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Numerous Government committees and panels saw Tony
serve as a corrosion expert.
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He was married to Leonora Marotto on 12 November
1938. He leaves a married daughter, Maria Shire, three
sisters, Anna Marotto, Frances laricci, and Catherine
Pecca and two grandchildren, Nora and John Shire. An ex-
tremely energetic person, Tony found time, in addition to
his work and technical society activities, to assist young
musicians in the Youth Orchestra of Philadelphia, as Pres-
ident and Board Member. His hobbies included greenhouse
gardening, ceramics, oil painting, classical music, Western
history, as well as the piano.

Anthony Gallaccio, recognized corrosion authority, de-
voted husband, loving parent and grandparent, public ser-
vant, and aesthete will be sorely missed.
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The symposium on Atmospheric Corrosion of Metals was presented at
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tional Association of Corrosion Engineers. S. W. Dean, Jr., Air Products
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this publication.
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Introduction

The American Society for Testing and Materials (ASTM) has been one of
the most important sources of information on atmospheric corrosion tech-
nology in the 20th century. The leadership provided by ASTM has resulted
from a need to develop performance data on metallic materials which are
used in natural atmospheres. At the outset it was recognized that there was
no satisfactory method for predicting the performance of materials in the
atmosphere. Therefore it was necessary to run tests in the atmosphere to de-
velop the data required to specify materials and design devices and structures
for use in the atmosphere. As products entered the marketplace with systems
designed to protect them from atmospheric corrosion, it became necessary to
have standards which would accurately describe the performance of the sys-
tems. There was also a real need to understand the variables which affect at-
mospheric corrosion so that designers and engineers could work intelligently
with the metallic materials in atmospheric service.

In the decade of the 1960’s, Committee G-1 was formed for the purpose of
bringing together and coordinating all standards-writing activities pertaining
to metallic corrosion. As part of this work, Subcommittee GO1.04 was
created to handle atmospheric corrosion. The decades of the 1960’s and
1970’s witnessed some subtle, but important, changes in the field of atmos-
pheric corrosion. Environmentalists brought strong pressure to bear on so-
ciety and industry in particular to minimize or eliminate pollution. This,
coupled with the dramatic changes in costs of energy from various fossil
fuels, has brought about a fundamental change in the types of atmosphere
engineers have had to deal with. Industrial atmospheres could no longer be
assumed to be heavily polluted with sulfur oxides. Another important
change during this period was the development of sophisticated electronic
instruments which allowed a wide variety of chemical and other types of
measurements to be made. These instruments, together with digital compu-
ters, made possible a wide variety of correlations and other types of studies
which heretofore were beyond the scope of laboratories involved in atmos-
pheric corrosion work.

Earlier symposia held in 1973' and 1976® by Committee G-1 had papers

! Corrosion in Natural Environments, ASTM STP 558, American Society for Testing and Mate-
rials, 1974.

2 Atmospheric Factors Affecting the Corrosion of Engineering Metals, ASTM STP 646, S. K.
Coburn, Ed., American Society for Testing and Materials, 1978.

Copyright” 1982 by ASTM International www.astm.org



2 ATMOSPHERIC CORROSION OF METALS

concerned with these various questions. Two Special Technical Publications
(STP’s) have resulted from these symposia and provided a record of the ear-
lier work on these questions. However, because atmospheric corrosion is a
process requiring 10 to 20 years to become fully established, there is a real
need to fortify these earlier studies with additional results as new data be-
come available. Thus, the purpose of the 1980 symposium on atmospheric
corrosion sponsored by Committee G-1 through Subcommittee GO1.04 was
as follows:

1. To document how pollution control measures over the years have af-
fected materials of construction and specifically various metallic materials
used in the atmosphere.

2. To record information on the corrosion resistance of newer alloys and
composites in the atmosphere in comparison with older, more traditional
materials.

3. To discuss the mechanism of atmospheric corrosion and specifically the
kinetics of atmospheric corrosion as determined by the variations of specific
active species in the atmosphere.

4. To develop better systems for classifying the corrosivity of the atmos-
pheres, including the use of electrochemical testing methods to characterize
atmospheric corrosion behavior.

5. Finally, to show how laboratory tests can be used to simulate atmos-
pheric corrosion.

The 1980 Atmospheric Corrosion of Metals Symposium met the objectives
for which it was organized. A number of papers were presented on the be-
havior of engineering materials, including two on weathering steels, three on
copper alloys, two on aluminum alloys, two on metals with metallic coat-
ings, and one on zinc. In addition, two papers were presented on monitoring
of atmospheric exposure sites using time of wetness or electrochemical cor-
rosion monitoring systems. Two papers were also presented on laboratory
tests and their correlation with atmospheric corrosion. Finally, there were
papers concerned with characterizing atmospheric exposure sites and classi-
fying the corrosivity of such sites, some work on the evaluation of microcli-
mates and corrosion of metals, and the prediction of long-term corrosion
rates of structural steels from short-term data.

This collection of papers should be very useful to engineers involved with
designing and specifying materials for use in atmospheric applications, both
in architectural structural and automotive applications. This publication
should also be helpful to materials scientists interested in developing acceler-
ated laboratory tests for predicting the long-term behavior of metallic mate-
rials in the atmosphere. The results herein should be useful to those planning
new atmospheric corrosion exposures, both from the viewpoint of determin-
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ing better monitoring methods for exposure sites and as a record of tests
underway and recently completed. In addition, the data provided here
should be of interest to those concerned with the economics of corrosion and
how some of the newer alloy compositions behave.

In assembling the papers in this STP we have tried to provide a link ‘be-
tween the past work and the future directions of ASTM in atmospheric cor-
rosion testing, and specifically Committee G-1. There is no question that fu-
ture symposia will be necessary, and we hope this volume will be an adequate
progress report on the state of the art of atmospheric corrosion at the begin-
ning of the decade of the 1980’s.

S. W. Dean, Jr.

Air Products and Chemicals, Inc., Allentown,
Pa. 18105; editor.

E. C. Rhea

Reynolds Metals Co., Richmond, Va. 23261;
editor.
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D. Knotkova-Cermakova,' J. Vickova,' and J. Honzak,'

Atmospheric Corrosion of
Weathering Steels

REFERENCE: Knotkova-Cermakova, D., VIgkova, J., and Honzak, J., “Atmospheric
Corrosion of Weathering Steels,” Armospheric Corrosion of Metals, ASTM STP 767,
S. W. Dean, Jr., and E. C. Rhea, Eds., American Society for Testing Materials,
1982, pp. 7-44.

ABSTRACT: A general research program to study the corrosion behavior of weathering
steels is being completed by the State Research Institute for Materials Protection.
Three stages of research are discussed:

1. a description of the corrosion characteristics of these materials,
2. the corrosion behavior of weathering steels in structural service, and
3. the evaluation of the applicability of weathering steels for typical real structures.

The results of this program were used to formulate the corrosion section of the specifi-
cation: Technical Direction for Application of Weathering Steels.

A comparison of the cost of construction using conventional paint coatings on steel
versus the use of weathering steel is provided, including the protection and operation
of construction.

KEY WORDS: atmospheric corrosion, weathering steel, corrosion tests on atmospheric
sites, atmospheric pollution, outdoor and sheltered exposure, behavior of steel on
structural elements, bolt joint, model crevice, patina rust layer, applicability on real
objects, masts, industrial constructions, bridges, buildings

The corrosion of structural steels is a very serious technical problem. The
volume of the steel constructions exposed to a corrosive environment is very
high. The corrosivity of the atmosphere in which most steel structures are
used is increasing and the application of the suitable protective systems is
very complex and involved from both the raw material and energy points of
view. In addition, the maintenance of the surface coatings on existing struc-
tures is laborious and expensive.

For these reasons, any system which allows the use of steel structures
while minimizing cost during the service life is highly desirable. In addition,
it is also desirable to obviate the need for both complex technological
equipment for the production of the steel components in the structures and
for labor for their maintenance in service. Thus, weathering steels which

'G. V. Akimov State Research Institute of Material Protection, Prague, Czechoslovakia
(SVUOM).

Copyrightm 1982 by ASTM International Www.astm.org



8 ATMOSPHERIC CORROSION OF METALS

have an increased resistance to atmospheric corrosion and have been pro-
duced for many years under various commercial names—Cor-Ten, Mayari
R, 10CHNDPS, Atmofix, etc.—enjoy an outstanding reputation in a wide
range of applications.

These steels were manufactured in Czechoslovakia as early as before World
War II, but a systematic regulation of their use occurred only in the late
1960°s. At this time, extensive research programs were undertaken. The work
started at that time had to yield, as quickly as possible, technical results suf-
ficient for the state-aided application of these steels in practice. The research
was, therefore, carried out as an extensive team effort which involved the col-
laboration of a number of the research institutes, for example, the Research
Institute of Ferrous Metallurgy, Technically-Economic Research Institute of
Metallurgy, the Research Institute of Steel Constructions, and the Welding
Research Institute. This extensive research project was aimed at developing
information concerning the metallurgy, corrosion resistance, fabrication
techniques, and economics of weathering steels. The results of this research
were used in the preparation of the very extensive and specific standard:
“Czechoslovak Directions for the Application of Weathering Steels,” pub-
lished in December 1978 [1).2

The extent of the work carried out and the knowledge gained are much
wider than reported earlier, and it is impossible to condense it in even one ex-
tensive publication. For this reason, only a section of our information on the
atmospheric corrosion of weathering steels is discussed herein on the follow-
ing three topics:

1. Description of the atmospheric corrosion characteristics.

2. Corrosion behavior of weathering steels on structural members in typi-
cal atmospheres.

3. Evaluation of the usability of weathering steels for real typical structures.

Atmospheric Corrosion Tests of Weathering Steels
Aim, Extent, and Method of Tests

The results of corrosion tests from the network of atmospheric testing sta-
tions forms a basis for establishing the corrosion performance of various
materials. Such tests are carried out in a standardized mode and in well-
defined conditions, and so the results for a particular material are comparable
to results from other sources. However, the application of these results to an
actual structure is neither simple nor unambiguous.

In the present study, three types have been used:

1. Tests at atmospheric exposure stations where the atmospheric condi-

?The italic numbers in brackets refer to the list of references appended to this paper.
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tions are well known and the test technique has been standardized. Specifi-
cally, Location 1 involved in outdoor atmospheric exposure with specimens
on stands, inclined 45 deg to the horizontal and facing south. Location 2 in-
volved vertical specimens using a standard Stevenson screen.’

Most of the tests were carried out in the SVUOM main atmospheric testing
stations where conditions were monitored regularly and the corrosivity of
the station atmosphere was measured periodically. The results of these cor-
rosivity measurements are reported in Table 1. These tests were carried out
over a 15-year period.

Tests also were performed, to a lesser extent, at single-purpose sites selected
so that they could provide more detailed data on the corrosion behavior of
selected steels in atmospheres having smaller variations in sulfur dioxide
(SO,) content for 5-year testing periods.

2. Tests at the single-purpose test stations, which are located in rural,
urban, and industrial atmospheres in Category 2 exposures, that is, in sheds.
Category 3 exposures involving indoor tests were also carried out. The present
study required information on the effect of sheltering on the corrosion of
these materials because most structural applications have some portions of

-the steel surface exposed in this mode. However, conventional station tests do

not provide this information. These tests were carried out for 5 years on
simple Novodur stands with actual construction geometries in exploitation
microclimates.

3. Atmospheric exposures were carried out at test stations in specific loca-
tions to evaluate unusual and extreme effects. Three- to five-year exposures
were made in various production plants to determine the corrosion behavior
of these steels in specific industrial atmospheres. Such test results are not us-
ually applicable to other environments.

4. Atmospheric exposures were carried out at test stations to evaluate
special arrangements of the specimen, including the effect of orientation of
the corroding surface, effect of specimen mass, and the individual corrosion
rates of top and bottom sides of the specimens. The duration of these tests
was 8-10 years.

Seven test programs of the type described under No. 1 of the foregoing
have been initiated. Sixty different types of steels have been included in these
tests.

Table 2 gives the compositions of the Atmofix type of Czechoslovakian
commercial steels together with the composition of the comparison steel.
The compositions of the other steels in these programs will be provided only
when specific results are reported.

Only two types of steels were subjected to the tests described in Nos. 2
through 4 of the foregoing. These steels were the low-alloy Atmofix 52A steel

*The Stevenson screen is a louvered cabinet which shields specimens from direct exposure to
the elements.
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TABLE 1—Characteristics of environment of atmospheric testing stations in which the
verification tests of weathering steels were carried out.

Atmospheric Station .

