by chlorides. The present model, which includes both a SO, and a chloride term,
is thus an important development, which may be of substantial practical importance. However,
it should be stressed that the functions given in Eqs 3 and 6 may be further developed and
modified. For this purpose, the chloride deposition rate should be determined with the wet
candle method rather than by using the value from the analysis of rain water. The reason for
this is that the wet candle method seems to better reflect the influence of chlorides on corroding
metal surfaces.

The corrosion attack on the sites with combined pollution are higher for both steel and zinc
than they are in the U1 category without chloride pollution. The SO, content of the atmosphere
seems to be of decisive importance for the corrosivity, however.
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Effect of Chlorides

The marine sites have been divided into three categories M1 to M3. The pollution levels in the
order of 5 to 20, 20 to 100, and > 100 mg/m? - d chloride are based on values of combined wet
and dry deposition rates in open precipitation gauges. The use of the chloride deposition rate
instead of the distance from the shore is preferable, because the deposition strongly depends on
local topography, prevailing wind direction, presence of archipelagos of islands, etc.

The results in Table 3 show that the corrosion rate for both steel and zinc increases with
increasing chloride deposition rate. The test site with frequent sea water splash, Folehavnen 10,
is the most corrosive in this category. Equations 5 and 8 are not valid for this site. If sites with
extremely high chloride deposition rates should also be included, a nonlinear model with re-
spect to chloride deposition might be useful. The analysis of the corrosion attack made after 1
and 4 years’ exposure published previously may serve as an indication in this direction [5].

Effect of Other Parameters

Because of missing data from certain sites and in several cases because of small variations in a
parameter within the region of Scandinavia as well as a certain lack of quality in climatic data,
it is difficult to evaluate the influence of other variables. Such influences are expressed by the
unexplained variance, which of course also contains the possible errors in data.

For steel, an analysis of the term a Eq 3 shows that using the SO, and chloride levels, most of
the variance in the experimental material may be explained. For the zinc corrosion attack given
in Eq 8, the unexplained variance is greater. The results show, however, that most of the corro-
sion attack in the investigated climatic zone may be explained by the two pollution parameters
used.

In light of the ongoing discussion and investigations on the effect of wet deposition on corro-
sion attack, it may be said that the present material does not show any significant influence of
the pH or SO}~ deposition rate in precipitation on the corrosion of steel. A slight influence of
the SO~ deposition rate in precipitation was observed in the case of zinc. This effect, which
definitely seems to be only complimentary to the effect of SO, and chlorides, will be subject to a
further analysis after completion of the set of data. It may also be mentioned that no data at all
has been available for the NO, pollution. '

The special pollution situation at the test site Brevik should also be discussed. This site is
located close to a cement factory with heavy cement dust fallout. This fact explains the ex-
tremely low corrosion attack at prolonged test periods. The results from the Brevik site also
underlines the fact that a useful system of classification of the corrosivity of atmospheres cannot
include extreme pollution conditions.

Time Dependence of Corrosion Rate

The corrosion rates for one, two, four, and eight years’ exposure of steel at selected sites
according to the classification in Table 3 show a decrease in the corrosion rate with time, which
is at most sites marked after the first year (Fig. 2). On prolonged exposure, the decrease slows
down.

The development of Eq 5, which contains the time parameter and both the SO, and chloride
term, may thus be of great practical importance. The equation can be used for calculations of
the corrosion attack for desired time periods. An example of this is given in Table 3, in which
the differential corrosion rates at ten years’ exposure have been calculated. This value may be
used for estimation of the steady state corrosion rate. In the future, further efforts should be
made to express the value of constant » in Eq 1 as a function of the climatic parameters.

For zinc, the decrease in the corrosion rate after the initial one year period is much less pro-
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nounced (Fig. 3). In atmospheres polluted by SO, and/or chlorides, the decrease is only slight.
From the sites in Fig. 3, only the Stend site with a very high amount of precipitation, shows a
sharp decrease in corrosion attack. The reason for this has already been discussed.

For zinc the value of » in Eq 1 may be considered one and the corrosion attack is assumed to
be linear. For predictive purposes, Eq 8 may be used if the poliution parameters are known. For
assessment of the steady state corrosion attack from field exposures, one year corrosion data
may serve as an orientation. For more reliable prediction, field exposures of two to four years
are recommended.

Conclusions
The investigation permits the following main conclusions:

1. Exposure of steel and zinc specimens at 32 sites in Scandinavia shows that the pollution by
S0, in urban and industrial areas and by chiorides in marine locations is of decisive importance
for the corrosion rate.

2. The differences in the corrosion rate of steel and zinc at six rural sites in Southern Scan-
dinavia are very slight despite the variations in other environmental parameters.

3. The development of a dose response function which expresses the time-dependence of the
corrosion of steel and zinc as a function of both the SO, concentration and the chloride deposi-
tion rate may be of great practical importance.

4. The results may serve as a basis for a quantitative description of corrosivity classes in
systems for the classification of the corrosivity of atmospheres.

S. Also, the corrosion rates from one year's exposure of standard specimens seem to give a
useful indication of the corrosivity of the atmosphere.

6. Among the gaps in knowledge which should be the subject of further work are the elucida-
tion of the influence of rain quality and NO, levels. Also, the use of strictly controlled standard-
ized methods for measurement of pollution and meteorological parameters, including the wet
candle method for the assessment of the chloride deposition rate should be stressed. Adoption
of such methods in a network of test sites covering a broad interval of pollutant levels might
improve the quality of the present dose response functions.
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DISCUSSION

R. S. Humphery' (discussion questionj— Please explain why one industrial site showed lower
corrosion than any rural area.

V. Kucera (author's closure)—The low rate site was adjacent to a cement factory, and speci-
mens were coated with thick high pH deposits.

'Monsanto Chemical Co., St. Louis, MO 63167.
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ABSTRACT: Galvanized steel samples are exposed for periods of up to 30 months at nine air
monitoring sites in the St. Louis, MO area. Climatic and air quality data are recorded during the
exposure periods and subjected to a rigorous evaluation to eliminate recording errors and to esti-
mate missing values. Weight loss is used as the measure of zinc corrosion on the galvanized steel.
The corrosion rate is evaluated with respect to (1) fluxes of pollutants (sulfur oxides, nitrogen
oxides, oxidants, and particles) to the galvanized steel during both wet and dry periods, (2) tem-
perature, and (3) amount of rainfall at Lambert Field (airport). Different definitions of when the
galvanized steel was wet are evaluated to determine the most likely “critical relative humidity.” A
theoretical model of film buildup and dissolution is developed to explain how factors affect corro-
sion rates. Nonlinear and linear multiple regression techniques are used to determine the statisti-
cal significance of each factor.

KEY WORDS: galvanized steel, corrosion, rain solubility, pollutants, climate

From the Fall of 1974 to the Spring of 1977, the EPA conducted an air pollution modeling
study in St. Louis, MO [/]. Nine of 25 continuous air monitoring sites were selected to study the
effects of pollutants on eight types of materials [2]. Galvanized steel (hot-dipped A40) was one
of the materials. A report of previous analysis was based on unvalidated pollution data and
time-of-wetness estimates from Lambert Field relative humidity data [ 3]. The effect of rain was
not considered. This paper presents the results of a more complete analysis of the corrosion of
galvanized steel with respect to validated environmental data.

Theoretical Considerations

Many metals form corrosion product films as they corrode. These films tend to restrict the
rate of corrosion. In general, the rate of corrosion is inversely proportional to the thickness of
the corrosion product film (the rate controlled by diffusion through the film). When the film is
insoluble and does not change structure with time, the corrosion-time function is parabolic
(¢ = av1). Many metal corrosion products have solubilities that are proportional to their
acidity. Thus, in very acid solutions, films are very thin and the resulting corrosion-time func-
tion is almost finear. In atmospheric exposures, there are many sets of environmental conditions
in which these two mechanisms compete. The results are the empirically observed relationships,
¢ = Ar", where the exponent n most often has a value between 0.5 and 1.0 [4, 5].

'Chief of special techniques group, Emissions Measurement and Characterization Division, Atmospheric
Sciences Research Laboratory, Research Laboratory, Research Triangle Park, NC 27711.
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Theoretically, the amount of corrosion c is the sum of the metal accumulated in the corrosion
product film F and the amount of metal solubilized from that film with time 8¢,

c=F+ Bt, (n

where t,, is time-of-wetness, and 8 is a solubilization rate, which is a function of acidic pollutant
fluxes. The rate of film thickness growth in units of metal corroded is

dF/dt, = a/F — 8 2

where « is a function of diffusivities through the film. Pollutants may also affect this coefficient.
Under constant conditions (none of the variables changing with time), integration of Eq 2 yields

—B%, = BF + aln(l — BF/a) 3)
Substituting Eq 1 into Eq 3 and rearranging produces the transcendental equation
c = Bt, + a(l — exp(—BC/a))/B ©)

which is equivalent to

c = Bt, + o/(dc/dt,) S
When B¢/« is large, exp(—Bc/a) approaches zero, and Eq 4 becomes
c=ft, + a/B )

In polluted environments, galvanized steel exhibits this linear behavior after only a few
months. In clean environments, there may be some observable curvature within the first year.
Linear behavior indicates that the rate of formation of a film through electrochemical reaction
and diffusion is equal to the rate of dissolution. Rain can dissolve the complex protective basic
zinc carbonate film that forms on galvanized steel [6]. The solubility of zinc carbonate is pro-
portional to the concentration of carbon dioxide (CO,) in solution [ 7], which in turn is propor-
tional to atmospheric levels of CO,. The solubility of CO, in water decreases with increasing
temperatures?. In St. Louis, atmospheric CO, levels varied within a range of 300 to 550 ppm
and were negatively related to temperature (ppm = 515 — 5.69 X T°C) [9]. If it is assumed
that rain equilibrates with both the atmosphere and the galvanized steel specimens, a corrosion
coefficient associated with clean rain can be calculated from these relationships.