Prague Usti nad
Data Lethany Labem Hurbanovo Kopisty
Geographical
position altitude
above sea level 275 m 186 m 115m 240 m
East longitude 14°31’ 14°82° 18°12 17°38’
North latitude 58°08’ 50°39 47°52 50°33
Type of atmosphere metropolitan  heavy rural, heavy
poliuted changed polluted
industrial, over to industrial,
(specific urban decisive
chemical effect of
effects) SO,
Avg annual
temperature, °C 8.35 9.8 10.35 9.1
Avg annual relative
humidity, % 80.5 78.25 76 73
Duration of temperature
intervals in % of total
time below —10°C 0.15 0.29 0.19 0.42
~10 to —8°C 1141 8.16 13.0 13.96
0.1 to +10°C 4227 44,27 35.42 41.87
+10.1 to +20°C 37.94 34.86 38.75 34.33
+20.1 to +30°C 8.02 11.77 11.83 9.01
+30°C 0.21 0.65 0.81 0.41
Duration of humidity
intervals in % of total
time below 60% RH 12.25 10.0 17.83 19.84
60 to 80% RH 22.79 3295 29.83 35.68
80 to 100% RH 64.98 57.05 52.34 44.48
Avg values of
adsorption of SO,
mg-m2+d”’ 85.75 132.6 40.95 128.95
Avg quantity of dusty
fallout, g-m™-d”! 0.28 0.63 0.32 0.85
Avg annual quantity of
precipitations, mm 444 376 505 330

and the comparison steel, a standard structural carbon steel. The corrosion
tests described under Nos. 2 and 3 were carried out in 55 different
microclimates.

About 6000 specimens total were exposed after preparing their surface by
blasting with cut wire. The surface roughness ranged from 6.3 to 12.3 um.
The results of these tests are presented as generalized results for typical en-
vironments rather than specific results for individual exposures. The extensive
nature of this series of exposure programs makes possible this generalized
approach, which, in turn, is more easily utilized.
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12 ATMOSPHERIC CORROSION OF METALS

Corrosion Behavior in Various Outdoor Atmospheres

The natural atmospheres for which the corrosion performance of exterior
architectural materials is normally specified include rural, urban, industrial,
etc. In this study, we have departed a little from the limits of pollution speci-
fied in ST SEV 991-78, ““Corrosion of Metals: Classification of Corrosivity
of Atmospheres,” for the various atmospheres. The atmospheres studied in
this paper have been limited to ones with SO, contents nearer to the range of
Czechoslovakian conditions, and the steels evaluated limited to alloys similar
in composition to weathering steels. As a result, this study has been concerned
mainly with the effects of pollution by SO;, except for some specific
microclimates.

It is well known qualitatively that many low-alloy steels form a sufficiently
protective rust layer in exterior service as long as the pollution level is not too
great. The contribution of this study is to f)rovide detailed results on the cor-
rosion behavior of weathering steels as a function of pollution level. Test re-
sults are provided for all materials with at least 5 years of exposure. The re-
sults on Atmofix 5A steel and steels of a similar composition were used in the
generalized behavior plots. The bulk of the data were, of course, obtained
from the SVUOM atmospheric stations, but the results of the tests from single-
purpose stations and on complex geometry specimens also were included so
that the range of effects caused by SO, variations could be observed. After a
preliminary evaluation, the results were divided into three groups. The data
envelopes for the corrosion loss versus exposure time for the Atmofix and ref-
erence steels are presented in Figs. 1-3.

In rural and urban atmospheres with low levels of pollution, that is, SO,
levels of about 40 mg/mz/day or less, the conditions are suitable for the for~
mation of a highly protective rust layer on low-alloy steels, resulting eventu-

4, m /year
100

reference steel

corrosioa (,um )
n
o

FIG. 1—Corrosion losses of Atmofix 524 and the reference steels in the outdoor rural
atmosphere.
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12 /_/,“r

150 referense stesls

..e//

FiG. 2—Corrosion losses of Atmofix 524 and the reference steels in the outdoor urban and
weekly polluted industrial atmospheres (limit of SO: pollution is 90 mg/m*/day).

ally in a relatively stable low rate of corrosion (see Fig. 1). The development
of this low stable corrosion rate occurs after about 3 years of exposure and
for practical purposes a zero rate may be assumed. The range of metal loss as
shown by the envelope curves narrows considerably when this stable condi-
tion occurs, even for the reference steels. The reference steels do, however,
show a higher corrosion rate initially and end up with a higher rate also. The
time required to develop a stable corrosion rate is also longer in the case of
reference steels, but the corrosion rate attained is still relatively low. The ap-
pearance of the rust layer on weathering steels is characterized by an attractive
dark brown to violet color and a compact structure.

In more polluted urban and industrial atmospheres, when the annual av-
erage pollution level reaches 90 mg/m?®/day, this increased SO, level causes a
significant increase in the corrosion loss ¢nvelope curves, as seen in Fig, 2.
The following conclusions may be drawn from this plot.

1. The corrosion loss envelope curves for the Atmofix steels are still narrow
although higher than seen in Fig. 1. The rate of metal loss in this case does
not become excessive and the alloy content functions to limit corrosion as
before. However, the corrosion process initiates more rapidly.
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FIG. 3—Corrosion losses of Atmofix 524 and the reference steels in the outdoor heavily polluted
atmospheres.
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2. Very low values of the steady-state corrosion rate are attained so that,
in principle, a zero rate can be assumed. This condition is attained a little
later, however, usually between 3 and S years of exposure. A true zéro corro-
sion rate did not occur in every case, as shown by the slope of the upper enve-
lope curve.

3. The reference steel envelope curves are quite different in character,
showing a fan-shaped pattern. These steels are apparently not capable of
providing protection against the higher SO concentrations resulting from
the higher SO; contents. The greater spread in the data results from the larger
variations in corrosivity of the atmospheres during the initial period.

4. The stable corrosion rates of the plain carbon reference steels are signif-
icantly higher than those of the weathering steels.

The rust layer formed on the weathering steels in these more polluted en-
vironments is again dark brown to violet, but its structure appears coarser
than what was observed in rural atmospheres. It is likely that during certain
seasons, the higher SO; content, coupled with higher humidity, causes local
cracking and spalling of the rust layer and this requires that the layer reform
in these areas.

For heavily polluted industrial atmospheres where the SO, level is high,
the results shown in Fig. 3 indicate a higher corrosion rate than is generally
seen on weathering steels with a stable rust layer. The zones bonded by the
envelope curves for both weathering steels and the reference steels are fan
shaped and the stabilized corrosion rates are significant. This indicates that
the process of spalling and regrowth of the rust layer is occurring on both
types of steel, both regularly and intensively. The appearance of the rust layer
supports this contention. The weathering steels’ performance is clearly sepa-
rate and below the reference steels.

The corrosion of weathering steels must be a continuous function of SO,
content, increasing as the SO, increases. For this reason, it is desirable to
specify a maximum level of SO; in the atmosphere in which weathering steels
may be used without protective coatings. A detailed analysis of the data set
of long-term test results, supplemented by the results of the 3-year tests in the
North Bohemian network of stations with more finely graduated levels of
SO; content, was very helpful in defining more precisely the critical SO; level.
The results of this analysis indicate a maximum limit of SO, content of 90
mg/m?/day annual average value. A summary plot showing this analysis is
given in Fig. 4. However, it is apparent that this level is somewhat arbitrary
because our understanding of the mechanism of rust formation does not
suggest that there should be a sudden end to the protective nature of the rust
layer at a specific pollution level.

The maximum limit of the SO content represents the point where the proc-
ess of periodic removal and regrowth of the rust layer becomes significant.
As a result, the rust layer ceases to be protective and attractive at this point
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F1G. 4—Corrosion of Atmofix 52A in the outdoor atmospheres with different levels of SO,
pollution.

and the metal loss rate which accompanies the rust formation process be-
comes important relative to this material’s load-bearing function. Therefore,
when weathering steels are used without protection in atmospheres exceeding
this limit of SO; pollution, consideration must be given to the service life of
the structure.

Our tests had to verify that the Czechoslovak Atmofix 52A steel is com-
parable, as far as its corrosion properties are concerned, with conventional
steels of foreign manufacture with similar compositions and applications.
The results plotted in Fig. 5 confirm the comparability of the corrosion
properties, including the capability of forming an aesthetically pleasing rust
layer.

Corrosion Behavior in Shed and Indoor Atmospheres

The results for shed and indoor exposures were obtained from 5-year tests
on specimens of Atmofix 52A and reference steels, that is, standard structural
carbon steels, after exposure in Stevenson screen enclosures in the SVUOM
exposure stations and in the actual microclimates of structures, including the
" lower deck of bridges, galleries in stadiums, loft spaces, storage houses, etc.

The results are plotted in Figs. 6 and 7 and these results are the basis of a
number of important conclusions. Zero corrosion rates were not observed
for either type of steel. There were not significant differences between the



KNOTKOVA-CERMAKOVA ET AL ON WEATHERING STEELS 17

r

z ¢ imofix 524

i o conparisca aieel
i

i 150 L
¥
z
2
g ~ Rurtanovs
“ 2001
LetReny
5 ]
5 Hurtanovo
il L ]
i 4 H i I I 4
o 5 10
TIME -~ yours
FIG. 5—~Corrosion properties af Atmofix 524 and comparison steel,
s refsrence stesl
¢ Atacfix
s toth
1000}~
‘yﬂ
a
w
g
o
.
£
o
o
(e}

Years

FIG. 6-—Corrosion of Atmofix SEA and the reference steel in vemiilared microctimaies in Location
Category 2 (urban and weekly poltuted industrie! shed axmosphere). Lines of the same iype{dotied,
dot-and-dash) represent one exposition site.



18 ATMOSPHERIC CORROSION OF METALS

O referemcs stesl
® Atmefix
-~
q 500
"
)
|
E
o
Y S 1 l 1 {
1 2 3 4 5

Joars

FIG. 7—Corrosion of Atmofix 524 and the reference steel in indoor microclimates—Location
Category 3 (urban type of atmosphere). Lines of the same type (dotted, dot-and-dash) represent one
exposition site.

corrosion performances of these two types of steel. True boundary envelopes
of corrosion loss were not found for either atmosphere or steel. Certain dif-
ferent characteristics may be found when comparing the corrosion behavior
of both kinds of steels in shed and indoor environments. The most favorable
conclusions for the application of the Atmofix steel came from the urban shed
exposures. The corrosion losses of the Atmofix steels at the same localities
were lower than those of the comparison steels, and the locations with good
ventilation proved to be especially favorable; for example, lower decks of
bridges and open galleries. Even though the rust layers in these cases never
had the typical appearance of exterior exposures, they were more compact
and more adherent on the Atmofix steel than on the reference steel. The dif-
ference in steady-state corrosion rates is relatively low so that the final corro-
sion rates cannot be a motivation for using weathering steels instead of plain
carbon steels.

TABLE 3—Steady-state corrosion rates in some types of the shed and microclimates.

Indoor Steady-State Corrosion Rate,

pm/year
Locality Comparison Steel Atmofix 52A

Bridge, lower ceiling 7.72 5.66
Gallery exposure 9.17 6.27
Open storage exposure 16.93 8.70
Exposure in loft space 5.66 5.98
Exposure in textile finishing

room (without chemical effects) 8.28 8.23

NOTES:

1. The results of the nonrecurring stipulations are mentioned.
2. The steady-state corrosion rates are derived by the straight-line regression of results of 5-year
corrosion tests.



KNOTKOVA-CERMAKOVA ET AL ON WEATHERING STEELS 19

TABLE 4—Comparison of corrosion losses in the open atmosphere and under a shed in
industrial environments after a 10-year test.

Corrosion Loss, g+m™

Station Mode of Exposure Comparison Steel Atmofix 52A
Letfiany open atmosphere shed 1488.6 518.0
(Stevenson screen) 1274.3 1191.0
Usti nad Labem open atmosphere shed 3517.3 923.3
(Stevenson screen) 1798.6 1110.3

The results of the indoor exposures in both rural and urban atmospheres
show no systematic or consequential differences between the weathering and
plain carbon steels. In some cases the weathering steels showed slightly less
corrosion while in others the carbon steels were better, but the differences
were not important in any case. The low corrosion rates observed in all of
these exposures result from the low corrosivity of the environment and not
from any alloying addition to the steel. Based on these results, there is no jus-
tification for specifying weathering steels for indoor atmospheres.

The steady-state corrosion rates for various microclimates calculated by a
linear regression analysis of the results from the 5-year corrosion tests, in-
cluding 1-year exposure results, are reported in Table 3. The results from shed
exposures in highly polluted industrial atmospheres were not included be-
cause of the variability of these results. The rust layer which forms on weath-
ering steels in shed exposures does not develop the protective quality which
occurs in normal exposure to the weather. The data in Table 4 illustrate this
behavior. In fact, the corrosion rates of weathering steels may be higher than
that of plain carbon steels under these circumstances.

Corrosion Behavior in Manufacturing and Other Specific Microclimates

The corrosion behavior of these steels cannot be formulated in a generalized
relationship which covers all environments. The results of this study must be
considered on a case-by-case basis. Stanners [4] showed this in his extensive
study several years ago and our tests have provided similar results.

We have tested Atmofix 52A steel and the reference steel in the micro-
climates of chemical plants, agricultural areas, metallurgical and textile pro-
duction plants, as well as in automotive and streetcar environments. The re-
sults of these exposures, as illustrated by Fig. 8 and Table 5, show that
weathering steels are generally not suited for such applications and their ap-
plicability must be established by experimental results in each specific case.
One general conclusion from our studies is that unprotected Atmofix steel is
not suitable in atmospheres containing chlorine. In microclimates where the
major pollutant is SO, even in high concentrations, the Atmofix steel is sig-
nificantly more resistant than the plain carbon reference steel. Consequently,
there is a possible justification for using weathering steels in these applica-
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TABLE 5—Steady-state corrosion rate and corrosion losses in
selected specific working microclimates.

Comparison Steel Atmofix 52A
Locality A B A B
1. Textile dyeworks 0.325 1018.71 0.333 718.31
2. Textile washing works 0.177 359.47 0.176 422.13
3. Lead coating workshop 3.692 2609.01 1.190 2097.13
4. Synthetic fertilizer storehouse 0.641 1323.02 1.111 2001.18
5. Cowhouse—skylight 0.013 356.80 0.175 338.1
6. Pighouse 0.478 623.3 0.421 537.0
NoTes:

A. Steady-state corrosion rate (g/m”+d) calculated by the straight-line regression of the 5-
year test results.
B. Corrosion loss during 5 years of the test (g/m?).

tions. However, the corrosion behavior should be verified in such cases by a
3-year test in order to define the actual service life of the equipment in
question.

In contrast to the approach of other authors [5-9], we have attempted to
process the results of our tests in a generalized format for typical environments
because we have considered such a presentation important for the use of
weathering steels as a structural material. Some typical rust layers are shown
in Fig. 9. The detailed results of our experiments are included in our com-
prehensive reports, especially in the final report [2]. These reports were par-
tially published earlier [10~13].

Effect of Orientation on Corrosion Rate

It is apparent, even from the appearance of the rust layers on the steel
specimens, that the amount of rain, sunshine, wind, etc. affects the corrosion
process. The effects of panel orientation were studied for both weathering
steels and plain carbon steels in the municipal atmospheres of the SVUOM
site at Jeneralka. The details of this study are given in Table 6.

Based on the appearance of the surfaces, the rust found on the specimens
facing south, west, and east has an attractive fine texture and dark color and
is comparable in all three orientations. The horizontal specimens were dif-
ferent in appearance. The weathering steel had a light-colored, coarse-
textured but adherent rust layer while the rust on the plain carbon steel was
flaking off locally. The gravimetric measurements shown in Table 6 reveal
that the eastward exposure is the most aggressive. Moisture probably dries
more slowly on the easterly facing specimens and this increases the time during
which active corrosion occurs. The largest difference between weathering
steel and carbon steel is seen in the south-facing specimens. :

Based on these results, it is apparent that the southerly exposure represents
the most favorable orientation for specimens of weathering steels subject to
atmospheric corrosion.
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FI1G. 9-—Appearance of rust layers after 10 years’ exposure: 1 —comparison sieel: 2—Aimaofix
52A: a—rural slightly polluted atmosphere (Hurbanovo) outdoor exposure; b—urban to industrial
atmosphere (Letiiany) outdoor exposure; c—heavy polluted atmosphere (Ust! nad Labem) outdoor
exposure; d—urban to industrial atmosphere (LetRany) sheltered exposure; e—heavy poliuted at-
mosphere (Usti nad Labem) sheltered exposure.

TABLE 6—Comparison of corrosion loss (g m™) of weathering steel, 15 217, and plain carbon
steel, 11 304, in dependence on the orientation of the corroding surface (3 years’ exposure).

Steels
Surface Orientation 15217 11 304
Horizontal 419.63 649.24
East 572.79 818.30
West 476.48 723.80

South 312.26 677.76
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Another experiment was carried out under conditions similar to those
used in the orientation experiment. In this case, the corrosion rate was meas-
ured separately on the top and bottom sides of the specimens during their
exposure in a southerly orientation at an exposure angle of 45 deg to the hor-
izontal. The side of the specimen not exposed to the atmosphere was pro-
tected by a coating which was removed at the completion of the exposure,
but before the weight loss measurement. The results are presented in Fig. 10.
Both the quantity of iron in the individual rust layers and the total mass lost
to corrosion are shown for both weathering steel and plain carbon steel. The
7-year results in Fig. 10 show a relative retardation of the corrosion process
on the bottom sides of the plain carbon steel specimens. Although the iron
lost from the surface is lower in the case of the downward-facing specimens,
the total quantity of iron in the rust layer is comparable in the top and bottom
layers. There are no fundamental differences in the corrosion reactions for
the two surface orientations. Before further evaluation, however, it is not
possible to claim that this conclusion applies to all exposures. In cases where
large structures are exposed and the conditions of ventilation are different on
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the downward-facing surfaces, the corrosion rates will be substantially dif-
ferent from those noted for standard panels in atmospheric exposure sites.

Properties of Rust Layers on Weathering Steels

The corrosion product layer formed on weathering steels during the process
of atmospheric corrosion provides protection to the underlying steel without
the need to coat the steel. It is necessary, therefore, to define the characteristic
properties of this layer and the conditions which enable it to form successfully.
This rust layer is not an homogeneous material and its protective properties
are related to different structures and chemical components. The studies of
the rust properties reported in the following were carried out with the coopera-
tion of the Bergakademie Freiberg of the German Democratic Republic, and
the Institute of Inorganic Chemistry AN of the Lithuanian Soviet Socialist
Republic of the U.S.S.R. The detailed systematic evaluation of the properties
of rust layers is being performed on steels with a range of compositions from
various atmospheric exposures.

A portion of the results from these studies has been published { /5] and the
specific results on the Atmofix steels have been reported also {16]. The
SVUOM methods used for rust evaluation on weathering steels [17,18] are
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concerned mainly with the analytical processes of examining the structure of
the rust and the distribution of localized sulfate-rich areas, often referred to
as “‘sulfate nests.”” An example of the structural difference between the refer-
ence carbon steel and the Atmofix steel is shown in Figs. 10a and 10b.

A combination of methods has been used to study the rust layer on weath-
ering steels at various stages in the corrosion process, including metallo-
graphic evaluation of a cross section of the rust layer, microprobe analysis of
the distribution of alloying elements, X-ray structural analysis, infrared
analysis, radiochemical determination of sulfate nest distribution, and other
methods described in the following. From these studies we have determined
that protective corrosion product layers have the following characteristics:

1. optically visible layers characterized by dark gray stripes,
2. zones enriched by alloying elements, and
3. almost no frequency of sulfate nests (see Fig. 11).

Additional work based on layer macrostructure, visual evaluation, and gravi-
metric evaluation of the rust underlayers has led to the following conclusions
about protective rust layers.

1. The color of the rust is a dark violet shade.

2. The structure appears to be a compact layer without peeling or flaking
off of particles.

3. The maximum thickness of the layer is 200 um.

4. The surface appears to be a composite of fine particles firmly attached
to the underlying steel, whereas the carbon steel rust appears to be a layer of
coarse particles which can easily be wiped off.

The successive disappearance of sulfate nests on the surfaces of corroding
weathering steels is probably important in determining the corrosion rate of
the steel. This disappearance of the sulfate nests is caused by the changes in
the colloidal properties of the rust resulting from the alloying elements. A
detailed discussion of this mechanism will be presented in a later publication.

Atmospheric Corrosion of Weathering Steel Structural Elements and Joints
Goals, Methods and Scope of Tests

The tests in this section represent a transition between standard panel tests
and the testing of products and structures. The results of these larger-scale
tests provide information on behavior of these steels in more practical situa-
tions and provide results which are not obtainable from standard panel tests.
Therefore, these results are especially important for the use of weathering
steels in real structures.
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Atmofix 52 A reference steel

FIG. 11—Decrease of amount of sulfate nests on Atmofix 524 compared with reference steel
(radiochemical method, specimens from outdoor exposure, Hurbanovo, 10 years).

These tests had to determine the behavior of weathering steels in selected
structural configurations and to verify whether the corrosion followed the
behavior established in panel tests in similar atmospheric conditions. The
following types of tests were carried out.

1. Tests of selected types of structural elements and joints at atmospheric
sites.

2. Tests of models of structural joints in accelerated laboratory tests and
in exposure tests.

3. Tests of girder models exposed at actual construction sites.
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Tests Performed

The tests of selected structural elements and joints were designed to provide
basic information on the performance of weathering steels in the following
applications:

® bolted joints,

® model crevice and galvanic corrosion,

® welds, and

® combinations of steel with other materials.

A brief description of the specimens and exposure conditions is given in
Table 7.
The tests of models have included the following items:

® Tests of models of the facade sheet attachment to supporting structures,
including accelerated laboratory testing of various types of construction ver-
sions of facade sheet attachments.

® The suspension of the facade sheet on a supporting structure with the
test carried out on the entire unit.

® Tests of the steel girder models.

These tests were conducted on structures in service to allow all the micro-
climatic factors to operate. A brief summary of these tests is given in Table 8.

Methods of Evaluation

The corrosion tests of elements, joints, or models are important for the
engineering application of these materials. The importance of these tests is
apparent; however, the proper techniques of evaluating the results have not
been completely worked out and this work has not been completed as yet.
The evaluation based on appearance provides a sufficient, though only qual-
itative, approach. An evaluation based on mass loss is not possible because
of the large size, weight, and complicated shapes of these specimens. Further-
more, techniques involving single-sided pickling of joint specimens result in
a doubled number of exposure specimens.

The appearance evaluation was carried out in all tests. The following areas
were evaluated for the selected structural elements and joints:

® external free area of surface beside joint,
® internal surfaces of joints limited by small top specimen, and

® both of the afore-mentioned surfaces after pickling.

In addition to the standard verbal description of the surfaces, we have at-
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tempted to characterize the surface according to the degree of attack and
thereby quantify the evaluation.

The appearance of the pickled surface was also recorded and supplemented
by a measurement of the surface roughness of the specimen. This approach is
objective and can be used to characterize the extent of corrosion.

We also weighed the quantity of rust in a joint (the rust was conditioned at
room temperature). This was carried out separately for the internal and ex-
ternal surfaces on a small specimen. This approach made possible the quan-
titative evaluation and comparison of the extent of corrosion for various
types of joints in various environments.

The measurement of the sulfate content of corrosion products was carried
out separately for external and internal surfaces of joints. These measure-
ments were used to compare the corrosion processes on the internal and ex-
ternal surfaces and demonstrated the effects of atmospheric pollution on the
corrosion within the joint.

Sulfate nest distribution evaluation was carried out for flat joints, bolted
joints, crevice and galvanic specimens, and on the underside of a large spec-
imen. This evaluation included the entire internal surface of the joint limited
by the small top specimen and a part of the external free surface. The welded
specimen was examined over the surface of the weld metal and the area im-
mediately adjacent to the weld. This mode of evaluation provides a good
measure of the rust layer quality and provides information on the corrosion
process which occurs both inside a joint and outside.

Metallographic evaluation of the galvanic and crevice corrosion specimens
and the welded specimens was also carried out.

Results

Bolted Joints—The results of the bolted joint tests can be summarized as
follows:

1. When a bolted joint is sufficiently tightened, the joint internal surface
becomes compressed during the course of the exposure and no unfavorable
corrosion occurs, although the joint may be deformed by the process. This
result was shown specifically in the bolted joints on the girder models where
no significant corrosive attack occurred in the joints, even in highly aggressive
environments.

2. The appearance and the quantity of rust in a joint is related to the loca-
tion and time of exposure. The character of the external and internal joint
surfaces after pickling shows no significant differences. In fact, the rate of
corrosion within the joint is not excessive. Table 9 provides a brief summary
of the results of the measurements of rust mass on the internal and external
surfaces of the joint.

3. No significant accumulation of sulfate nests was found within the joints
resulting from the exposure. Also, the quantity of sulfate in the rust shown in
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TABLE 9—Quantity of rust on the external and internal surfaces of a small specimen
of a bolted joint after the 2-year exposure.

Quantity of Rust, g

Atmosphere External Surface Internal Surface
Urban 1.00 to 1.40 ‘ 0.93 10 0.99
Industrial 1.53 to 1.81 0.71 to 0.94

Table 10 provides further evidence for this fact. The most suitable bolting
material for bolted joints was low-alloy steel. Chrome-plated high-strength
bolts were less suitable, while standard structural steel bolts were least suita-
ble. High-strength steel bolts provided the strongest and most rigid joints.
However, weathering steel bolts should be used in cases where joint dissembly
may be required. -

4. Galvanized bolting is not suitable for joints of weathering steel and it is
not recommended for use in heavily polluted atmospheres.

Galvanic and Crevice Corrosion—The following conclusions were based on
the tests completed to date.

1. There is no acceleration of the corrosion of weathering steels from con-
tact with standard structural steels. There is an increase in the corrosion of
standard structural steels in relatively short exposure times from contact
with weathering steels. This effect was seen in the metallographic examina-
tions and should be verified by longer exposures.