Rain only falls on the upper side of specimens exposed at 30°C to the horizontal. Thus, the
average effect of rain on a specimen is 0.5 cos 30° of that on one side of a horizontal surface.
With this factor included, a theoretical corrosion coefficient from clean rain is calculated from
zinc carbonate (ZnCQ;) solubility data and the temperature dependent CO, levels in St. Louis.
The results are

Cr = 0.4 rain(128.8 — 1.427)' exp[—42.2 + 3194/DP + 4.53 In(DP)] (7

where

Cr = galvanized corrosion due to clean rain, pm,
DP = average dew point temperature, °K,

2Spence, J. W., Haynie, F. H., Stiles, D. C., and Edney, E. O., in this publication, pp. 282-289,
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T = average air temperature, °C, and
rain = total rainfall during exposure, cm.

!

il

(For details of the theoretical derivation, see Footnote 2 in this volume.)

The acidity in rain can increase the corrosion rate, not only by increasing the solubility of the
corrosion product film, but also by depolarizing the cathodic reaction. Thus, from the defini-
tion of pH and with stoichiometric ionic exchange, zinc corrosion in micrometers caused by
acidity is 46 rain X 107P". For the average contribution to corrosion on the 30° specimens, a
pH of 4.2 was assumed and the above relationship was multiplied by 0.5 cos 30°.

Zinc corrosion is also believed to be stoichiometrically proportional to the amount of sulfur
trioxide (SO;) deposited on the surface during periods of wetness [3]. With accumulated SO,
expressed as pg/cm? and corrosion as um, the theoretically calculated coefficient is 0.00143.
Also, a monolayer of SO, can absorb on surfaces during periods of dryness.

Measurement and Data Analysis

Environmental Data

Hern et al. [10] describes the data collection and evaluation system for the environmental
parameters at the nine sites. Subsequently, the resulting Regional Air Pollution Study (RAPS)
data base was revised several times using better validation techniques. The portions of that data
base used in this study are hourly averages of temperature, dew point, windspeed, wind direc-
tion, total oxidant, NO,, SO,, and 24-h total suspended particulate matter (TSP) samples. The
validation process excludes from the data base those values that for one reason or another have
a low probability of being correct. This increases the fraction of data that are missing that could
possibly bias the calculation of long-term averages or total accumulations. A methodology is
developed [11], to estimate these missing values using total system relationships and relation-
ships between the system and climatological data from Lambert Field (an airport meteorologi-
cal station located about 16 km (10 miles) northwest of the St. Louis central business district).
Rainfall and its chemistry is not recorded at the exposure sites. Since rainfall was expected to be
an important parameter, data from Lambert Field are used in this study.

Galvanized Steel Corrosion

Duplicate specimens were exposed for periods varying from 3 to 30 months with exposures
started at each of the four seasons during the first year. The experimental procedure and expo-
sure schedule are documented in an EPA report [ 2]. The results are 153 sets of duplicate weight
loss data with site, exposure time, and initial exposure season as primary variables.

Analysis of Environmental Data

Although the methodology for analyzing the data has been previously reported [11], there are
some differences that should be noted. First, a later version of the RAPS data base was used as
an initial source. Second, time-of-wetness in this paper is defined differently. Thus, the rela-
tionship used to calculate relative humidity from temperature and dew point is based on data
for dew points greater than 0°C. Third, deposition velocities are calculated from boundary layer
theory rather than empirical relationships.

Time-of-wetness as previously defined is the time exceeding some critical relative humidity
[11]. In this paper time-of-wetness is the time a critical relative humidity is exceeded and the
dew point is greater than 0°C, plus any time the critical humidity is not exceeded and it is
raining. This definition is more consistent with time-of-wetness data collected at four of the sites
during the Fall of 1976 using instantaneous Atmospheric Corrosion Monitors [12]. For that
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reason, a regression relating relative humidity to dew points above 0°C and temperature is used
to calculate relative humidity for each hour. This empirical relationship from table data is

RH = 100 exp{[—0.0722 + 0.00025(T + DP)] [T — DP]} (8)

where RH is relative humidity, T is temperature, and DP is dew point, with the last two in °C.
Deposition velocities are calculated from windspeed data. Windspeeds at tower height can be

used to calculate windspeeds at specimen rack height using the relationship for rough sur-
faces [13]

Vt =85+ 25In(Z/e) 9

where V* is the dimensionless velocity, and z and e are the measuring height and roughness
height, respectively. The rack height is about 3 m from the ground. At three of the sites the
meteorological towers were 10 m while at the others they were 30 m. The average ground rough-
ness height is arbitrarily assumed to be 0.1 m (a factor of 10 difference in this estimate affects
the rack height windspeed estimate by less than 12%). Thus, the rack height windspeed is 0.75
times the windspeed at 30 m or 0.85 times the windspeed at 10 m. ,

From analogy with momentum transport, gases with a Schmidt number of approximately one
that readily react at a surface have a deposition velocity of

u= VeV, (10)

where u is the deposition velocity, V* is the friction velocity, and V is the average windspeed.
The friction velocity is equal to V~f/2 where f is the friction factor. From boundary layer theory
for smooth flat plates [ /4]

f = 0.03/(RE Y7 11

where RE; = LV/v, L = length of surface over which the air flows, and v is the kinematic
viscosity of air (0.15 ecm?/s). L is assumed to be the geometric mean of the panel dimensions

(v10.2 X 15.2 = 12.45 cm), Thus

u = 0.35 Vi (122)
u =031V (12b)

with © in cm/s and Vg and V3o in m/s.

Deposition velocities are calculated on an hourly basis and averaged over exposure periods.
Because windspeeds are not normally distributed, the average deposition velocity is about 91%
of the deposition velocity calculated from average windspeed for an exposure period.

Pollutant Accumulation

Hourly deposition velocities are multiplied by hourly pollutant concentrations to get hourly
pollutant fluxes. These are summed over exposure periods for hours of wetness with different
critical relative humidity criteria (75 to 90% in 5% intervals).

The surface of galvanized steel is expected to be wet when a corrosion product and contami-
nant saturated solution is at a temperature below that for which the saturated solution is in
equilibrium with the ambient relative humidity. The equilibrium relative humidity for zinc sul-
fate is temperature dependent (94.7% at 5°C and 90% at 20°C) [8]. If zinc sulfate is the major
soluble constituent on the surface, the definition of time-of-wetness should include the effect of
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temperature variation. From the two points, a linear relationship for critical relative humidity
and temperature is RH, = 96.27 — 0.313 T.

Average dew points are taken as indicators of solution temperatures and redefined critical
relative humidities are calculated for each of the 153 sets of data. Calculated accumulations of
SO; at 75, 80, 85, and 90% are then extrapolated to these critical relative humidities. These
accumulations should provide a more theoretically consistent fit of the corrosion data than as-
suming a set relative humidity as a critical value.

Accumulations of TSP are calculated by multiplying total exposure time by average TSP by
the terminal settling velocity for an assumed size distribution of coarse mode particles (for the
upper side of 30° specimens).? Pollutant fluxes can be calculated by dividing accumulations by
total time or time-of-wetness.

Statistical Analysis of Data

An initial regression is performed on the data to determine the degree of nonlinearity and
relative significance of each of the factors. The form of the model was

In(C) = La; In(t,) + BT + Lo,P; + RR (13)

where C is amount of galvanized steel corrosion, ¢,, is time-of-wetness for different critical rela-
tive humidities, T is temperature, the P;s are the pollutant fluxes, and RR is the rain rate
(amount of rain/t,). Both forward and backward stepwise regressions are done.

Corrosion is linear with time. Temperature is negatively significant, and TSP, SO,, and rain
are positively significant. Ozone, NO,, SO, in TSP, and NO; in TSP are not statistically sig-
nificant.

Simple linear regressions of corrosion against time for each set of site-starting season data, in
most cases, produce fits that account for better than 0.99 of the variability. The corrosion rates
based on these slopes average 0.762 pm/year with an estimated standard deviation of 0.118
pm/year. The values ranged from a low of 0.553 um/year for a set started in Spring at a rela-
tively clean site, to a high of 1.034 um/year for a set started in Winter at a relatively polluted
site. Thus, environmental differences within a metropolitan area can nearly double the corro-
sion rate of zinc.

The data including the four significant variables (temperature, TSP, SO,, and rain) are ana-
lyzed using multiple linear regression techniques in several ways. Corrosion rates are regressed
against fluxes of pollutants and corrosion is regressed against accumulations of pollution. Data
are divided into four sets corresponding to starting seasons to determine if there are significant
differences in coefficients between starting seasons.

Based on statistically significant differences in regression coefficients, the data could be di-
vided into two groups having different corrosion behavior characteristics: those with exposures
started in Fall or Winter, and those with exposures started in Spring or Summer. This factor is
introduced into the regression analysis of the total data set as a dummy variable; that is, one for
the Fall or Winter and zero for the Spring or Summer.

Evaluation with Respect to Theory

Based on the initial analysis, the data can be evaluated with respect to three components that
contribute to corrosion for two starting seasons. The observed negative effect of temperature
can be explained by the theoretically expected effect of temperature on the solubility of zinc
carbonate in rain, The SO, effect can also be theoretically explained. The coefficient for the
effect of particles, however, cannot be calculated theoretically.

A wet deposition component to corrosion is theoretically calculated by adding the acidity
effect of a 4.2 pH rain to the value for clean rain solubility calculated using Eq 7.
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A theoretical SO, component is calculated by multiplying 0.00:43 times the accumulation of
SO, expressed as pg/cm?, This accumulation is calculated using the temperature, dependent
definition for critical relative humidity, plus a monolayer per day to account for the amount that
could be absorbed on the surface during periods of dryness. This monolayer absorption effect is
equivalent to a corrosion rate of 0.047 um/year.

The accumulation of particles in mg/cm? was calculated as the Total Suspended Particulate
Matter (TSP) concentration in ug/m3, times the exposure, times a factor of 0.01133. This factor
assumes that only the coarse mode fraction is deposited on the upper surface, that half of TSP is
in the coarse mode, and the deposition velocity is 1.66 cm/s. The latter is the calculated average
terminal settling velocity of a particle distribution with a mass median diameter of 10 um, a
geometric standard deviation of 2, and an average density of 2 g/cm’.

The resulting linear model for corrosion of zinc is

C = ay + a,S0O; + ayRn. + a;TSP (14)

where SO; is the theoretical component of corrosion in um attributable to SO, deposition, Rrn,
is the theoretical component of corrosion in um attributable to rain deposition, and TSP is the
calculated average coarse mode particle accumulation in mg/cm?. Any of the g; coefficients may
be the same or differ between the two starting seasons. Thus, to evaluate this possibility, the
dummy variable and the product of the dummy variable and each of the three factors should be
included in a multiple linear regression analysis.

The results are given in Table 1.

Apparently, the starting season only affects the coefficient for the rain deposition component.
Neither the season variable alone or the product of the season variable with the other variables
have high probabilities of being different from zero.

Discussion

The coefficient for the SO, deposition component is not significantly different from one,
which is a strong indication that the theoretically calculated effect is correct. The average effect
in the St. Louis area during this study accounts for 29% of the corrosion on the samples started
in the Fall or Winter and 33% of it for the samples started in the Spring or Summer.

The theoretical rain deposition effect is based on equilibrium calculations. Equilibrium will
not be reached if the residence time for rain on the specimens is short with respect to reaction
rate half-lives. In this case the coefficient would be expected to be less than one.

Another factor to consider is that the solubility of zinc carbonate only serves as a proxy for the

TABLE 1—Linear regression results for galvanized steel corrosion function.*

Coefficient Standard
Variable Units Means a; Error t Statistic

Corrosion

(intercept) um 0.854 —0.024 .. ...
SO, deposition um 0.255 0.958 0.087 10.97
Rain deposition pm 0.798 0.269 0.070 3.85
Season X ratn

deposition pm 0.509 0.188 0.022 8.50
Particle

accumulation mg/cm? 0.796 0.406 0.041 10.01

“Fraction of variation explained by regression R? = 0.9762. Standard deviation of residuals = 0.0976.
The probability that the ¢ statistic indicates coefficient = 0 is <0.0001 for all but the rain deposition vari-
able. That probability is 0.0002.
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solubility of a much more complex corrosion product film that varies in structure with exposure
to different environments. The basic zinc carbonate film may have different ratios of zinc oxide
(ZnO) to ZnCO; as well as different levels of hydration. Starting exposures in Fall and Winter
could favor the formation of a more soluble film. Higher CO, levels should favor a greater per-
centage of ZnCOj3, and lower temperatures should favor a higher level of hydration.

Rain deposition accounts for 33% of the corrosion of samples started in the Fall and Winter
and only 24% of the corrosion of those started in Spring or Summer.

Calculated coarse mode particle accumulation was the major contributor to the corrosion of
zinc in this study, accounting for 38% of the corrosion of the Fall-Winter started samples and
44% of the corrosion of the Spring-Summer started samples. The reaction of species within
particles with zinc cannot account for the magnitude of this effect. For example, if ammonium
acid sulfate were the reactive species, it would have to be 53% of the particle mass to stoi-
chiometrically cause the observed contribution to corrosion. The percentage of sulfate in both
fine and coarse modes combined is less than 20%, and most of that should be in the fine mode.

This strongly suggests that particles had a catalytic effect on corrosion. One possible mecha-
nism is that soluble species, such as chlorides, lower the critical humidity for dew formation,
thus increasing the fraction of time when the surface is wet.

The very low negative intercept indicates that the corrosion product film is very thin in St.
Louis, where SO, levels are relatively high. In regions where SO, levels are low, positive linear
regression intercepts should be obtained and nonlinear behavior should be observed during the
early months of exposure.

Conclusion

Sulfur dioxide accumulation on zinc stoichiometrically reacts to form soluble zinc sulfate.
The accumulation during periods of wetness and dryness can be calculated from windspeed,
dew point, temperature, and SO, concentration data.

The accumulation of particles on upper surfaces is a major contributor to the corrosion of
zinc, possibly by increasing the time of wetness.

Rain contributes significantly to the corrosion of zinc by dissolving the protective corrosion
product film. The film structure and solubility may vary with the season in which exposures are
started.

Ozone, oxides of nitrogen, sulfate, and nitrates in TSP are not statistically significant factors
in the variability of corrosion of these specimens exposed in the St. Louis area.
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ABSTRACT: An extensive testing program was carried out for studying the corrosion of steel and
zinc in environments intended to model atmospheres containing SO,, SO}, sodium chloride
(NaCl), and seawater. Both gaseous and droplet types of the corrosion stimulators were intro-
duced into the system together, alternatively, or subsequently in graduated doses. The corrosion
tests were performed in a cyclic mode. The weight losses, composition of corrosion products, and
radiochemical detection of sulfates have been followed. Parallel stimulation of the steel and zinc
atmospheric corrosion by the C1~ and SO} jons cannot be described by a simple relation. Further
components of the reaction system participate in the control of the corrosion kinetics.

KEY WORDS: corrosion, accelerated corrosion tests, steels, zine, sulfur dioxide, sulfates, chio-
rides, marine industrial atmospheres

The atmospheric corrosion of metals in polluted atmospheres is a serious problem of the
present times. This problem is important for the following reasons:

1. The additional pollution beyond sulfur dioxide (SO;) in the atmosphere, caused by indus-
trial activity is sufficiently high that both the kinetics and the mechanism of the corrosion pro-
cesses are affected.

2. The critical components within a number of products are intricate electronic systems that
are sensitive to even slight corrosion effects occurring in slightly aggressive internal atmo-
spheres, and these are greatly affected by pollution typical in such environments.

3. Emphasis is placed on the industrialization of the countries of the third world where the
production plants are usually built in marine regions. The plants are, however, subjected to the
effect of marine salinity and industrial air pollution often in tropical climate conditions.

The third case is the subject of our study. Certain plants have been built while industrializing
the Vietnam Socialist Republic in marine regions, and a lot of these materials have been sub-
jected to the effects of an industrial marine atmosphere. The importance of the solution of the
Vietnamese problem is the fact that its coast is longer than 200 km and that most of the plants
under construction are situated there.

The simultaneous effect of manmade and natural stimulators of atmospheric corrosion of
metals and especially of sulfur oxides, sulfates, and chlorides can only be followed by difficult
experiments based on natural exposures and the simultaneous measurement of the stimulator

'Leading scientific worker, leading scientific worker, and scientific worker, respectively, G V. Akimov's
State Research Institute for the Protection of Materials, Bechovice, Praha 9, Czechoslovakia.
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levels. The problem consists in the finding of localities with different levels of the combinations
of the atmospheric components. As the knowledge of the accelerating functions of the atmo-
spheric corrosion stimulator combinations is, however, important for the purpose of the evalua-
tion of the corrosivity of actual atmospheres, for example, marine localities with simultaneous
industrial emissions, the problem can best be solved by laboratory simulation of the combined
effects. The detailed mathematical modeling of the stimulation effects of sulfur oxides on the
atmospheric corrosion of metals [/, 2] and the studies concerning the mechanism and the kinet-
ics of atmospheric corrosion in the presence of chloride deposition [3] can be taken as a basis.
Only some studies [4-6] are concerned with the problems of both the stimulator groups and
present basic information on the influence of their combinations on the kinetics of corrosion.

It is known from studies on the kinetics of the atmospheric corrosion of *“nonpassive” metals
that the mechanism of the stimulator effect on the reaction system controls process kinetics.
From this point of view, the participation of the stimulating anions in the atmospheric corrosion
process is usually divided as follows:

1. The mechanism whereby the anions return back into the solution by hydrolysis of the
primary corrosion products. The typical representative of metal corroding by this mechanism is
iron and its alloys, and especially, carbon steels.

2. The mechanism involving a direct or secondary formation of hydroxide salts with a rela-
tively stable bond of stimulating anions. Some nonferrous metals, for example, zinc, copper,
cadmium, and so forth, corrode in this mode.

The specific mechanism of the stimulating anion’s participation in atmospheric corrosion is
clearly demonstrated by the different kinetics of the processes of both the types of stimulators.
The processes involving resolution of anions in the system are usually about ten times faster
than processes with a stable bond of anion in corrosion products [7]. For these reasons, carbon
steel and zinc have been selected as representatives of metals for both the reaction types.

Plan of Experiments

In the laboratory simulation of the effects of the atmospheric corrosion stimulators the basic
problem always consists in their proportioning, so that the natural mechanism and the kinetics
of their introduction into the reaction system are simulated and that the proportioning itself is
experimentally controllable without excessively high demands made on the proportioning tech-
nique and on the required precision.

With regard to the mentioned requirements, the techniques based on dosing the simulator on
the surface of the individual specimens by a micropipette or spray have been rejected in the
present study. Use of standard laboratory equipment for routine “accelerated” tests of atmo-
spheric corrosion has been the basis of the present work. A survey of this type of equipment and
of its working characteristics is presented in Table 1.

The following isolated effects were available for the test program.

(a) the effect of distilled water aerosol with condensation of water vapor as a reference corro-
sive environment without the effect of the stimulators,

(b) condensation of water vapor in the presence of SO; as a reference environment with the
stimulation by sulfur oxides,

(c) theeffect of an aerosol of a 1% sodium chloride (NaCl) solution with a chloride deposition
rate of 600 gm~2d-'t0 630 gm=2 — d~!,

(d) the effect of an aerosol of artificial seawater with a deposition rate of chlorides of 600 to
630gm~? — d~!, and

(e) supplementary sprays of a solution of sodium sulfate (Na,SO,), NaCl, or artificial seawa-
ter, or both.
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With regard to the current test program, the isolated effects were combined according to the
scheme b/c, b/d, b/e, c¢/e, d/e, that is, either with the nonrecurring effect of the first of the
pairs of the stimulators at the beginning of the test cycle or by the alternating effect of both
factors, that is, either by the alternating location of samples in b and d environments or by the
supplementary effect of the sprays (e) on samples located in b or d environments. The list of
experiments is given in Table 2.

Experiments and the Evaluation of Tests

Corrosion was observed on carbon steel and commercial zinc, which were representatives of
structural metals and, at the same time, the metals that represent two different mechanisms of
metal corrosion in polluted atmospheres.

The chemical composition of metals in percent was as follows:

® steel: carbon maximum 0.07, manganese maximum 0.40, aluminum minimum 0.025,
phosphorus maximum 0.025, sulfur maximum 0.025, copper maximum 0.07.
e zinc: lead 0.55 and iron 0.015.