2. No increase in the formation of sulfate nests was found in the rust in
the crevices of weathering steel in contact with structural steel (see Fig. 12).

3. There was an increase in the formation of sulfate nests in the crevices as
well as around them for standard structural steels in contact with weathering
steels in heavily polluted industrial atmospheres (see Fig. 13).

Crevice corrosion is both very important and very complex in many appli-
cations. The results of these tests have shown that special attention must be
given to crevices in the design and maintenance of real structures. The most

TABLE 10—Content of sulfates in corrosion products from the external and internal surfaces of
a small specimen bolted joint after the 2-year exposure.

Content of SO}, %

Atmosphere External Surface Internal Surface

Urban 21510 2.35 1.13t0 1.32
Industrial 1.12 to 1.96 1.14 to 1.40
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FIG. 12—Distribution of sulfate nests in rust layer on Atmofix 524 in contact with structural
steel after 3-year test in rural atmosphere (Hurbanovo).
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FIG. 13—Distribution of sulfate nests in rust layer on Atmofix 524 in contact with structural
steel after 3-year test in heavy polluted industrial atmosphere (Usti nad Labem).
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significant results have come from both accelerated tests and atmospheric
exposures on facade sheet attachments. Magnetite was found in the crevices
during accelerated testing and this indicates insufficient drying during the
cycles as well as insufficient transport of oxygen into the crevices.

Accelerated tests have also given essential information about the behavior
of various types of joints between facade sheets and the supporting members.
These tests have shown the need for caulkings and coatings for use in these
crevices and have demonstrated the suitability of specific formulations of
these materials.

The tests on models of facade sheet assemblies in the atmosphere showed
that the development of rust on horizontal surfaces of supporting members
together with the rust in the crevices acts as a moisture retainer. This moisture
retention effect extends the time of active corrosion and consequently has an
unfavorable influence. The corrosion products resulting from this process
deformed the facade sheet and, as a result, opened up the crevice. Thus, an
annular zone developed around each bolt in which corrosion occurred most
rapidly, resulting in bulging and even perforation of the facade sheet. The
most suitable arrangement for attaching thin sheets to supporting members
has been to use a rubber packing piece applied or cemented to the sheet to
seal the joint.

Welds—The tests already completed have shown that welds in weathering
steels present no increased risk of corrosion. No significant differences were
noted in the character of attack of either the weld metal or the basis metal
nearby, using any of the evaluation techniques in the preceding described.

Combinations of Materials—The tests on various combinations of weather-
ing steels with other building materials have not shown any unexpected re-
sults. Materials with smooth, nonporous surfaces, such as glazed ceramic
materials, glass, aluminum, and stainless steel, can be used in contact with
weathering steels. Materials with porous surfaces should not be used in con-
tact with weathering steels.

Study of Atmofix Weathering Steel in Structures

The final stage in this program on the corrosion properties of weathering
steels was the verification that the information already obtained was appli-
cable to real structures. This stage of the program involved extensive collab-
oration with teams of engineers and designers interested in the technical
properties of steels of this type. The corrosion engineers assisted with all the
phases of construction during this study, including the formulation of in-
structions for designers, processing technology, materials handling, compo-
nent storage and installation, and observation during the formation of a rust
patina on the objects under study.

In order to achieve a wide application of the Atmofix steels in steel con-
struction and other uses, a total of 50 different items were constructed of
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KNOTKOVA-CERMAKOVA ET AL ON WEATHERING STEELS 4

these steels for testing. A maximum variation in the type of construction and
the environment was chosen. This enabled us to obtain information on the
performance of a full range of rolled stock. The cost of this program was
partially covered by grants from the state. Also, the active participation of
potential users in the verification of the suitability of the Atmofix steel was
of substantial value. The bulk of the items examined in this study were metallic
structures for above-ground use and structures of interest to civil engineers.
However, there were some metallic structures used in mechanical and other
technical applications. The methods for characterizing these objects, their
environments, and the conditions of ‘construction and operation have been
carefully described in a uniform manner. The techniques for annual inspection
have also been developed to provide for a uniform evaluation. Special test
programs have been set up to verify the effects of construction arrangements
on the corrosion behavior of Atmofix steel for a limited number of structures.
A description of this study, including some of the results, is provided in
Table 11.

The use of formed sections of thin sheets of steel for the construction of
building walls, silos, storage bins, or as building siding has the most potential
for weathering steels. The thickness of such material may be limited by cor-
rosion of the steel and the need of such a structure to bear loads. There are a
large number of exposure variations possible in such structures, including
exposure orientation, inclination, contact with other materials, and modes of
attachment on supporting members. It is difficult, therefore, to select a struc-
ture that would avoid areas which are not suitable for the use of weathering
steels. The behavior of the facade of a building using thin sheets has been
considered. In this case a department store under the actual conditions of
exposure has been evaluated over a long period to determine the performance
of the material from several viewpoints, namely:

1. The development of corrosion on a free area, depending on the position
and orientation of the building.

2. The behavior of various types of interfaces and joints of steel with one
another and with the supporting construction.

3. The effect of other materials adjacent to the facade, including the win-
dow glass and nearby concrete pavement.

The analyses of the corrosion behavior of one type of facade sheet attachment
to the supporting structures is shown in Fig. 14. Vertical strips of formed
sheet are attached by self-tapping screws in the horizontal beams of the sup-
porting frame. The bolted joint was sufficiently strong, but there was an an-
nular ring of 3 to 8 cm around the screwhead which suffered excessive corro-
sion, and the sheet was thinned in the crevice between the beam and the sheet.
After about 5 years’ exposure, perforation occurred at points above the bolt
where a considerable quantity of rust accumulated on the horizontal surface
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facade sheet - |

original thieknes
of sheet

FIG. 14— Corrosion behavior of the fagade sheet attachment on the supporting structure.

of the supporting element. This rust had retained moisture to the point where
the crevice between the beam and the sheet was almost constantly wet. The
crevice showed no evidence of being closed off by the corrosion products,
but rather the sheet was deformed and bulging because of the pressure of the
corrosion product formation.

This case has verified the undesirability of this type of joint and has dem-
onstrated the deleterious effect of rust accumulations on horizontal surfaces
with the acceleration of corrosion resulting on adjacent surfaces.

Conclusion

On the basis of the results of this study, a brochure entitled “Directions
for the Use of Atmofix Steel” has been published. This brochure contains the
detailed working concepts, verified in practice, to apply to the effective utili-
zation of these steels together with both technical and economic information
of interest to the users. ‘ :

The material concepts selected have been compared with other ways of
securing steel construction service life for different kinds of products and
service environments. Suitable and economic areas of use for weathering steels
have been defined from a corrosion performance point of view.

The costs of construction and maintenance of structures with conventional
finishes compared with unprotected Atmofix steel have been presented for
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typical applications. In'some cases the economic evaluations are valid beyond
the borders of Czechoslovakia.

The elimination of surface finishes, including the surface preparation prior
to finishing, together with the subsequent maintenance of the finish, results
in an average savings of 71 man-hours and 78 kg of paint per ton of con-
struction when standard coating systems are applied to standard steel con-
struction with a service life of 45 years. When the steel surface is protected by
galvanizing, about 3 kg of zinc are necessary per ton of steel construction.
When these data are applied to a 10 000-ton (metric) steel construction job,
the following direct savings of man hours and materials may be achieved, as-
suming a service life of 45 years:

1. Initial coating system (during production): 103 960 h, that is, 58 workers
for 1 year

2. Repainting after construction: 543 072 h, that is, 37 workers every fifth
year (for 1 year)

3. Volume of paint—total: 826 tons

There are also savings in the area of energy consumption. The application of
weathering steels also reduces air and water pollution which results from the
production and application of paints as well as from the surface preparation
steps necessary to ready the steel for painting.

This paper has provided a survey of the corrosion properties of weathering
steels relative to their use in steel structures. A wide range of experimental
results has been presented together with the experience gained in the field in
these applications. Generalizations are provided relative to the use of these
materials in the atmosphere and the types of construction suited to the use of
weathering steels. The limitations of weathering steels in terms of economic
and technical problems are also presented.
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Eight-Year Atmospheric Corrosion
Performance of Weathering Steel in
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sion Performance of Weathering Steel in Industrial, Rural, and Marine Environments,"”
Atmospheric Corrosion of Metals, ASTM STP 767, S. W. Dean, Jr.. and E. C. Rhea,
Eds., American Society for Testing and Materials, 1982, pp. 45-59.

ABSTRACT: Weathering steel (ASTM A588, Grade B) and steels with 0.021 and 0.2}
percent copper were tested for corrosion resistance in marine. rural. and two industrial
environments. The results of these tests are represented well by kinetic equations of the
form C = At®, where C is the corrosion loss, ¢ is time, and A and B are constants. On
the basis of the time required to achieve a 250-um (0.01 in.) thickness loss that is calcu-
lated using these equations. the weathering steel is 6 to 19 times more durable than the
0.021 percent copper steel and 2 to 10 times more durable than the 0.21 percent copper
steel.

KEY WORDS: corrosion. corrosion tests, atmospheric corrosion. industrial environ-
ment, marine environment, rural environment. steels. weathering steel. kinetics. re-
gression analysis. evaluation

The term weathering steel describes a class of steels that contain small
amounts of alloying elements {generally less than about 3 percent) which
promote formation of a protective rust layer during open exposure to the
atmosphere. Owing to the ability of weathering steels to form a dense, ad-
herent rust that acts as a self-healing barrier against further corrosion, these
steels are widely used without paint or other protective coatings.

The ASTM Specification for High-Strength Low-Alloy Structural Steel
with 50 000 psi Minimum Yield Point to 4 in. Thick (A588-77a) covers
weathering steels that are characterized by weldability and high strength
{yield strength greater than 345 MPa (50 000 psi)]. The combination of cor-
rosion resistance and low maintenance costs with superior mechanical prop-
erties and weldability has led to the widespread use of A588 steels in a variety
of structural applications, including buildings and bridges.

! Supervisor and engineer, respectively. Corrosion and Coatings Research Section, Research
Department. Bethiehem Steel Corp., Bethlehem, Pa. 18016.
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Specification AS588-77a describes the atmospheric corrosion resistance of
this steel as approximately twice that of carbon structural steel with copper.
Carbon structural steels with copper contain greater than 0.2 percent copper
and have an atmospheric corrosion resistance approximately twice that of
carbon structural steel without copper (that is, steel with 0.02 percent maxi-
mum copper).

The purposes of this paper are (1) to present the results of long-term out-
door corrosion tests of A588 weathering steel in a variety of environments,
and (2) to compare the performance of A588 with those of steels with copper
contents of about 0.2 and 0.02 percent.

Materials and Test Procedures

Steels with the chemical compositions given in Table 1 were cut into panels
approximately 150 by 100 by 2.5 mm (6 by 4 by 0.1 in.), grit-blasted, stamped
with identifications, degreased, and weighed prior to atmospheric exposure.

The weathering steel is Bethlehem’s ASTM AS588, Grade B, commercially
available as Mayari R-50. It was hot-rolled in our laboratories to the test
thickness from plant-produced 38-mm-thick (1 1/2 in.) plate. The steel con-
taining 0.21 percent copper was similarly prepared from plant-produced 5-mm
(3/16 in.) plate. The steel containing 0.021 percent copper is a plant-produced
cold-rolled and annealed 2.8-mm (0.11 in.) carbon steel sheet. The latter steel
is similar to that used for purposes of determining the corrosiveness of vari-
ous atmospheric test sites in an ASTM study [/].

The steel panels were exposed at four test sites selected to represent a
broad range of environmental conditions, as follows:

1. Kure Beach, N.C. is an internationally known marine test site located
about 250 m (800 ft) from the open Atlantic Ocean that is operated by the
International Nickel Co. (INCO).

2. Saylorsburg, Pa. is Bethlehem’s rural test site located in the Pocono
Mountains about 50 km (31 miles) north of Bethlehem.

3. Bethlehem, Pa. is our industrial test site located about 3 km (1.9 miles)
from Bethlehem’s integrated steelmaking facility.

4. Newark, N.J. is a site located atop a two-story building occupied by
the New Jersey Department of Transportation and adjacent to heavily trav-
eled expressways.

Test panels were exposed 30 deg from the horizontal, with skyward sur-
faces facing south. Duplicate specimens were removed after exposure inter-
vals of 1, 2, 4, and 8 years, cleaned in a molten sodium hydroxide-hydride
mixture to remove corrosion products, and reweighed in order to determine
metal loss according to conventional procedures [ASTM Recommended

?The italic numbers in brackets refer to the list of references appended to this paper.
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TABLE 1—Composition of steels in the atmospheric corrosion tests.