The samples of metals of 80 by 30 by 1 mm dimensions were pickled before the test, that is,
steel in 18 % hydrochloric acid (HCI) and zinc in 5% acetic acid. The initial mass of the samples
was determined with the accuracy of 0.1 mg.

The various tests shown in Table 2 were carried out as one day cycles; the samples were always
exposed in the test chamber for the period of 8 h and in normal condition in the laboratory for
16 h at the temperature of approximately 20°C and relative humidity of 60 to 70%.

The samples were evaluated after the test by determining the changes of appearance, mass,
by use of microscopic (SEM), analytical, radiochemical, and phase analysis techniques.

The JEOL-JSM-25S electron microscope was used for the electron microscopic evaluation.
The analytical determination concerned the content of the corrosion stimulators in the corro-
sion products. The X-ray microanalysis, chemical analysis, and X-ray macroanalysis (Linc
MECA 10-44 equipment) were selected for the analysis of the corrosion products. The autora-
diography of the sulfate nests was carried out by % SOZ_ exchange in the corrosion layer.

Test Results

Weight Losses

The results of the corrosion tests in the form of a survey of the weight losses for steel and zinc
are stated in the enclosure.

For simplification we have processed the results in the form of the differential corrosion rates
for the starting period of the corrosion and for the period during which the corrosion rate is
stabilized. We have furthermore stated the relative corrosion rates with regard to the corrosion
rates in the basic-comparison environments. The concerned surveys are shown in Tables 3
through 6. Parts of the results are shown in the relevant graphs (Table 7).

Morphology and Composition of Corrosion Products

The evaluation of the appearance and evaluation with the use of the SEM leads to the conclu-
sion that rather fine-grained corrosion products with occasional mushroom-like formation grow
on the steel samples in the condensation chamber with SO,. In the seawater aerosol environ-
ment rather coarse needle-like formations are apparent; if the NaCl solution is sprayed, the
needles are better developed. The influence of chlorides predominates in combined corrosion
environments according to the evaluation of the corrosion product morphology.

The mixture of the needle-like and amorphous corrosion products occurs also on zinc. Amor-
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TABLE 3—Differential corrosion rates of steel.

Differential Corrosion Rate,
mg-dm~ -4
Interval, Days of Exposure

Experiment

Number Code 0-5 5-10 20-30
1 WK-la 12.0 9.2 29.4
4 WK-1d 136.8 123.2 174.0
) WK.-2a 144.0 208.1 266.4
6 WK-2b(150) 240.0 284.1 211.8
7 WK.-2b(300) 146.8 91.6 135.2
8 KK-1a 8.4 4.4 4.6
9 KK-1b(500) 89.2 98.0 6.6
10 KK-1b(1000) 110.4 122.4 36.4
11 KK-1b(2000) 140.0 155.2 40.2
12 KK-1¢(500) 136.0 108.0 26.8
13 KK-1¢(1000) 140.4 203.2 34.0
14 KK-1¢(2000) 176.0 228.0 22.0
15 KK-1d 254.8 228.0 212.4
16 KK-2a(500) 221.2 290.0 201.6
17 KK-2a(1000) 265.6 278.4 240.2
18 KK-2a(2000) 216.0 303.2 233.4
19 KK-2b(500) 195.6 284.4 202.8
20 KK-2b(1000) 250.8 370.4 197.8
21 KK-2b(2000) 223.2 295.6 227.4
22 KK-2¢(100) 336.0 375.2 188.4
23 KK-2¢(200) 394.8 475.6 196.2
24 KK-2d 380.8 399.2 383.8
25 WK-KK-1(3¢) 589.2 361.2 308.6
26 WK-KK-1(6¢) 549.2 479.2 160.6
27 WK-KK-1(12¢) 666.8 386.0 389.2
28 WK-KK-2(1:4) 293.2 402.8 338.6
29 WK-KK-2(1:1) 180.0 556.0 235.6
30 WK-KK-2(4:1) 176.0 215.2 200.4

phous or products with low-developed crystallinity occur at the presence of SO, or sulfates.
From the morphology point of view, the effect of sulfates is greater than in the case of corrosion
products on steel.

The results of the microanalysis show the relatively low content of chlorides in the layer of
corrosion products, which proves a greater water solubility of the corrosion products and their
dissolution from the layer.

The phase analysis was carried out only on selected samples. Rust on steel samples from
nonpolluted environments and from environments with SO, with accompanying sprays of NaCl
contained the a-FeOOH and iron oxide (Fe;O,) phases.

In samples from the chamber with the seawater aerosol and with accompanying effects the
B-FeOOH, «a-FeOOH and Fe;0, were always found. The portion of the 3-FeOOH was most
evident in rusts of samples without the accompanying effect of the SO, (SO2™) stimulator.

The corrosion products on zinc form intricate mixtures. We have not been successful in iden-
tifying some of the components.

The ZnSO, - 3Zn(OH), - 4H,0 phase predominates in corrosion products from the condensa-
tion chamber with SO, in spite of the application of the chloride containing sprays. Zinc chlo-
ride, hydroxide (Zns(OH)sCl,) and zinc oxide (ZnO) are formed in the presence of the seawater
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TABLE 4—Relative corrosion rates of steel.

Corrosion Rate Rations

Experiment

Number Code 0-5 Days 20-30 Days
4 WK-1d 1 1
5 WK.-2a(1000) 1.052 1.531
6 WK-2b(150) 1.754 1.217
7 WK-2b(300) 1.073 1.777
8 KK-1a 1 1
9 KK-1b(500) 10.619 1.434
10 KK-1b(1000) 13.142 7.913
11 KK-1b(2000) 16.666 8.739
12 KK-1¢(500) 16.190 5.583
13 KK-1¢(1000) 16.714 7.391
14 KK-1¢(2000) 20.952 4.782
15 KK-1d 1 1
16 KK-2a(500) 0.868 0.949
17 KK-2a(1000) 1.042 1.130
18 KK-2a(2000) 0.847 1.098
19 KK-2b(500) 0.767 0.954
20 KK-2b(1000) 0.984 0.931
21 KK-2b(2000) 0.875 1.070
15 KK-1d 1 1
22 KK-2¢(100) 1.318 0.887
23 KK-2¢(200) 1.549 0.923
24 KK-2d(100) 1.494 1.803
15 KK-1d 1 1
25 WK-KK-1(3¢c) 2.312 1.452
26 WK-KK-1(6c) 2.185 0.756
27 WK-KK-1(12¢) 2.616 1.832
15 KK-1d 1 1
4 WK-1d 1 1
28 WK-KK-2(1:4) 1.150 2.143  1.594 1.945
29 WK-KK-2(1:1) 0.706 1.315 1.109 1.354
30 WK-KK-2(4:1) 0.690 1.286 0.943 1.151

aerosol. We have not been successful in identifying the corrosion products on zinc after alter-
nating exposure in the condensation chamber with SO, and with the seawater aerosol.

The results of the autoradiographical evaluation of the sulfate nests were probably affected by
the macrostructure and thickness of rust layers, which were very different. In spite of this fact, it
can be assumed of the results that the localization of the sulfate nests occurs in combined envi-
ronments with a joint action of chlorides and sulfates.

A preliminary exposure in a chloride environment has a positive influence on the formation of
the sulfate nests and especially on their density. The concentration of sulfates in the original
chloride agglomerations cannot be eliminated. A permanent parallel effect of chlorides pre-
vents the sulfate nests formation and localization.

Some characteristic layers of corrosion products are evident in the SEM photographs (Fig. 1).
The differences in the topography of the sulfate nests are evident in Fig. 2.

Kinetics of Corrosion at Various Variants of Test

The results of the corrosion tests of the groups of experiments corresponding to various com-
binations of partial effects will be characterized in detail in the following sections.
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TABLE S—Differential corrosion rates of zinc.

Differential Corrosion Rate,
mg . dm72 . d—l
Interval (Time of Exposure)

Experiment

Number Code 0-5 5-10 20-30
1 WK-1a 2.4 2.4 0.6
4 WK-1d 18.8 9.2 8.0
) WK-2a 21.2 23.8 19.0
6 WK-2b(150) 21.2 10.4 27.2
7 WK-2b(300) 21.6 32.8 50.8
8 KK-1a 7.2 5.6 0.2
9 KK-1b(500) 8.8 1.6 0.6
10 KK-1b(1000) 14.4 1.6 0.4
11 KK-16(2000) 17.2 8.8 0.6
12 KK-1¢(500) 7.0 1.0 0.8
13 KK-1¢(1000) 10.0 1.2 0.2
14 KK-1¢(2000) 12.4 1.6 1.8
15 KK-1d 17.2 16.0 16.2
16 KK-2a(500) 11.4 6.6 10.6
17 KK-2a(1000) 17.8 12.6 17.6
18 KK-2a(2000) 18.0 9.4 17.0
19 KK-2b(500) 11.0 4.2 16.5
20 KK-2b(1000) 15.6 10.0 13.3
21 KK-2b(2000) 13.0 5.0 18.4
22 KK-2¢(100) 14.8 9.6 17.2
23 KK-2¢(200) 13.6 12.0 15.2
24 KK-2d 14.4 8.8 17.2
25 WK-KK-1(3c) 28.8 8.0 10.6
26 WK-KK-1(6c) 29.4 6.4 15.2
27 WK-KK-1(12¢) 38.4 3.2 11.6
28 WK-KK-2(1:4) 20.0 11.2 11.8
29 WK-KK-2(1:1) 16.8 15.2 14.8
30 WK-KK-2(4:1) 17.4 8.8 17.2

Corrosion of Steel and Zinc in Basic Testing Environments

The basic testing environments were pure condensation chamber and a condensation cham-
ber with SO,, a Weiss aerosol generating chamber with distilled water, and with aerosols of
artificial seawater.

It is evident from the corrosion curves (Figs. 1 and 2) that both environments are highly
aggressive in the presence of the respective corrosion stimulators; the dependence of corrosion
with time was generally linear and only the rate of zinc corrosion in artificial seawater aerosol
decreased slightly with longer exposure. These results imply that these standard model environ-
ments generate a different corrosion process from natural conditions, except for cases involving
extremely high levels of pollution.