Composition, % by weight

Steel C Mn P S Si Ni Cr Cu v

:athering steel,

ASTM A588, Grade B 0.13 1.02 0.008 0.018 0.22 027 064 0210 0.062
'1Cu steel 002 035 0.005 0.013 0.01 0.02 002 0210 ...
121Cu steel 0.07 035 0.009 0.020 <0.001 0.01 0.02 0.021

Practice for Preparing, Cleaning, and Evaluating Corrosion Test Specimens
(G1-72)].

Results and Discussion

The results of our tests are considered in the following in terms of linear
and logarithmic representations. Kinetic equations derived from the loga-
rithmic representations are employed to facilitate a quantitative comparison
of the three steels.

Linear Representation of Corrosion Test Results

Results of the corrosion tests are plotted as a linear function of time in Figs.
1-4. Each point represents the average of values from duplicate specimens.
These plots show that the steels can be qualitatively ranked in terms of their .
corrosion resistance as follows: weathering steel >0.21Cu steel >0.021Cu
steel. As discussed later, however, quantitative comparisons of the steels on
the basis of these figures alone is not a straightforward matter.

Logarithmic Representation of Corrosion Test Results

When the atmospheric corrosion test results shown in Figs. 1-4 are replot-
ted on logarithmic scales, Figs. 5-8, the data fit well to straight lines. This
type of relationship has been observed for the corrosion of a variety of mate-
rials, including low-alloy steels, nonferrous metals, zinc-coated steels,
aluminum-coated steels, and steels coated with aluminum-zinc alloy [2,4-9].

The straight-line relationships in Figs. 5-8 can be represented by equations
in slope-intercept form as follows

log C=1log A+ Blogt 03]
where

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

The constants obtained by linear regression analysis of these data along with
the associated correlation coefficients, R, are summarized in Table 2.
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TABLE 2—Least-squares coefficients for atmospheric corrosion data.

Weathering Steel 0.21Cu Steel 0.021Cu Steel

Test Site A B R A B R A B R

Kure Beach, N.C. 28.0 0.621 0996 29.2 0.770 0998 31.7 1459 0.990
Saylorsburg, Pa.  28.5 0.456 0994 288 0.602 099% 319 0.697 0.998
Bethlehem, Pa. 47.2 0258 0959 47.0 0403 0998 748 0.339 0.999
Newark, N.J. 36.1 0.273 0973 350 0310 0997 504 0346 0.999

NoOTES:
1. A and B are coefficients of the equation C = At®, where C is the corrosion loss in mi-
crometres and t the exposure time in years.
2. R is the correlation coefficient of the least-square regression of the logarithms.

The R-values are 0.96 or more in all cases and indicate generally good
agreement with Eq. 1. In 10 of 12 cases, the R-value is 0.99 or greater and in-
dicates that 98 percent (R?) of the changes with time are accounted for by the
kinetic equations,

Kinetic Equations

Taking antilogarithms of the terms in Eq 1 gives the following exponential
expression

C= At 2

From Eq 2 it is clear that 4 is numerically equivalent to the corrosion loss
when time is unity. Accordingly, 4 is generally considered to be a measure of
the initial reactivity of the material with its environment prior to longer-term
changes, such as the accumulation of corrosion products.

In contrast, the exponent B reflects changes that occur in corrosion loss
with time. That is, from Eq 1

dlog C
== €)
dlogt
or
ac
C
B =1l —_— 4
Ac,lgl—-o Ar @
t

or, in other words, B is numerically equal to the percent change in corrosion
loss with percent in time.

In the absence of some change at the surface that would affect the rate of
corrosion with time, B would be unity. For example, linear behavior re-
ported for the groundward surfaces of aluminum-coated steel exposed at
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Kure Beach was attributed to the formation of an initial corrosion product
that rapidly grows to a limiting thickness and thereafter undergoes only neg-
ligible change [8].

Another value of B occurs when an adherent corrosion product is formed
at the surface that acts as a diffusion barrier to hinder further reaction.
When this happens, parabolic growth kinetics, B = 1/2, are observed as, for
example, in the case of the oxidation of iron in the temperature range 250 to
1000°C (482 to 1832°F) [10].

By taking the time derivative of Eq 2 we obtain an expression for the cor-
rosion rate, C, as a function of time.

¢ = ABt*! (5)

Corrosion rates calculated from the Eq 5 are plotted in Figs. 9-12.
Alternatively, Eq 2 can be solved for ¢*, the time required to reach a par-
ticular value of corrosion loss, C¥*.
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Quantitative Comparisons of the Corrosion Resistance of Steel

While comparing the corrosion resistance of different steels on the basis of
a ratio of corrosion losses might seem attractive because of simplicity, closer
examination reveals a serious shortcoming of this approach. The short-
coming arises because the loss ratio is time-dependent, as can be seen from
Figs. 1-4, or from a ratio based on Eq 2 where subscripts I and 2 refer to the
different steels, as follows

_gl_ — ﬂ ‘Bx'Bz

G 4, ¥

Arbitrary selection of a fixed time at which the ratio is calculated eliminates
the time dependence. However, the selection of a fixed time leads to a para-
doxical situation in which the advantages of the most corrosion-resistant
material are understated in the least-corrosive environments within the time
period of typical corrosion tests.

A ratio of corrosion rates might also be considered in comparing the per-
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formance of steels. However, as can be seen from such a ratio based on Eq. 5,
where subscripts refer to Materials 1 and 2

Ci _ABy 5.5
N — t Hilat3
C; AB; @)

the rate ratio has exactly the same time dependence as the loss ratio (see Eq
7). This time dependence again leads to the drawbacks discussed in the
foregoing.

A third approach for comparing the corrosion resistance of steels is based
on the ratio of times required to achieve a particular loss of thickness. This
approach is attractive because it recognizes that the integrity of an engineer-
ing structure is affected by the absolute, rather than the relative, amount of
corrosion loss. Although selection of a loss for computation of the time ratio
is arbitrary, we believe the selection should meet the following requirements:

1. The loss should be large enough to permit enough corrosion to occur
so that significant differences can be observed between materials.
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2. Theloss should be small enough that the value can be achieved by the
least corrosion-resistant material in corrosive environments within a reason-
ably short time.

3. The loss should also be small enough that it falls within the design al-
lowances. That is, the loss should result in an insignificant reduction in load-
bearing cross-sectional area.

Based on these considerations, we selected a loss of 250 um (0.01 in.) for
the calculation of time ratios. As can be seen in Table 3, the times to exhibit a
250-um (0.0} in.) loss as calculated from Eq 6 and the constants in Table 2
conform to the first and second requirements. In practical applications of
structural steels where members are generally 13 mm (1/2 in.) or greater, the
250-um (0.01 in.) decrease {or 500-um (0.02 in.) decrease if corrosion occurs
from two sides] results in a loss of cross section of 4 percent or less. Thus, we
conclude that the selection of a 250-um (0.01 in.) loss provides a rational
basis for computing time ratios.

Time ratios calculated (Table 3) for 0.21Cu steel relative to 0.021Cu steel
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fall in the 1.8 to 5.6 range. This result is in reasonably good agreement with
the statement that copper-bearing steel has approximately twice the corro-
sion resistance of structural steel without copper.

In the case of weathering steel, the time ratios in Table 3 indicate that it is
6 to 19 times more durable than with 0.021Cu steel and 2 to 10 times more
durable than 0.21Cu steel.

From Table 3 we can rank the long-term corrosivity of the test en-
vironments in the following order (most corrosive to least corrosive): Kure
Beach > Saylorsburg > Bethlehem > Newark. The greater corrosivity of
the Kure Beach site can be attributed to the presence of airborne salt from
the nearby ocean. Legault and Pearson [2] showed that the initial level of
reactivity of steel with its environment increases as the distance from the
ocean decreases.

The lower corrosivity of the industrial sites, Bethlehem and Newark, is
probably due to airborne dust that becomes entrapped in the rust. In fact,
Horton [3,6] found that dust particles from nearby industrial operations be-
came enveloped in the outer layers of rust formed on weathering steels ex-
posed at Pittsburgh. Trapped dust particles could increase the protective na-
ture of rust layers by one or more of the following mechanisms: (1)
increasing the thickness of the barrier, (2) decreasing its permeability, and (3)
providing mechanical strengthening.

Conclusions

The main findings from an analysis of data provided by 8-year outdoor
corrosion tests of weathering steel, 0.21Cu steel, and 0.021Cu steel are as
follows:

1. Inagreement with the results obtained by others for a variety of mate-
rials, the corrosion behavior of the steels tested in a broad range of environ-
ments is represented well by exponential kinetic equations readily derived by
regression analyses of the data expressed in logarithmic form.

2. Meaningful comparisons of the corrosion resistance of steels can be
made on the basis of a calculated time ratio to exhibit a 250-um (0.01 in.)
loss. Specifically, A588 Grade B weathering steel is 6 to 19 times more dura-
ble than the steel with 0.021 percent copper and 2 to 10 times more durable
than the steel containing 0.21 percent copper.

Acknowledgment

The authors are indebted to the New Jersey Department of Transportation
for allowing us to conduct tests at the Newark location, to J. B. Horton for
encouraging this work, to E. L. Gehman and S. V. Jones for technical assist-
ance, and to B. S. Mikofsky for editorial assistance.



TOWNSEND AND ZOCCOLA ON WEATHERING STEEL 59

References

[1] Coburn, S. K., Larrabee, C. P., Lawson, H. H., and Ellis, O. B. in Metal Corrosion in the
Atmosphere, STP 435, American Society for Testing and Materials, 1968, pp. 360-391.

[2] Legault, R. A. and Pearson, V. P., Corrosion, Vol. 34, No. 12, 1978, p. 433.

[3] Horton, J. B., The Rusting of Low-Alloy Steels in the Atmosphere, Booklet 2385-A, Bethle-
hem Steel Corp., Bethlehem, Pa., 1971.

[4] Passano, R. F. in Proceedings, Symposium on the Qutdoor Weathering of Metals and Me-
tallic Coatings, Washington Regional Meeting of the American Society for Testing and
Materials, March 1934.

[5] Pilling, N. B. and Wesley, W. A. in Proceedings, American Society for Testing and Mate-
rials, Vol. 40, 1940, p. 643.

[6] Horton, J. B., “The Composition, Structure, and Growth of Atmospheric Rust on Various
Steels,” Ph.D. Dissertation, Lehigh University, Bethlehem, Pa., 1964.

[7] Legault, R. A. and Pearson, V. P. in Atmospheric Factors Affecting the Corrosion of Engi-
neering Materials, ASTM STP 646, S. K. Coburn, Ed., American Society for Testing and
Materials, 1978, pp. 83-86. )

[8] Legault, R. A. and Pearson, V. P., Corrosion, Vol. 34, No. 10, 1978, p. 344.

[9] Townsend, H. E. and Zoccola, J. C., Materials Performance, Vol. 18, No. 10, 1979,
pp. 13-20.

[10] Scully, J. C., The Fundamentals of Corrosion, Pergamon Press, Oxford, U.K., 1966 pp. 13-14.

DISCUSSION

D. O. Sprowls' (written discussion)—Have you been able to ascribe signifi-
cance to the constants, 4 and B, in relationship to type of alloy, or to type of
environment?

H. E. Townsend and J. C. Zoccola (authors’ closure)}—From these and other
studies, we observe in general that: (1) the initial reactivity of the steel (as re-
flected by coefficient 4) is primarily determined by the corrosivity of the en-
vironment, and (2) the ability of the steel to form a protective rust layer (as
reflected by coefficient B) is influenced mainly by alloy content, in particu-
lar, phosphorus, chromium, silicon, copper, and nickel.

‘ Alcoa Laboratories, Alcoa Center, Pa.
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One important phase of metals selection for use in natural environments
is the acquisition of corrosion data obtained under a wide range of environ-
mental conditions. Corrosion conditions for specific applications can often
be simulated in the laboratory but general atmospheric corrosion data are
difficult and expensive to determine under laboratory conditions using arti-
ficial atmospheres. Although standard accelerated laboratory test methods
are useful during alloy development and for screening of new alloys, data ob-
tained from these tests must be correlated and further supported by data ob-
tained from long-term service.

In order to obtain such long-term atmospheric corrosion data, Olin Corp.
utilizes three outdoor test sites at the present time: one in New Haven,
Conn., a second at East Alton, Ill., and a third at the Battelle Marine Re-

! Formerly, senior research engineer, Olin Corp., Metals Research Laboratories, New Haven,
Conn.; presently, director of research and development, Sandusky Foundry & Machine Co.,
P. O. Box 1281, Sandusky, Ohio 44870-0590.

2Former]y, associate research director, Olin Corp., Metals Research Laboratories, New
Haven, Conn.; presently, director of product research, Olin Chemical and Consumer Group,
275 Winchester Ave., New Haven, Conn. 06511.
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search Facility, Daytona Beach, Fla. A fourth site, located in Brooklyn,N. Y.,
was eliminated in 1974 as a result of security problems at this location.
Short-term stress corrosion data only, as a result of exposure to this envi-
ronment, are included in this report. These sites represent, respectively, an
urban-industrial environment, an industrial environment, a marine envi-
ronment, and a chloride-containing heavy industrial environment.

The original atmospheric corrosion program was designed to last only
eight years with panel withdrawals at intermediate periods of 2 and 4 years.
Atmospheric corrosion results of nine copper-base alloys, included in this
report as a basis for comparison, were reported in 1973 and are part of a cur-
rent ASTM publication [ 1].* Based upon the exposed panel corrosion results
of 1973, obtained at two and four years, together with the anticipated in-
creased service life of newer alloys placed into test more recently, the final
withdrawal period of the atmospheric test program has been extended to 20
years.

A stress-corrosion phase of the atmospheric corrosion program called for
inspection of stressed specimens biweekly or more frequently. A recent paper
[2] reports the stress-corrosion resistance of copper-base alloys after short-
term exposure. New copper alloys have been added to this phase of the pro-
gram since its inception to provide additional stress-corrosion cracking
(SCCQ) resistance data.

This paper summarizes the performance of 21 copper alloys evaluated as
flat panels after 2 and 4 years’ exposure. It further updates stress-corrosion
resistance as a function of environment and longer times of exposure of 20
copper alloys. The data presented are interim results; however, planners, de-
signers and engineers will find short-term atmospheric corrosion resistance
information helpful since, in many applications, useful service life may be
relatively short [3,4].

Experimental Procedures
Testing and Evaluation of Flat Panel Specimens

Table 1 is a listing of copper alloys evaluated in both phases of the atmos-
pheric corrosion program, their nominal compositions, and commercial
trade names with equivalent ASTM and Copper Development Association
(CDA) designations.

Material ““as received”” from the mill was cut into panels 0.10 m (4 in.) by
0.20 m (8 in.) with the long edge in the rolling direction. The “as-received”
material thickness ranged from 0.76 mm (0.030 in.) to 1.07 mm (0.042 in.).
Initial longitudinal mechanical properties of materials to be evaluated were
determined (Table 2). An identifying code was stamped on each specimen.
The panels were degreased and cleaned in acid solution as outlined in the

* The italic numbers in brackets refer to the list of references appended to this paper.
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TABLE 1—Copper alloys evaluated, their nominal compositions, and commercial designations.

ASTM Commercial Nominal CDA
Designation Designation Composition Designation
B370 oxygen free 99.95Cu C10200
B152 electrolytic tough pitch 99.9Cu C11000
B465 HSM* 97.5Cu-2.35Fe-0.12Zn-0.03P C19400

Strescon’ 97.0Cu-1.5Fe-0.6Sn-0.1P-0.8Co C19500
B36 commercial bronze, 90% 90.0Cu-10.0Zn C22000
B36 red brass, 85% 85.0Cu-15.0Zn C23000
B36 cartridge brass, 70% 70.0Cu-30.0Zn C26000
B121 high leaded brass, 62% 62.0Cu-36.2Zn-1.8Pb C35300
B591 Lubronze® 87.5Cu-11.4Zn-1.1Sn C42200
B591 Lubaloy X* 88.0Cu-9.3Zn-2.28n C42500
B171 Admiralty, arsenical 71.0Cu-27.5Zn-1.0Sn-0.06As C44300
B103 phosphor bronze, 5% 94.8Cu-5.08n-0.2P C51000
B103 phosphor bronze, 4% 96.0Cu-3.8Sn-0.06P C51100
B103 phosphor bronze, 8% 91.8Cu-8.0Sn-0.2P C52100

Coronze® 95.0Cu-2.8A1-1.8Si-0.4Co C63800

Cobron* 84.5Cu-11.5Zn-1.5Fe-0.5Co C66400

Masiloy® 63.5Cu-24.5Zn-12.0Mn C66900
Bl111 aluminum brass, arsenical 77.5Cu-20.0Zn-2.1A1-0.06As C68700

Alcoloy” 73.5Cu-22.7Zn-3.4A1-0.4Co C68800
B432 copper nickel, 10% 88.2Cu-1.4Fe-10.0Ni C70600

copper nickel tin 88.2Cu-2.3Sn-9.5Ni C72500
B122 nickel silver, 65-18 65Cu-17Zn-18Ni C75200
B122 nickel silver, 59-12 59.0Cu-29.0Zn-12.0Ni C76200
B122 nickel silver, 55-18 55.0Cu-27.0Zn-18.0Ni C77000

“Registered trademark, Olin Corp.

ASTM Recommended Practice for Preparing, Cleaning, and Evaluating
Corrosion Test Specimens (G 1-72). The test panels were measured to the
nearest 0.1 mm (0.004 in.), and weighed to the nearest 0.1 mg. Control spec-
imens of each alloy were retained in the laboratory to provide a means of de-
tecting mechanical property changes not related to atmospheric corrosion.

Quadruplicate panels of each alloy were placed in test for each time period
at each site. Specimens were placed in aluminum frame exposure racks, in
turn bolted to an aluminum test stand on site. The specimens are held in
place by edge contact with four neoprene grommets which electrically insu-
late them from the mounting hardware, preventing galvanic effects and pro-
viding some measure of susceptibility to crevice attack. Figure 1 shows a typ-
ical test site, including panels, stressed U-bend specimens, racks, and stands.

Upon removal from exposure, panels were evaluated *‘as corroded” for ex-
tent of patina, color, and texture of other oxides formed. Corrosion products
(oxides) were removed from three of the four panels of each alloy as outlined
in ASTM Method G 1-72. Weight losses were determined, followed by in-
spection for localized corrosion on cleaned panels. Gloves were continuously
used in handling panels. Tension specimens were machined from cleaned
panels and longitudinal mechanical properties determined. Longitudinal
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FIG. 1—Typical atmospheric corrosion test facility, including mounted unstressed panels and
stressed U-bends, aluminum racks, and stands.

mechanical properties of control panels of each alloy, which had been re-
tained in the laboratory, were determined initially as well as at the 2- and
4-year withdrawal periods (Table 2). The remaining exposed and uncleaned
panel was carefully wrapped and stored to preserve the corrosion products.
In this manner, oxide color comparisons can be accomplished and patina
growth documented as a function of exposure time.

Stressed U-bend Specimen Testing Program

All alloys were exposed as preformed U-bend specimens 152 by 13 mm
(6 by 1/2 in.) stressed in the long transverse direction (bad-way bend). The
edges were carefully milled to produce a uniform edge finish. A permanent
set of 90 deg was induced by bending around a 19.05-mm-diameter (3/4 in.)
mandrel. The specimens were then acid-cleaned, as outlined in ASTM
Method G 1-72, to remove surface oxides, and dried in methanol and ace-
tone followed by storage in a desiccator. Gloves were continuously used in
handing all stress U-Bends.

The legs of the specimens were sprung into micarta jigs at a spacing of 16.5
mm (0.66 in.) (that is, constant strain). The applied stress on each U-bend
was therefore dependent on initial mechanical properties, the stronger mate-
rials in general having a higher level of stress. In addition, stress relaxation
occurs as a function of time, the amount again being dependent on initial
properties, alloy characteristics, and temperature achieved during exposure.
A plastic pin inserted through the jig ensured that even on failure the U-bend
would remain in the jig. The jigs, containing quintuplicate U-bends of each
alloy, were then placed at the appropriate atmospheric sites with the apex of
the U-bend specimen in tension facing skyward and the jig at an angle of ap-
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proximately 45 deg to the horizontal (see Fig. 1). Frequent inspections were
made. Failure was deemed to have occurred when a U-bend specimen frac-
tured or cracks became visible.

Specimens were allowed to remain in the atmosphere until either failure
occurred by SCC or sufficient stress relaxation occurred to drastically reduce
the stress on the specimen. This was determined to have occurred when a
specimen was observed to no longer be constrained by its holder. Metallo-
graphic sections to determine the existence of cracks or crack morphology
were taken in every case whether cracks were visible or not.

Atmospheric Sites

The New Haven, Conn. site is characterized as urban-industrial. The
rainwater and dew have a low pH and contain sulfates and nitrates typical of
industrial atmospheres [2]. In addition, New Haven Harbor is approxi-
mately 3 km (2 miles) away and a minor amount of chloride is carried to the
site by winds as sea salt. Additional chloride (such as sodium chloride) con-
tamination from road salt may occur in winter due to the proximity of this
location to several major highways. The New Haven site contains only minor
levels of ammonia, unlike the other industrial environments. Test panels and
U-bends are located in racks five stories above ground level.

The Brookiyn, N. Y. site is classified as a heavy industrial environment
and is located adjacent to the East River (brackish water). Many major manu-
facturing facilities are located in the immediate vicinity of this site. The at-
mosphere contains large quantities of particulate matter. Ammonia (NH;"),
sulfur dioxide (SO3), hydrogen sulfide (H;S), carbon dioxide (CO»), nitrate
(NO;7), and sulfate (SO47) are present in this environment (from stacks and
flue gases). Chloride contamination of the atmosphere, to some extent, is
caused by proximity to the East River. In winter, road salt (containing chlo-
ride as sodium chloride) is also present as a result of numerous major high-
ways in the area. Specimens were situated on the roof of a six-story building.

The East Alton, Ill. site is classified as an industrial environment. Speci-
mens are situated on the roof of a four-story building. The atmosphere con-
tains particulate matter, to a lesser extent than Brooklyn. The East Alton site
contains corrosive agents in the atmosphere similar to those described for
the Brooklyn site. Chloride contamination (as sodium chloride) of this envi-
ronment is considered to be negligible.

The fourth site is located at Daytona Beach, Fla. The environment con-~
tains high levels of chloride with negligible industrial pollution. Sea salt
spray is carried by the wind and falls directly onto all test specimens. The
annual mean temperature of this site is somewhat higher than the industrial
locations. ‘

At the industrial sites, panels and stressed U-bend specimens face in a south-
easterly direction at an angle of 45 deg from horizontal. At Daytona Beach,
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all specimens are situated at ground level and face eastward (skyward surface
buffeted by prevailing easterly winds). They are also mounted at an angle of
45 deg from horizontal.

Results

Table 2 is a listing of mechanical properties data of flat panels as a func-
tion of alloy, time and, atmospheric environment. Included in this table are
the mechanical properties data of laboratory-retained controls, also as a
function of time. Yield strength (0.2 percent offset) and ultimate tensile
strength (specifically when comparing as-corroded to laboratory-retained
control data, per withdrawal period) changed slightly irrespective of compo-
sition and environment. In certain materials, however, percent elongation
was seen to be significantly affected by various forms of localized corrosion.

Table 3 lists the relative corrosion resistance of copper-base alloy panels to
localized forms of corrosion after being exposed to industrial and marine en-
vironments for 2 and 4 years, respectively. Figure 2 typifies the combination
of SCC and plug-type dealloying observed in (C66900). Crack morphology is
predominately intergranular. Dealloying and transgranular SCC in the in-
dustrial environment for alloy B122 (C76200) is shown in Fig. 3. Figure 4 il-
lustrates the transgranular crack morphology for alloy B122 (C77000) seen
after 4 years’ exposure in New Haven. In all cases of SCC, the direction of
crack propagation was transverse to the rolling direction and originated at
the indented regions of code numbers mechanically stamped on the panel
surface where high residual stresses would be anticipated.

Table 4 lists the color of oxides formed as a function of alloy, time, and lo-
cation and shows to what extent a patina developed after 4 years exposure at
all sites. For aesthetic reasons, patina-forming copper alloy data are desired
by architects and builders when considering these metals for applications in
natural environments.

Table 5 lists weight loss versus time data and further indicates the degree
of alloy, environment, and time-of-exposure dependence. B370 (C10200) and
B103 (C52100) experienced the greatest losses in the marine environment
equivalent to uniform penetration rates of 3.0 um (0.12 mils) and 3.5 um
(0.14 mils) per year, respectively.

Table 6 lists the stress-corrosion resistance of 20 copper-base alloys which
constitute the U-bend atmospheric stress-corrosion program. In the indus-
trial environment, many of the alloys failed in relatively short times. These
include cartridge brass B36 (C26000), leaded brass B121 (C35300), and the
manganese modified brass (C66900). Crack morphology was predominately
intergranular with the exception of B121 (C35300) and (C66900), where a
mixed morphology was evident. Metallographic cross sections of B36
(C26000) and B121 (C35300), revealing typical intergranular and mixed
crack morphologies, are shown in Figs. 5 and 6. The nickel-silvers B122
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FIG. 2—Alloy C66900; East Alton, 4 years; surface-initiated SCC with significant subsurface
branching. Mixed crack morphology, primarily intergranular with slight transgranular behavior evi-
dent. Note extensive surface plug-type dealloying (X 200).

{C76200) and B122 (C77000) were also susceptible to stress corrosion in the
industrial sites. However, crack morphology was exclusively transgranular.
The aluminum brasses B111 (C68700) and (C68800) were also susceptible to
SCC in the industrial atmospheres with transgranular crack morphology.
However, failure times were much longer than for other failed materials.
Admiralty brass B171 (C44300} also failed in the industrial environments
with transgranular crack morphology.