The environment of the condensation chamber with SO, affects both metals more aggres-
sively than the environment of the aerosol chamber with artificial seawater.

Corrosion of Steel and Zinc Affected by Chlorides

The contamination of both steel and zinc surfaces by NaCl, as well as by artificial seawater,
greatly accelerates the corrosion in a wet environment. A more important acceleration of the
steel corrosion by artificial seawater mentioned in the literature has been found in the initial
period. A reduction of pH of the surface electrolyte after the hydrolysis of the admixture salts,
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TABLE 6—Relative corrosion rates of zinc.

Corrosion Rate Ratios

Experiment

Number Code 0-5 Days 20-30 Days
4 WK-1d 1 1

S WK-2a(1000) 1.127 2.375
6 WK-2b(150) 1.127 3.400
7 WK-2b(300) 1.148 6.350

8 KK-1a 1 1

9 KK-1b(500) 1.222 3.000
10 KK-1b(1000) 2.000 2.000
11 KK-1b(2000) 2.388 3.000
12 KK-1¢(500) 0.970 4.000
13 KK-1c(1000) 1.388 1.000
14 KK-1¢(2000) 1.722 9.000
15 KK-1d 1 1

16 KK-2a(500) 0.622 0.654
17 KK-2a(1000) 1.034 1.086

18 KK-2a(2000) 1.046 1.049
19 KK-2b(500) 0.639 1.018
20 KK-2b(1000) 0.889 0.820
21 KK-2b(2000) 0.755 1.135
15 KK-1d 1 1

25 WK-KK-1(3c) 1.674 0.654
23 KK-2¢(200) 0.790 0.938
24 KK-2d(100) 0.837 1.061
15 KK-1d 1 0.654
25 WK-KK-1(3¢c) 1.674 0.654
26 WK-KK-1(6¢c) 1.709 0.938
27 WK-KK-1(12¢) 2.232 0.716
15 KK-1d 1 1

4 WK-1d 1 1
28 WK-KK-2(1:4) 1.162  1.063 0.728 1.475
29 WK-KK-2(1:1) 0.976 0.893 0913 1.850
30 WK-KK-2(4:1) 1.011  0.925 1.061 2.150

TABLE 7—Corrosion losses.

Corrosion Losses/mg - dm~2
Cyclic Exposure

Number Experiment Code N 10 20 30
STEEL SPECIMENS
1 WK-1a 60 106 280 574
2 WK-1b 1212 3066
3 WK-1c 256 734 .. ...
4 WK-1d 684 1300 2860 4600
5 WK-2a 720 1760 6696 9360
6 WK-2b(150) 1200 2620 6332 8450
7 WK-2b(300) 734 1232 5102 6454
8 KK-1a 42 64 164 210
9 KK-1b(500) 446 936 1782 1848
10 KK-1b(1000) 552 1164 2220 2584
11 KK-1b(2000) 700 1476 2886 3288
12 KK-1¢(500) 680 1220 2152 2420
13 KK-1¢(1000) 702 1718 2568 2908

299
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TABLE 7—Continued.

Corrosion Losses/mg - dm™?
Cyclic Exposure

Number Experiment Code 5 10 20 30
STEEL SPECIMENS
14 KK-1¢(2000) 880 2020 3580 3800
15 KK-1d 1274 2472 5190 7314
16 KK-2a(500) 1106 2556 5544 7560
17 KK-2a(1000) 1328 2720 5342 7744
18 KK-2a(2000) 1080 2596 5346 7680
19 KK-2b(500) 987 2400 5068 7096
20 KK-2b(1000) 1000 2852 5204 7182
21 KK-2b(2000) 1116 2594 5452 7726
22 KK-2¢(100) 1680 3556 6214 8098
23 KK-2¢(200) 1974 4352 7258 9220
24 KK-2d 1904 3900 6586 8416
25 WK-KK-1(3¢) 2946 4752 6900 9986
26 WK-KK-1(6¢) 2746 5144 8380 9986
27 WK-KK-1(12¢) 3334 5264 8676 12568
28 WK-KK-2(1: 4) 1466 3480 6600 9986
29 WK-KK-2(1:1) 900 3680 6844 9200
30 WK-KK-2(4:1) 880 1956 5982 7986

ZINC SPECIMENS

1 WK-1a 12 24 34 40
2 WK-1b 84 289
3 WK-1c¢ 28 52 . e
4 WK-1d 94 140 250 330
S WK-2a 106 225 500 690
6 WK-2b(150) 106 158 296 568
7 WK-2b(300) 108 272 726 1234
8 KK-1a 36 64 72 74
9 KK-1b(500) 44 52 56 62
10 KK-1b(1000) 72 80 84 88
11 KK-1b(2000) 86 130 142 148
12 KK-1¢(500) 35 40 44 52
13 KK-1¢(1000) S0 56 66 68
14 KK-1¢(2000) 62 70 88 106
15 KK-1d 86 166 308 470
16 KK-2a(500) 55 88 224 330
17 KK-2a(1000) 89 152 264 440
18 KK-2a(2000) 90 137 280 450
19 KK-2b(500) S5 76 255 420
20 KK-2b(1000) 78 128 269 402
21 KK-2b(2000) 65 90 216 400
22 KK-2¢(100) 74 122 232 404
23 KK-2¢(200) 68 128 242 394
24 KK-2d 72 116 232 404
25 WK-KK-1(3c) 140 180 256 362
26 WK-KK-1(6c) 147 179 230 382
27 WK-KK-1(12¢) 182 198 264 380
28 WK-KK-2(1:4) 100 156 256 374
29 WK-KK-2(1:1) 84 160 280 428

30 WK-KK-2(4:1) 87 131 228 400
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FIG. 1—Electron micrographs of corroded surfaces of steel and zinc: (a) experiment WK-1d, 30 cycles
( X1000)—(steel), (b} experiment KK-1d, 30 cycles ( X 700)—(steel), (c) experiment KK-2b(1000), 30 cycles
{ X2000)—steel, (d) experiment KK-2c(100). 30 cycles (X 700)—steel, () experiment KK-1d, 30 cycles
{ X 700)—(zinc), (f) experiment KK-2c(200), 30 cycles ( X 700)—(zinc).

and especially of magnesium chloride (MgCl,), is effective for a limited period of time only in
the case of a nonrecurring dosing. In the case of zinc, the NaCl, even though dosed in a nonre-
curring mode, proved to be more active during the whole time period of the test.

Influence of Sulfates on Steel and Zinc Corrosion in Aerosol Chamber with
Artificial Seawater Mist

Because of the techniques used, SO2~ was applied on the sample surfaces by a spray of
Na,SO, solution, and this application apparently affected the test result. The acceleration of the
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FIG. 2—Distribution of sulfate nests in rust layer (time of exposure, 30 cycles): (a) experiment KK-1d
(A), (b) experiment KK-2a(500) (B), (c) experiment KK-2a(1000) (C), (d) WK-KK-2(1: 4) (A), (e) WK-KK-
2(1:1) (B), and (f) WK-KK-2(4: 1) (C).

zinc corrosion is out of line with further series of tests. The effect of the steel corrosion stimula-
tion was low when compared with the applied doses on the surfaces. The properties of the sur-
face electrolytes were modified when compared with the conditions in actual environments. This
problem will be dealt with further in the discussion.

Combined Effect of Sulfates and Chlorides in the Condensation Chamber with SO,

The nonrecurring, as well as the daily application of NaCl and artificial seawater on the sur-
faces of the zinc specimens exposed to the environment of the condensation chamber with SO,
resulted in a deceleration of the corrosion rate that was more apparent in the case of application
of artificial seawater, which occured mostly at the beginning of the exposure. The effect of the
periodically introduced chlorides is not expressive in both the steady state and during the whole
period of their introduction. A nonrecurring contamination of the steel surface by chlorides in
the very aggressive environment of the condensation chamber with SO, is not very important
from the kinetics point of view. A periodical contamination of the steel surfaces represents an
acceleration of the corrosion rate, which is more apparent in the case of seawater application.

Influence of Combined Effect of Both Types of Polluted Model Environments

A combined effect of both environments was achieved by the alternating exposure in both
chamber types as well as by the preliminary exposure in the aerosol chamber with artificial
seawater before the exposure itself in the condensation chamber with SO, . This series of experi-
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ments has shown a different effect of the combination of the corrosion stimulators for both
metals.

Corrosion of steel samples initially corroded in the chamber with the seawater aerosol
showed, during the starting period, the highest values of corrosion rate exceeding the total of
corrosion rates attained in the individual environments. This effect disappeared at the end of
the exposure period. The cause is found in the activity of H* ions in the surface electrolyte at the
beginning of the exposure in the condensation chamber with SO,, as well as in the variation of
the frequency and the extension of the period of the salt agglomeration generation on the steel
surface. The autoradiography has indicated the possibility of ion exchange processes between
both stimulators in the agglomeration.

Corrosion rates corresponding to the sum of the partial contributions of the individual envi-
ronments have been attained by the alternating exposure of steel in both chambers. In the case
of zinc, the preliminary corrosion in the chamber with the seawater aerosol, as well as the alter-
nating exposure in both the testing environments, reduced the effect of SO,. Both effects are
evident in the graphs.

Discussion of the Results

In general, it must be stated that the parallel stimulation of the steel and zinc atmospheric
corrosion by the CI™ and SO}~ ions cannot be described by a simple relation, which would
define the dependence of the kinetic parameters of the process and their admission into the
components of the reaction system. The main reason consists in the existence of further compo-
nents of the reaction system that participate in the control of the corrosion kinetics, that is,
especially the following:

® The activity of H* ions in the surface solution of electrolyte and at the reaction boundary
surface differentiated according to the topochemical character of the anode and cathode parts
of the corrosion process itself.

¢ After a very short induction period, layers of corrosion products develop that have the ca-
pability of bonding anions because of their chemical properties. These components control the
overall rate of the process.

The importance of the activity of the H* ions allows for the remarkably different initial
courses of the iron and zinc corrosion during the introduction of SO} ~ into the system, either in
the form of gaseous SO,, on the assumption of a quick oxidation to SOi— in the redox-system-
metal, solution of electrolyte, or in the form of the Na,SQ, solution. In the former case, higher
activity of H* in the surface solution of electrolyte is a direct consequence of the H,SO, genera-
tion by the oxidation of SO; in solution as indicated below

Hzo + SOz + /20, —> HQSO4

Also the hydrolysis of previously applied sulfates generates H*, especially in the case of iron.