In the marine environment, only two alloys, B122 (C77000) and (C66900),
failed by stress-corrosion cracking. Crack morphologies were transgranular
and mixed, respectively.

Discussion

Excluding the brasses at high zinc levels (=15 percent), (C42200),
(C68800), and the nickel-silver alloys, the marine environment produced the
highest weight losses overall after 4 years’ exposure (Table 5). Reproducibil-
ity of triplicate weight loss values, where applicable, was excellent and well



CASTILLO AND POPPLEWELL ON COFPPER ALLOYS 73

Ly r

FIG. 3—Alloy B122(C76200). East Alton, 4 years. surface-initiated SCC with a rransgranular
morphology (X375).

within the 10 percent of mean-value test criteria established for data rejec-
tion. Corresponding corrosion rate calculations based on weight loss data
after 4 years’ exposure reveal that, overall, the copper-base alloys were cor-
roding at less than 25.4 um/year [<<1 mil per year (mpy)]. This would suggest
that the copper oxides formed on all alloys were protective. However, as will
be discussed shortly, this was not necessarily the case, since many alloys suf-
fered from localized corrosion. Consequently, care should be exercised in
using weight loss data alone. In addition to weight loss data, corresponding
localized corrosion resistance data should be provided and utilized when
considering metal usage in various atmospheric environments [5].
Reviewing the localized corrosion susceptibility results (Table 3) from the
standpoint of alloying additions, the addition of zinc to copper appears to be
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FIG. 4—Alloy B122 (C77000), New Haven, 4 years; exposed surface-initiated SCC showing a
transgranular morphology (X375).

detrimental in that selective removal of zinc from the copper matrix is ob-
served to occur in the marine (high chloride containing) environment even at
low zinc levels (<15 percent). This attack is localized (plug type) and appears
as small areas of copper on the yellow brass surfaces. Dezincification, as it is
most commonly referred to and seen by previous investigators [1,6,7], was
observed to increase in frequency with increasing zinc levels. In industrial
environments, dezincification did not occur, however, until the level of zinc
exceeded 15 weight percent. Additions of tin to a copper-phosphorous alloy
(B103 series) in amounts exceeding 4 weight percent result in susceptibility to
pitting and crevice attack in the industrial environments. Longer exposure
times are required to determine whether pits will further propagate or in-
itiate on those alloys not showing pitting attack to date.

Reduction of zinc to approximately 10 weight percent and addition of 1.5
weight percent iron and 0.5 weight percent cobalt (C66400) eliminated deal-
loying; however, slight pitting and crevice corrosion susceptibility were still
seen in the marine environment. The addition of manganese to a 30 percent
zinc alloy (C66900) significantly reduces the corrosion resistance. Severe
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TABLE 5—Flat panel atmospheric corrosion program: average weight loss versus time
(mg/cm®), 2- and 4-year results at three locations.

East Alton New Haven Daytona Beach
ASTM CDA

Designation Alloy 2 Years 4 Years 2 Years 4 Years 2 Years 4 Years

B370 C10200 3.1 5.0 2.0 4.5 5.6 11.1
B152 C11000 1.9 5.2 1.9% 3.8% 4.6% 8.0
B465 C19400 2.0 5.4 1.7%* 3.8% 3.4 5.4%%

C19500 3.7 6.5 1.8 3.3 4.4 8.4

B36 C22000 29 5.0 1.5 3.4 3.1 5.8
B36 C23000 1.8 5.3 1.6** 3.7% 1.5% 2.3%
B36 C26000 1.7 5.3 2.2 4.6 0.7 1.2%
B591 C42200 1.7 52 1.8%% 4.2 2.4%% 3.5%b

B391 C42500 2.7 4.6 1.6 4.0 3.4 6.2
B103 C51000 1.9° 4.2 2.1% 4.6% 6.9%* 9.74%

B103 C51100 3.5 6.2 1.6 3.9 6.8 9.1

B103 C52100 2.1 5.7 1.2 4.8 6.1 12.2

C63800 1.4 43 1.4 2.8 2.7 47

C66400 28 6.2 1.6 5.1 2.6 6.5

C66900 1.8 5.5 23 2.9 4.0 7.6

C68800 1.2 4.1 1.2 2.1 0.9 1.9

B432 C70600 25 4.6 1.5 3.3 2.7 4.6

C72500 1.9° 5.6 1.8 38 3.3 6.2

B122 C75200 1.8° 5.0 22 3.4 1.1 2.1

B122 C76200 1.7 5.4 22 3.7 1.1 2.4

B122 C77000 1.6 5.2 2.4 3.6 1.0 2.1

“Data previously reported in ASTM STP 558.
® Average of duplicate specimens only.

dealloying and SCC of (C69900) were observed in all environments. The sili-
con bronze alloy (C63800) shows some minor dealloying in all environments.
The nickel-silver, B122 (C75200), was observed to be susceptible to crevice
attack only in the marine environment, whereas B122 (C76200), with higher
zinc and lower nickel levels, was susceptible to slight dealloying and SCC
only in the industrial environment. The high-zinc high-nickel alloy, B122
(C77000), was susceptible to SCC in all environments and pitting in the ma-
rine and industrial atmospheres. It may be noted that SCC in susceptible al-
loys was related to residual stamping stresses as a result of applying identifi-
cation marks and that not all alloys found susceptible in the U-bend
program cracked in the atmospheric panel program. This was undoubtedly
due to considerable variations in residual stresses due to differences in
stamping techniques.

In most cases where localized corrosion was evident, elongation was sig-
nificantly reduced [20 percent or greater (Table 2)]. The effect of localized
forms of corrosion and changes in elongation has been discussed in previous
work [2]. However, percent elongation is also affected by localized forms of
corrosion, which, in some cases, cannot be seen with the naked eye [for ex-
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FIG. 5—Alloy B36(C26000), New Haven crack morphology is exclusively intergranular
(X 400).

ample, B370 (C10200), and (C19500)]. Clearly seen is a correlation between
localized corrosion susceptibility and reduction in percent elongation. Rein-
hart [8], in his corrosion studies of copper-base alloys in hydrospace after
short-term exposure, concludes similarly that elongation is reduced greatly
as a result of localized corrosion.

The degree of patination is alloy, time, and environment-specific [ 1,6,9].
The results show that 4 years, in general, is too short a time to effectively de-
velop the normal green patina to any significant degree. However, other
copper oxides formed (Table 4) produce a variety of colors and textures. It is
not known whether longer exposure times will significantly change the ap-
pearance of the various alloys included in this atmospheric corrosion pro-
gram. Under the present test duration criteria, we will be able to determine
final oxide color(s) and protective nature after 20 years in two industrial and
one marine environment. Oxide investigations, including chemical analyses,
are being deferred until the 12- or 20-year withdrawal period.

Table 6 highlights the relative stress corrosion resistance of 20 copper-base
alloys after exposure as preformed U-bends to three industrial and one ma-
rine environment for up to 12 years. The high-copper alloys, including the
low-zinc-containing brass B36 (C23000), were not susceptible to SCC in any
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F1G. 6—Alloy B121(C35300); Brooklyn crack morphology is primarily transgranular (X 1675).

environment up to 12.1 years’ exposure. Some of the alloys were susceptible
to SCC only in the industrial environments. Only two alloys were susceptible
in the marine environment. Crack morphology was found to be more de-
pendent on alloy composition than temper. :

Atmospheric condition was also a factor but was of a second order when
considering SCC susceptibility of the various alloys investigated. All alloys
which failed contained zinc as a major alloying addition at levels greater
than 20 weight percent. With this fact in mind, it is possible to assess with
some degree of confidence the -influence of other alloying additions to the
copper-zinc system with respect to atmospheric stress-corrosion behavior.

Considering the industrial environments and zinc levels in copper of from
26 to 30 weight percent, the addition of nickel at high levels (that is, B122 al-
loys) is preferred. The addition of 1 weight percent tin B171 (C44300) ap-
pears to marginally improve SCC resistance. The addition of nickel and tin
to the 30 weight percent zinc in copper alloy changed crack morphology
from intergranular to transgranular. At a zinc level of 20 to 23 weight per-
cent, additions of aluminum may be beneficial [for example, B111 (C68700)
and (C68800)]. In all cases at low zinc levels or in alloys with tin and phos-
phorous additions (B103 alloys), no failures have been observed to date.

- In the marine environment, the nickel-silver B122 (C77000) was suscepti-
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ble to SCC with crack morphology being transgranular. The copper-zinc
manganese alloy (C66900) was highly susceptible to SCC at the marine site.
The effect of cold work is also quite evident with harder tempers having most
rapid times-to-failure.

Some low-stacking-fault-energy alloys [for instance, B171 (C44300) and
B111 (C68700)] had shorter times to failure in the industrial atmospheres
after ordering at 204°C (399°F) for 30 min from an original 40 percent cold-
work temper [ 10]. It is necessary to be particularly careful in selecting a suit-
able stress-relief annealing temperature in these materials. The majority of
alloys tested were predominately single phase, with the exception of the
aluminum brass (C68800) and the leaded brass [B121 (C35300)]. The pres-
ence of second-phase particles in (C68800) cannot be assessed. The lead par-
ticles in the leaded brass [B121 (C35300)] provided some increase in stress
corrosion resistance when compared with the single-phase brass alloy B36
(C26000) at the same zinc level. This is probably due to the fact that second-
phase particles in the grain boundaries act as barriers to crack propagation.

Those copper alloys subject to SCC in the panel portion of the atmos-
pheric program were observed to have identical crack morphologies as the
same metal exposed in the preformed U-bend condition. This was true also
with respect to environment. Not all alloys subject to SCC susceptibility in
the stressed portion of the program cracked as a result of exposure as a flat
panel. Evidentally, stamping in these metals did not produce additional re-
sidual stress significant enough to induce SCC to date.

Current theories of SCC cannot be fully utilized to explain the atmos-
pheric stress-corrosion results observed in this study. However, certain fac-
tors can be considered. A mechanism has been proposed recently [ 1] to ex-
plain SCC in brasses involving a stress-assisted dealloying mechanism. This
would certainly appear to be a possibility in those environments where deal-
loying has been observed to occur. In addition, the protective properties of
the copper oxide (Cu;O) corrosion product film are important in determining
whether cracking will initiate or propagate. It is known that minor elemental
additions can significantly change the structure and properties of the resul-
tant copper oxide which will influence corrosion performance [12,13].
Further, the atmospheric environment will play a role in determining whether
alloys will form a protective film or can support a stress-assisted dealloying
mechanism. It would appear that all environments are supportive of each or
either of these mechanisms, depending on alloy composition.

Conclusions

1. Weight Joss measurements alone do not reliably predict corrosion per-
formance of copper-base alloys in natural atmospheres. Localized corrosion
is more important and should be ¢onsidered together with weight loss date.

2. Elongation is the only mechanical property sensitive to localized forms
of corrosion after short-term atmospheric exposure.
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3. The 4-year test period is not sufficient to predict long-term atmospheric
corrosion behavior.

4. Very few of the alloys tested had developed the normally expected patina
during 4 years’ exposure to marine and industrial environments.

5. Corrosion performance is dependent on both alloy composition and
environment.

6. The only alloys which were susceptible to stress corrosion cracking
contained zinc levels in excess of 15 percent.

7. Industrial environments are much more severe than marine environ-
ments in causing stress-corrosion cracking. Only two alloys, a manganese-
brass and a nickel-silver, cracked in the marine environment.
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ABSTRACT: In 1958, exposure tests were started in rural, marine, and urban atmos-
pheres in Sweden, covering 36 copper alloys in sheet or rod form. Test results after two
and seven years’ exposure have been reported earlier. This is the concluding report of
the tests as completed after 16 years® exposure.

Greenish coatings had developed on most of the materials after six to seven years at
the urban and marine sites. At the rural site, however, no distinct green coating had
developed on any material after 16 years, only different shades of black or brown..The
amount of patina retained increased substantially from 7 to 16 years of exposure. The
patina was found to be more protective in the marine and rural atmospheres than in
the urban one. The patina was also examined by X-ray analysis and scanning electron
microscopy-EDX.

The average penetration {determined gravimetrically) during 16 years of exposure
had stabilized at the following levels:

0.3 to 0.5 pm/vear in rural atmosphere
0.5 to 0.9 um/year in marine atmosphere
0.9 to 1.3 pm/year in urban atmosphere

The dezincification rate of brass had decreased somewhat during the period from 7
to 16 years.. It was highest for brasses with an (o 4+ B)-phase structure, the maximum
dezincification depth measured metallographically after 16 years being 90 to 215 um,
the loss in ultimate tensile strength 5 to 15 percent and the reduction in elongation up
to 30 percent.