However, if SOi' is introduced in the form of the sodium sulfate (Na,SO,) solution, an in-
crease of the pH value is, on the contrary, apparent as the result of the generation of a very
stable solution of NaOH

Na,SO; —> 2Nat + SO}~
Me + SO2~ —> MeSO, + 2

120, + H,0 + 2e —> 20H~
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The correctness of this concept follows from the apparently lower initial rate of steel corrosion
by the introduction of Na,SQ, through a partial passivation processing in contrast to the effect
of an equivalent amount of SO, and also from an opposite tendency characteristic for zinc. An
increased alkalinity of the electrolyte solution after the introduction of Na;SO4 may cause the
generation of soluble hydroxy complexes of zinc resulting in displacing the process beyond the
sphere of the real corrosion process in environments with significant SO, contents.

The importance of the activity of the H* ions is proved by the differences caused by the
introduction of CI™ in the form of NaCl solution or artificial seawater. Even in this case, the
capability of the hydrolyzable components of artificial seawater, especially MgCl, and calcium
chloride (CaCly), to regulate the pH of the surface electrolyte to values lower than is possible in
experiments with the NaCl solution is apparent. The increased stimulation of the zinc corrosion
after exposure to the NaCl solution in comparison with the solution of artificial seawater is the
result [8]. After the formation of the layers of solid corrosion products, their properties control
the kinetics of the process. In may be assumed that, depending on the concentration of C1~ and
SOi_ , the properties of the layers became progressively stabilized so that they act as a regulator
of the entire reaction system. The steady state, characterized by the activity of H*, C1™, and
SOi_ at the reaction boundary caused by the adsorption, desorption properties of products,
and the capability of bonding CI~ and SO?," in more or less insoluble or hydrolyzable com-
pounds or both is evident. Apparent differences evident during the starting period, which can
be attributed to the parallel and individual activities of CI~ and SO}~ and even H, are re-
moved, and the stabilized properties of the corrosion products become the controlling factor.
The kinetics of the process are controlled by the type and concentration of the stimulator mate-
rials according to the following scheme

metal stimulators in atmosphere

corrosion products

The corrosion products liberate more ions capable of reaction for the corrosion process itself
at a higher concentration of the stimulator in the system. This regulating ability of the corrosion
products is especially apparent in the case of iron. Zinc is characterized by a nonexpressive
inhibition effect of the CI~ ions, that is, mainly in the case where the exposure in an environ-
ment with the stimulation effects of SO}/ SO, was preceded by the formation of a layer of
corrosion products containing hydroxy salts of zinc because of exposure to artificial seawater.
Thus, the surface solution of electrolyte with pH favorable for the formation of a uniform layer
of these corrosion products provides a satisfactory barrier-type protective function. It can be
anticipated that this effect would be cancelled in lengthy exposures to an environment with SO,
or with SO, and seawater aerosol or both, and that the stabilized rate of corrosion would be the
same as in the case of a parallel effect of CI~ and SOﬁ_ from the initiation of the exposure.

Technical Utilization of Results

It can be summarized that the combined effect of chlorides from seawater and SO, creates a
more serious problem for steel as compared with zinc. The application of the results to other
metals is quite impossible. It can be expected of the principles of the effects described that a
deceleration of the corrosion of metals, like copper and cadmium, occurs in combined outdoor
environments and that, on the contrary, the tendency of the formation of local corrosion effects
should be verified by experiments with aluminum and its alloys.

The combination of both effects could be expected in actual cases and especially where prod-
ucts are used in industrial marine regions. Cases when metallic surfaces or surfaces with thin
and damaged coats of paint will be stored or used in industrial atmospheres might occur to a
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small extent. According to the results of our tests, the latter case could mean an increased
danger of corrosion to steel structures exported to overseas countries.

Our tests do not allow for the derivation of a suitable testing mode with a prognostic utiliza-
tion. The variety of our tests has helped in the derivation of the principles of the effects, but not
the kinetics controlling any individual test series. More extensive experiments with selected ar-
rangements of tests with graduated intensity of the effect of both stimulators are therefore nec-
essary for a detailed description of the corrosion processes. The proposal of a suitable model test
could be the result.

The existing trend of the application of accelerated tests for evaluation purposes utilizes suit-
able combinations of exposures in standard testing equipment, that is, especially in the form of
alternating exposures. It is recommended to use the cyclic testing modes (8 h: 16 h) to introduce
the chlorides into the system in the form of artificial seawater and to reduce, when compared
with the standard routine of tests, the deposition of chlorides to the doses approximately ap-
plied in our work unless the effect of both stimulators in the zone of the seawater spray is
required.

Additional topics of importance result from the relationships chlorides and SO, have in the
classification of the corrosivity of atmospheres and in the optimization of the corrosion protec-
tion measures in environments with a combined effect of SO, and seawater aerosol.

The results of the accelerated corrosion tests without the parallel test in natural environments
cannot be generally applied. The knowledge that a combined environment containing both SO,
and CI~ causes specific effects in the initial period of corrosion rather than in steady state is
considered important. It is therefore necessary to consider separate exposure periods of up to
one year and the long-time exposures for which corrosion protection measures are specified.

This result suggests the desirability of an expeditious adoption of the short-time certification
tests according to International Standards QOrganization (ISO) Corrosion of Metals and Alloys
Corrosivity of Atmospheres—Method of Determination of Corrosion Rate of Standard Speci-
mens for the Evaluation of Corrosivity (DP 9226), where the corrosivity is derived from one-year
exposures of standard specimens and a comparison of these results with the estimated corrosiv-
ity from the data on environment according to ISO Corrosion of Metals and Alloys Classifica-
tion of Corrosivity of Atmospheres (DP 9223), where both the simple and combined environ-
ments would be included in the system.

The guiding values of corrosion according to ISO Corrosion of Metals and Alloys Guiding
Values for the Corrosivity Categories of Atmospheres (DP 9224) provide the basic engineering
information for the estimation of the product life or of the protective function of a corrosion
protection system. These values are derived from the corrosivity classes. The crux of the prob-
lem consists in defining a more precise classification system. The information on cotrosion in
combined environments can thereby supplement the data on the guiding values of corrosion.
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ABSTRACT: The interaction of copper and its alloys with atmospheric sulfur gases occurs in
many combinations and at many rates. This paper reviews the results of experiments conducted to
determine which sulfur gases cause major copper and copper alloy degradation and to study the
degradation rates of copper and its alloys during exposure to the corresponding gases. Of the gases
that have been studied in this work, sulfur dioxide (SO,), hydrogen sulfide (H,S), and carbonyl
sulfide (COS), cause major corrosive reactions with copper and copper alloy substrates. Tempera-
ture, relative humidity, the presence of ozone, and solar irradiation have accelerating effects on
the reaction rates of the gases and substrates. Copper, brass, and bronze alloys were examined.
Copper generally had the highest corrosion rates. Those of the brass alloys were 50 to 100 times
less than those of pure copper, and the substitution of nickel for ail or part of zinc further in-
creased the corrosion tesistance of the alloy to low and moderate exposures of corrosive gases.

KEY WORDS: atmospheric corrosion, sulfur, coppet, brass, bronze

The useful lifetimes of products made from metals, alloys, and other materials are often lim-
ited by atmospheric corrosion. The limitation may manifest itself in surface degradation (for
example, surface film formation), deterioration of physical properties (for example, stress cor-
rosion cracking, decreased cross section), or electrical failure (for example, circuit bridging by
hygroscopic particles). To relate these phenomena to atmospheric composition, novel research
apparatuses and techniques for atmospheric corrosion experiments have been developed. Five
different gases were utilized in the experimental procedure to ascertain their corrosiveness.
Temperature, humidity, and irradiation by simulated sunlight were also used as variables.

Experimentation

All testing was performed utilizing a computer controlled testing system [/] shown in Fig. 1.
The exposure system consists of a 1-L Pyrex® tubular form of 8-cm-diameter with 1-cm holes
randomly placed about the periphery. Sample holders are tapered plugs that are placed in the
chamber holes from the outside. Samples are held on the plugs by a hook and loop fastening
system and can be placed in the gas flow for a wide variety of time intervals without disturbing
the gas concentrations. This is a dynamic flowing gas system with a carrier gas of air that con-
tinuously measures and records all pertinent parameters and evaluates the current system con-
dition. If the system is not within certain preselected parametric limits, automatic adjustment is
made by the computer.

Samples were cut to sizes of approximately 1 cm?. Surface preparation consisted of wet sand-

'Member of technical staff-SP, AT&T Bell Laboratories, Room 1B-401, 600 Mountain Ave., Murray
Hili, NJ 07974.
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FIG. 1—Schematic diagram of the computer controlled atmospheric corrosion testing system.

ing with 600-grit aluminum oxide cloth, hand lap polishing with 1.0-um aluminum oxide pow-
der and a final polish with 0.3-um aluminum oxide [2].

The gases tested in the chamber for reactivity were sulfur dioxide (SO,) at typical concentra-
tions in a cartier of air of 4 ppmv, hydrogen sulfide (H,S) typically at 4 ppmv, carbonyl sulfide
(COS) typically at 4 ppmv, and added ozone (Qj) typically at 0.1 ppmv. Samples were also
tested for reactivity over saturated solutions of carbon disulfide (CS,) and methyl mercaptan
(CH;3SH) [3-5]. A gas was considered reactive if an exposure of 24 h to the gas produced more
than 10 nm of film growth on the surface. Once a gas was established as a reactive species,
further studies were performed with that particular gas by varying concentration and other pa-
rameters. Temperature of the chamber and samples were uniform and adjusted from 20 to
40°C, humidity was varied from 1 to 95% RH, and for some studies the samples were excited by
simulated solar irradiation equivalent to full sunlight at ground level. For these studies a testing
chamber with a quartz window was utilized [6].

Corrosion rates were calculated as nanometres of sulfide film growth per total exposure (gas
concentration times hours of exposure). The actual sulfide film thickness was measured using
scanning electron microscope (EDXA) techniques developed by Kammiott {7]. Kammiott’s
procedure is calibrated to measure the average thickness of all the sulfide species that normally
form in our apparatus negating oxide measurements.

Results

Pure copper, rather than its alloys, exhibited the highest sensitivity to sulfur containing gases
under virtually all conditions. H,S and COS were found to be four orders of magnitude more
corrosive than SO, or CS, [8] (Fig. 2).

Ozone and simulated sunlight had no effect on copper by themselves. However, sulfidation
rates were increased at moderate to high exposures by the addition of ozone (O;) or sunlight or
both. When O; was added to an H,S atmosphere, copper sulfidation rates were increased at
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FIG. 2—(a) Sulfide film thickness as a function of time for different COS concentrations. All exposures
were made within the experimental ranges, temperature 20°C (deviation 2) and relative humidity 80%
{deviation 4). (b) Sulfide film thickness as a function of total exposure to COS. The solid line is a least-
squares fit to the data points. The inset compares the rate of copper corrosion by COS to that produced by
H S exposure, as determined under the same experimental conditions.

moderate to high exposures by a factor of about three. When only sunlight was added, an in-
crease of about a factor of two was observed. When both O3 and sunlight were added to H,S the
sulfidation rate was increased to about that of the addition produced by O3 alone [6] (Fig. 3).

One other atmospheric constituent was tested, methyl mercaptan (CH;SH), and was not
found to cause appreciable reactions with copper or any of its tested alloys.

We have looked at both pure and alloyed metals. Nickel and zinc are quite sulfidation resis-
tant, while copper sulfidizes readily (Fig. 4) [9,10]. The addition of nickel to pure copper de-
creases sulfidation at a rate exponentially dependent on the amount of alloying nickel (Fig. 5).
Thus, 92 copper/4 nickel/4 tin sulfidizes much less rapidly than pure copper, and increasing
the nickel content to 9 wt% lowers the rate such that less than 10 nm of sulfide film may be
expected in a typical field environment only over a decade of exposure to the environments
tested.
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FIG. 3—Average thickness of the cuprous sulfide corrosion film as a function of H,S exposure (the prod-
uct of H,S concentration and exposure time); (2) exposure to H,S (2.3 ppm) and O (0.17 ppm); (b) expo-
sure to H,S (2.3 ppm) and light; (c) exposure to H,S (2.1 ppm). O;(0.20 ppm), and light; (d) fitted curves
from (a) to (c). The solid lines and squares are for exposures to H,S in the absence of both O; and incident
radiation: the circles and broken lines are for exposures to H,S in the presence of either O; or incident
radiation or both. For all experiments the temperature was 21°C (deviation 0.5) and the dew point was
19.9°C (deviation 0.6). The precision of each measurement is a negligibly small fraction of its range.

To investigate the relative merits of nickel and tin as sulfidizing inhibitors, alloys having
similar concentrations of one metal and dissimilar concentrations of the other were exposed to
cotrosive environments. At 9 wt% nickel, the removal of 4 wt% tin (from 6 to 2) had little effect
on sulfidation. At 4 to 5 wt% tin, the removal of 4-wt% nickel (from 4 to 0) resulted in a sulfida-
tion rate similar to that for pure copper. This is consistent with an interpretation that sulfida-
tion is inversely related to nickel content [3], a result supported by corrosion studies of bronzes
(copper-tin alloys not containing nickel) (Fig. 6).

Comparative sulfidation tests of an 85 Cu/9 Ni/6 tin alloy prior to and subsequent to spinodal
heat treatment demonstrated that the spinodal structure tended to sulfidize more rapidly, al-
though the rate was still moderate {17] (Fig. 7). This result must be related to the structure of
the spinodal alloy, but the exact mechanism remains uncertain.

Comparative sulfidation tests of the 72500 alloy (89 Cu/9 Ni/2 Sn) in annealed and work
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FIG. 7—Film thickness as a function of total exposure for the 72700 alloy (85 Cu/ 9 Ni/ 6 Sn) prior to and
following heat-treatment to produce spinodal structure.

hardened states demonstrated that the latter was the more resistant to sulfidation (Fig. 8). This
result is consistent with work by others on copper-nickel binary alloys, but is in contrast with the
conventional picture that the cold working of materials increases their tendency to corrode.
More extensive experiments will be needed to explore in detail the relationship between corro-
sion and cold-working of copper alloys [11].

Conclusions

Of the gases that were studied, SO,, H,S, and COS cause major corrosive reactions with
copper and copper alloy substrates. Temperature, relative humidity, the presence of ozone, and
solar irradiation had accelerating effects on the reaction rates of the substrates and gases.

Of the metals that were studied, copper generally had the highest corrosion rates. Those of
the brass alloys were 50 to 100 times less than that of pure copper and the substitution of nickel
for all or part of zinc further increased the corrosion resistance of the alloy to low and moderate
exposures of corrosive gases.
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DISCUSSION

Robert Baboian' (written discussion)—Do you feel that a test duration of less than 100 h can
adequately represent the behavior of metals in the atmosphere where 10 years is sometimes
considered a normal exposure period?

John Franey (author’s closure)—The work described in this paper is not intended to repro-
duce the complex interactions of hundreds of atmospheric species with copper and its alloys. As
the title suggests, the work involves only sulfurous gas interactions. The intent in this work is to
deal with specific processes involved in atmospheric corrosion. The research should thus be
regarded as among the few with the aim of achieving a detailed understanding of a limited but
important part of the process. Only when enough of these studies are completed can one predict
what interactions will occur on a substrate placed outdoors for a ““normal ten-year exposure.”

'Electrochemical and Corrosion Laboratory, Texas Instruments, Inc., Mail Station 10-13, Attleboro,
MA 02703.
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Marine Salts Contribution to
Atmospheric Corrosion

REFERENCE: Duncan, J. R. and Ballance, J. A., “Marine Salts Contribution to Atmospheric
Corroslon,” Degradation of Metals in the Atmosphere, ASTM STP 965, S. W. Dean and T. S.
Lee, Eds., American Society of Testing and Materials, Philadelphia, 1988, pp. 316-326.

ABSTRACT: The effects on atmospheric corrosivity of carriage of sea-salt inland from ocean
coasts have been largely neglected by researchers except for regions within a few kilometers from
the sea. In island nations, salt-affected zones can cover large percentages of total land area. The
extent of carriage of sea-salt inland, and correlation to this of the corrosion rates of metals, is
assessed in two areas of New Zealand. A sheltered surface collector is erected at each of 18 sites at
up to 90 km inland. The site had been chosen to minimize the likelihood of industrial pollution.
Each collection rack had attached to its top a test unit with an aluminum wire on a threaded stud
(Climat test unit) and a rod holding a pair of steel coupons. There was very good correlation of the
steel corrosion rate (48 weeks of exposure) to the log (chloride deposition), and to the 48-week
average steel stud value in the 12-week Climat test. The Climat test, because of its ease of perfor-
mance, thus seems to be a cost-effective means of assessing likely corrosion problems in purely
marine environments. The results suggest that sea-salt mediated corrosion rates at distances
20 km and more inland are higher than might have been expected from published reports of stud-
ies on continental land masses.

KEY WORDS: aluminum, atmosphere, chlorides, corrosion, measuring, New Zealand, sea-salt,
steel

The carriage of sea-salt inland from coasts has long been recognized as an important conttib-
utor to atmospheric corrosion problems in most maritime regions. The most thorough study of
this subject reported is that by Ambler and Bain in Nigeria [/], though many textbooks and
authors have based their statements on an eatlier report [2] of a smaller set of values found in
Nigeria. These studies found chloride deposition decreases with distance inland, with a conse-
quent decrease in atmospheric corrosion. Most of the decreases occurred within a kilometer or
two of the shore. But the authors seem to have mainly confined themselves to discussing this
rapid decrease in corrosivity close to the shore, rather than looking deeply into the effects of sea-
salt further inland. The rapid decrease is important in assessing the corrosivity variations to be
expected at exposure sites within this distance of the shore if the comparability of results at
different sites is to be understood. However, it has much less relevance to the precautions that
must be taken in the design of a structure at a distance of, say, 20 km inland. The designer
recognizes that if his structure is immediately adjacent to a beach, he will need to take special
precautions, but he has much less guidance on how to assess his problems further inland.

Over 1984 to 1985, corrosion tests and measurements of the levels of chloride deposited by
wind onto sheltered surfaces were performed at 18 sites at up to 90 km from the sea in two
regions of New Zealand [3). This work was undertaken because there seemed to be unexpectedly
high atmospheric corrosion rates inland along the path of prevailing winds blowing from the

'Head of Building Science Corp., and research assistant, respectively, Building Research Association of
New Zealand, Private Bag, Porirua, New Zealand.
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sea. A characteristic of the climate of these regions is long periods of relative humidity exceed-
ing 80%. Since sodium chloride can take up water from the atmosphere at these humidities,
sea-salt deposits (especially on surfaces that are sheltered from rain) can pose severe durability
hazards to metal building claddings.

Neutron activation analyses of the chloride collection surfaces showed that even 50 km in-
land, the ratio of sodium to chloride was still approximately correct for the chloride to have been
of marine origin [3]. This paper discusses the correlations between amounts of chloride depos-
ited and the corrosion measurements found in this recent study, and compares the relationship
of corrosion rate to distance from the sea with that suggested by Ambler and Bain and other
workers.

Experimental Procedure

Selection of Monitoring Sites

Monitoring sites for the study were in an approximate geometric progression of distance in-
land from coasts that had prevailing winds blowing off the sea onto the land, across fairly flat
countryside at least for the first 30 km. The availability of reliable meteorological data was also
taken into account. (It was hoped that wind run and gust data could be used as variables in the
analysis of the results, but this proved impossible because there were insufficient sites with these
data.) Sites were initially selected to try to avoid industrial pollution sources, which could be
expected to interfere with the experiment. The locations are listed in Table 1.

TABLE 1—Site locations and 28-day chloride dry deposition rate and rainfall data.

Chloride Dry Deposition
Rate, g/m?/year

Distance from Rain in Test
Site Coast, km Mean Maximum Period, mm*
Manawatu
Tangimoana 0.8 21.9 53.8 NR
Paraparaumu 1 11.3 25.1 913
Flockhouse 4.5 6.4 15.0 915
Clydesdale 7 6.0 16.3 NR
Levin 8 2.6 8.9 1007
Bulls 13.5 1.7 4.5 NR
Kairanga 20.5 4.0 8.2 725
Palmerston North 33 2.3 6.0 807
Ballantrae 52 3.1 6.3 NR
Southland
Oreti Beach 0.6 34.1 108.6 NR
Tiwai Point? 5.5 28.5 64.3 808
Clifton 8 12.9 23.4 NR
Invercargill Aero 8.5 7.8 14.9 914
Myross Bush 16.5 2.4 6.0 NR
Woodlands 28 0.5 0.9 927
Brydone 49 2.2 3.9 NR
Gore 64 1.0 2.0 782
Tapanui 94.5 0.4 0.8 773

“Rainfall data collected by NZ Meteorological Service station. NR = not recorded at this site.
bOn sandy harbour beach, 5.5 km from nearest ocean shore.
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Collection of Dry-Deposited Chloride

The collector used is described by Cawse {4]. A horizontal sheet of filter paper (Whatman
541, 200 X 250 mm) supported on a perspex sheet of approximately the same size is mounted
centrally beneath a one-m square perspex cover supported at each corner (to shield the paper
from rain). This filter paper surface is approximately 1350 mm above the ground. The paper
surface is collected and renewed each 28 days. On recovery, the chloride is extracted from the
paper using a Soxhlet apparatus by refluxing with deionised water. The chloride concentration
is determined in the resulting solution using a chloride-specific electrode. Control samples that
were never exposed are put through the analysis procedure at intervals.

Corrosion Rate Determinations on Steel Panels

Projecting from the top of each chloride collection rack is a bracket with two steel coupons
attached, with an insulated bolt through the centre of each coupon so that the coupons are held
vertically, approximately 120 mm from the bracket. The coupons were produced from steel cast
by BHP Research Laboratories in Australia to an alloy composition (Table 2) which corrodes at
a rate relatively insensitive to minor variations in composition [5]. The steel was hot and cold
rolled to 3.2 mm strip, which was then guillotined to 100 X 50 mm coupons. These were an-
nealed and drilled with an identification pattern of four 1.59 mm holes at one edge of each
coupon before supply to the Building Research Association of New Zealand (BRANZ).

Before exposure, the coupons are lightly rubbed with steel wool, degreased, then immersed in
5% hydrochloric acid solution at 80°C for ten min. They are then rinsed in cold running tap
water for ten min, immersed in boiling water, and air dried. Each is weighed to 0.1 mg and
stored in a dessicator until ready for exposure. The exposure period is 48 weeks. Upon retrieval,
the coupons are immersed in a solution of 50 g stannous chloride per litre of concentrated hy-
drochloric acid to remove corrosion products, and rinsed thoroughly. The coupons are re-
weighed to 0.1 mg and the corrosion rate calculated as a function of the total exposed area of the
coupon. (This follows the procedure adopted by King et al. [5].)

Galvanic Corrosion Evaluation of Aluminum

A Climat test unit [6] is attached to the top of each chloride collection rack. This comprises
aluminum wire wrapped around 1.27 mm (0.5 in.) BSW threaded studs made of mild steel,
copper and nylon, respectively, which are screwed into a solid base. The wire used is Alloy 1350
171, 0.9-mm diameter hard-drawn, supplied by Alcan (NZ) Ltd.

Before assembly, the components are cleaned in petroleum ether, air dried, then rinsed in
acetone and again air dried. The wire (approximately 900 mm long) was weighed to 0.1 mg,
wound tightly around the stud, and held in place by short lengths of insulated wire. The expo-
sure period was 84 days (to correspond to a multiple of 28 day periods of chloride collection).
Upon retrieval, the wire is removed from the stud and immersed in a boiling solution of 20 g/L
chromic acid, 40 g/L phosphoric acid for 10 min to remove the corrosion products. After rinsing
in hot water, then acetone, the wire is reweighed to 0.1 mg and the percentage weight loss
calculated. Unpublished studies at BRANZ have shown this method (modelled on that used by
Doyle and Godard [8]) produces negligible weight losses on control samples.

TABLE 2-—Composition of steel panels.

C Mn Si P S Ni Cr Cu

0.16 0.61 0.05 0.01 0.026 0.27 0.12 0.22
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Results

The amount of chloride deposited onto the collectors differs widely from month to month.
The mean and maximum 28-day chloride deposition rates at each site over the 48-week period
of the study are listed in Table 1. The steel coupon corrosion rate and the mean aluminum wire
percentage weight losses from the Climat units at each site are listed in Table 3. The steel cou-
pon rates are the average from the two coupons at each site. The Climat values are the average
for the single units at each site over the four test periods. Typical data are given in Table 4.

Figures 1 to 8 show some of the relationships found between the amounts of chloride depos-
ited, the 84-day Climat tests, and the 48-week steel corrosion rates. Table S lists the correlation
details for the complete data sets for chloride deposition, the 84-day mild steel stud Climat tests,
and the 48-week steel corrosion rates. The steel stud results were chosen for use in this further
development because this stud has been described as that most affected by a marine environ-
ment [6].

Discussion

A very good correlation has emerged between the values found on the mild steel stud in the
Climat test and the corrosion rates of the steel coupons. There has also been good correlation of
the corrosion measurements using the mild steel stud in the Climat test to the logarithm of the
deposited chloride, and very good correlation of the steel coupon corrosion rate to the logarithm
of the deposited chloride.

These correlations are important in assessing the validity of using the Climat test in selecting
materials or methods of protection against atmospheric corrosion. The Climat test is relatively
cheap and simple to perform, and particularly so as compared with the analysis for chloride
deposition, whether using the wet candle technique of Ambler and Bain or that used in the
present study. There is very large variability from month to month in the dry deposition of

TABLE 3—Results of corrosion tests done at collection sites.

Average Climat Test Average
Results, %wt Loss

Corrosion Rate for

Site Mild Steel Copper Nylon Steel, pm/year
Manawatu
Tangimoana 12.25 14.37 0.24 39.2
Paraparaumu 9.36 10.22 0.24 36.4
Flockhouse 8.62 8.52 0.14 31.6
Clydesdale 8.01 8.01 0.20 33.5
Levin 5.67 5.33 0.08 18.9
Bulls 5.46 5.67 0.14 22.6
Kairanga 6.76 5.72 0.15 26.4
Palmerston North 5.20 4.85 0.10 25.2
Ballantrae 5.50 5.17 0.10 25.3
Southland
Oreti Beach 12.76 16.23 0.21 41.2
Tiwai Point 11.83 11.80 0.27 40.9
Clifton 10.32 12.32 0.20 37.8
Invercargill Aero 8.68 8.30 0.15 32.8
Myross Bush 5.77 5.55 0.09 20.9
Woodlands 2.97 3.40 0.08 12.2
Brydone 5.68 5.93 0.11 22.1
Gore 3.31 3.82 0.07 13.8

Tapanui 1.48 1.82 0.06 7.0
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TABLE 4—Actual Climat values recorded for three sites in Southland, and rainfall dara
for the test periods.

Test Period 1984-5

Site May to Aug. Aug. to Oct. Oct. to Jan. Jan. to Apr.
Tiwai Point
Climat units
Mild steel 17.32 10.08 10.53 9.38
Copper 17.42 10.98 9.72 9.06
Nylon 0.33 0.26 0.34 0.14
rainfall, mm 158 216 194 241
Invercargill Aero
Climat units
Mild steel 9.78 8.23 8.95 7.75
Copper 9.36 9.08 8.02 7.94
Nylon 0.16 0.24 0.15 0.06
rainfall, mm 186 229 215 283
Gore
Climat units
Mild steel 4.54 3.20 2.90 2.58
Copper 4.94 4.01 2.90 3.42
Nylon 0.13 0.11 0.05 0.00
rainfall, mm 147 221 195 219
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FIG. 1—Relationship of steel corrosion rate (um/year) to the 48-week total chloride deposition on the

sheltered collector (pg/cm?).
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FIG. 3—Relationship of steel corrosion rate (um/year) to the logarithm of the first four weeks chloride
deposition on the sheltered collector (ug/cm?).

50

40

Steet 30 [
Coupon
Corrosion
Rate 20

1 5 10 15 20
First Steel Climat, Value

FIG. 4—Relationship of steel corrosion rate (um/year) to the percentage weight loss from the aluminum
wire on the steel stud in the Climat test over the first twelve weeks.
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chloride, as shown in Table 1. It would be unwise to categorize the possible corrosivity of a site
on the basis of a single month’s chioride deposition measurement. There is also the possibility
on sheltered surfaces that will not be washed by rain that a single storm could deposit sufficient
chioride to pose major corrosion hazards to these surfaces even in a less generally corrosive
zone. Since this test has been done at many sites around the world (see, for example, the lists by
Doyle and Wright [6]), it offers the possibility that a new site could be put into a wider context,
and allows past experience at other sites to be used as a guide to the corrosion problems to be
anticipated, provided it has a basic validity. This study, performed in two widely separated
regions in New Zealand, suggests that the Climat test does have a basic validity, at least for sites
which can be categorized as dominantly affected by sea-salt deposition. The variability from
season to season of values in the Climat test (Table 4) has been observed by other workers also
[6]. From the data in Table 4, it is obviously not related simply to rainfall in the present study. It
probably is related to wind blowing from the sea, but this could not be proven conclusively from
the weather data available.

The qualification regarding the dominant effects of sea-salt should be emphasized. The suc-
cess of the correlation in this instance is possibly enhanced by the choice of monitoring sites,
which were expected to be free of significant industrial pollution. Thus, for example, Ambler
{9] found a similar drop in chloride concentration with increasing distance inland in United
Kingdom as compared to that found in Nigeria, but did not find such a clear relationship be-
tween distance and corrosion rate as had been found in Nigeria. He attributed this difference to
the effect of industrial polfution. Hayward (personal communication) had described how to
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TABLE 5—Correlation equations and coefficients.

F1G. 2

Steel Coupon Corrosio