KEY WORDS: copper, copper alloys, atmospheric corrosion tests, field tests, patina
coatings, dezincification

In 1958 the investigation reported herein was started. The aim was to gain
knowledge of the behavior of a comprehensive selection of copper alloys
under atmospheric conditions common.in Sweden. It was also our particular

!Corrosion metallurgist, Grianges Metallverken, Research and Development, S-72188
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? Director, Swedish Corrosion Institute, Box 5607, S-11486 Stockholm, Sweden.
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intention to study the surface coatings formed during exposure, with respec
to color and composition in relation to the atmospheric conditions on the tes
sites as recorded continuously during exposure. Results from two and sever
years® exposure were reported in connection with an ASTM symposium.
This paper forms a concluding report covering results from the tests as com-
pleted after 16 years of exposure.

Materials

The investigation covered 36 alloys in sheet or rod form: 5 coppers, 20
brasses, 5 phosphor bronzes, 1 silicon bronze, 1 aluminum bronze, 1 cad-
mium bronze, 2 nickel silvers, and 1 free-cutting phosphor bronze. The com-
position of the alloys is given in Table 1.

The sheet specimens were cut from soft annealed sheet mainly from pro-
duction runs, except for a few alloys which had been specially made in the
laboratory (Table 1). The panels were vapor degreased in trichloroethylene,
then pickled in bright dip (a mixture of equal volumes of concentrated nitric
acid and concentrated sulfuric acid), and finally rinsed in deionized water.
The rod specimens were also made of soft annealed material from produc-
tion runs except for an experimental arsenical brass. After turning, the rod
specimens were degreased and pickled in the same way as the panels. The
specimens were stored indoors for four weeks in order to develop the natu-
rally occurring invisible thin oxide film before exposure outdoors.

Exposure Conditions

Specimens of the alloys were exposed on three sites in Sweden, represent-
ing rural, marine, and urban atmospheres:

1. Erken in central Sweden, with a rural atmosphere.
2. Bohus Malmén on the west coast, with a marine atmosphere.
3. Stockholm, with an urban atmosphere.

The principal atmospheric contaminants on the sites, determined through
continuous recording during the exposure, are given in Table 2.

The specimens were mounted by means of porcelain insulators on racks of
galvanized steel at an inclination of 30 deg to the horizontal with a south-
ward orientation. The sheet specimens had the dimensions 150 by 100 by 1
mm, while the shape and the dimensions of the rod specimens were as shown
in our earlier paper (footnote 3).

Evaluation of Results

‘Exposed specimens have been taken in and examined in comparison with
unexposed reference specimens of the same age on three occasions, that is,

*Mattsson, E. and Holm, R. in Metal Corrosion in the Atmosphere, ASTM STP 435, American
Society for Testing and Materials, 1968, pp. 187-210.
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TABLE 1—Copper and copper alloys exposed.

Type of Material UNS®-Number ISO“-Designation
Sheet
electrolytic tough pitch copper C11000 Cu-ETP
silver-bearing copper (C11500) CuAg(P)
phosphorized arsenical copper C14200 Cu-DPA
tin-bearing copper C50500 CuSnl
B-brass® ... CuZn50
Muntz metal® C28000 CuZnd0
yellow brass C27200 CuZn37
cartridge brass (C26000) CuZn28
red brass C23000 CuZnl$
commercial bronze (C22000) CuZng
low-leaded brass C33500 CuZn37Pb
arsenical aluminum brass C68700 CuZn22AI12As
arsenical admiralty brass C44300 CuZn28SnliAs
silicon bronze C65500 CuSi3Mnl
phosphor bronze C50900 CuSn3(P)
phosphor bronze® C51000 CuSn$
phosphor bronze C52100 CuSn7(P)
phosphor bronze C52400 CuSn9(P)
phosphor bronze® C52400 CuSn9
free-cutting phosphor bronze® (C83600) CuZn4Sn4Pb4
nickel silver C75700 CuNil2Zn24
nickel silver C75900 CuNil8Zn20
Rod
leaded copper C18700 CuPbl
leaded brass C35000 CuZn38Pbl
free-cutting brass C38590 CuZnd0Pb3
architectural bronze (C38000) CuZn42AlPb
special brass C CuZn35Mn2Sn1 AlFeNiPb
special brass RN CuZn36MnS.5A13.5
special brass . CuZn30A12Pb2Mn
special brass C67000 CuZn24Al4.5Mn3.5F¢2

special brass - CuZn39Mnl.5Pb
special brass . CuZn39Si

special brass R CuZn36Pb2SnlFe
aluminum bronze C63200 CuAll0FeSNis
cadmium bronze C16200 CuCdl

arsenical yellow brass® C CuZn37As

“Produced in the laboratory.
P UNS = Unified Numbering System for Metals and Alloys (ASTM, SAE).
“ISO = International Standardization Qrganization.

after 2 years (duplicate specimens), 7 years (triplicate specimens), and 16
years (triplicate specimens). The examination included the following steps:

1. Visual inspection.

2. Color determination and color photography (also performed at shorter
intervals during the first year of exposure).

3. Analysis of corrosion products, including depth profile determinations
for certain specimen surfaces.

4. Gravimetric determination of metal loss and amount of adhering cor-
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TABLE 2—Approximate annual mean values of principal atmospheric contaminants (sulfur
oxides in the atmosphere, sulfate in the precipitation, all given as S, chloride as CI) and pH-value
of precipitation on the test sites during the period of exposure, that is, 1958 to 1974.

Contaminants

In Air, ug/m’ By Precipitation, mg/m?, year pH-Value in

Precipita-
Test Site S Cl S Cl tion
Rural (Erken) 8 2 600 240 49
Marine (Bohus Malmoén) 8 100 2200 9500 4.5
Urban (Stockholm) 75 3 1400 800 4.7

rosion products for sheet specimens (the corrosion products were removed
by 10 percent sulfuric acid with mild brushing).

5. Metallographic examination of cross sections.

6. Determination of changes in ultimate tensile strength (UTS) and
elongation.

Results

The most important effects of atmospheric corrosion on copper-base
materials are patina formation, general corrosion, and dezincification of the
high-zinc brasses.

Color Change

As for color changes, mainly the panels were observed. The appearance of
the upper surfaces of the panels after 7 and 16 years’ exposure is described in
Table 3. During the first years of exposure, general darkening took place. In
the urban and rural atmospheres the color of the copper gradually changed
to black during the first year, more rapidly in the urban than in the rural at-
mosphere. In the marine atmosphere the copper acquired a brownish ap-
pearance during the first year. After the initial stage of darkening, a green
patina appeared on some alloys, especially in the urban atmosphere.

As a general observation it should be added that the undersides of the
panels exposed for 16 years have not developed a green patina, but show in-
stead different shades of grayish brown to black.

Coppers—The surface appearance of copper and low-alloyed coppers after
16 years’ exposure at the marine and urban sites shows no appreciable differ-
ences between the alloys; it is characterized by a uniform green patina with a
bluish tinge. The surfaces at the rural site still show blackish shades with no
definite signs of green, which also applies to the downsides of the sheet spec-
imens at all three sites. As stated in our earlier paper (footnote 3) appreciable
signs of green patina on coppers were observed after 6 to 7 years at the urban
and marine sites.

Brasses—The brasses deviate in surface appearance from the coppers in
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TABLE 3—Appearance of panels after 7- and 16-years’ exposure.

Iype of abmogphere

Alloy Rural Marine Urban
Type 1SO 7 years LG years 7 years 16 years 7 years 16 years
Popperd cu - ETP i twnish Uniform dense
LTS Ly —whit ruyish
Unilorm sparse grity-while r ) Unif
. G —gre niform
CuAg (P gray on black Uniform spursd j 1 owreen while-green
raishblue- : i
el e
ICu - DPA JN oy |Plue-green,
brownish black [¥T¢¢" 90 hlack partly black
inarv ICu Zn 8 Grecnish black Uniform
Fl"al.\ U an grayish Uniform green
brasses| - sreen
Cu 2Zn1d Unilorn 5
oo Za 28 niform gray-brown  [Unif. yellowish
black gray-green Brownish
- ar ellowisi green
Cu Zu 37 Neari, unitorm an-green
sparse grayish [Sparse blue- .
Cu Zn 40 Uniiorin 1 acl, |greenonbrow- fgreen on black {Uniformblack X
nisn plack - - Uniform black
o Zno0 Uniform [Partly grayish/
Cu Zn S gray-black [reddish black
[Uniform sparse .
. B h
Ispecial]cu Zn 37 Pb Jvellowish green ::;r‘lms
or Uniform lon black g
Cu Zn2s Near.lyuniform gray-trown Nearly uniform
o1 A grayish blue- yellowish green| Uniformgreen
n1 As green
Cu Zn 22 Uniform Uniform green-Nearly uniform|Sparse green- Unifo black .
Al2 As brownish black |black brownishgray lwhiteonbrown (V™" rm White-green
Nickel | Cu Ni12 ; b
Uniform ; .
) Zn24 ) niformsparse Nearly uniformly o icorm green
Fnlvers brownish Ur.. ors black leragish on Uniform brown |brownish green ongblaeck
Cu Nil§ black krownish black gray-green
Zn 20
i [Uniform sparse|lniform sparse Uniform
i lack ray blue-gree I
Phosph. CuSnt Uniform blacl ray on black bry grayish green
Sparse brown [Uniformgrayis! . Nearlyuniform] yniform green
hronzes CuSn 3 (P) Uniform on gray blue-green black 8
browr ish WiTorm sparse] oparse brown ISyl
Cu Snj black Gray-brown  [Brayblue-greenfon grayish blue-green
brownish bla
green -
Cusn 1(P Brown Uniform
uSn TP ) orm piniformgrayisiy grayishgreen |Densegreen
Cusn 9 (P, yellowish 1.ight gray- blue-green Uniform dense [Sparse white
hiacy hrown grayish green fon dense green
niform sparse]
Cus$n 9 Brown-green !g‘?bvl;lgc— ree Grayish brown {Uniform black | Dense green
Cu Zn4 Uniform sparsefUnilorm sparsceSparse brown onf Nearly uniform| Unifor r
Other | $n Phy4 Unitorm gray on black Bravishblue- Agrayish green fgrayish green nitorm green
-, preen on , niform sparse
TOnZeACu §i 3 Mn | Black brownish black [Grayish brown “raﬁ'f;h green |Grayishgreen
on ck

showing brownish green tinges in the urban and more grayish ones in the
marine atmosphere, the shade being darker for brasses with high zinc con-
tents. In the rural atmosphere all brass surfaces have remained black.

Phosphor bronzes—The phosphor bronzes with 3 to 9 percent tin exposed
at marine and urban sites show, in general, uniform, somewhat denser green
patinas than plain copper, whereas they have remained dark with occasional
grayish shades at the rural site.

Composition of Corrosion Products

The composition of the corrosion products after 7 years’ exposure was de-
termined by X-ray analysis (XRD) (footnote 3). The surface coatings formed
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during exposure had in general copper oxide (Cu;0) as a principal compo-
nent. Further, basic copper salts were present, predominantly basic chloride
[Cu(OH)1.5Clo.s] and sulfate [Cu(OH)1.5(SO4)o.25] in the marine, basic sulfate
in the urban, and basic sulfate and nitrate [Cu(OH);.5(NOs).s] in the rural
atmosphere. The basic carbonate [CuOH(CO:s).s] occurred only rarely in
the rural and urban atmospheres, but the corrosion products formed in the
urban atmosphere in many cases contained carbon.

The adhering corrosion products on the copper alloys often consisted of
compounds containing alloying constituents:

1. Zinc sulfate, in some cases basic zinc sulfate, on some of the brasses,
especially in urban and marine atmospheres.

2. Lead sulfate, in some cases basic lead sulfate, on free-cutting phosphor
bronze and on certain leaded brasses.

3. Silica on silicon bronze in the marine atmosphere.

4. Copper phosphate on some of the phosphor bronzes containing the
higher percentage of phosphorus in the urban atmosphere.

5. Copper arsenate on arsenical copper and on some of the arsenical
brasses.

6. Nickel sulfate on the nickel silvers in the urban atmosphere.

It should be kept in mind that XRD reveals only crystalline material. This
may explain why tin oxide (SnO;) was not detected on the phosphor bronzes,
nor aluminum oxide (Al2Os3) on the aluminum brasses.

Specimens taken in after 16 years’ exposure were subjected to a (semi-
quantitative) scanning electron microscopy (SEM) analysis. The results did
not indicate any remarkable changes in corrosion product composition in
comparison with the 7-year exposure results.

Depth profiles showing the surface layer composition as a function of
depth from the surface were determined for sheet specimens of four copper
materials exposed for 16 years: low-alloyed copper; a-brass, CuZn28; phos-
phor bronze, CuSn7(P); and nickel silver, CuNil2Zn24. The depth profiles
have been determined mainly by SEM in combination with energy dispersive
X-ray analysis (SEM-EDX : Philips PSEM 500 with a Kevex spectrometer),
but in some cases also by Auger electron spectroscopy (AES). Profiles de-
termined give percentage compositions in relation to the total substrate
metal content. The percentages of other important elements such as carbon,
oxygen, sulfur, and chlorine are also determined in relation to total substrate
metal content. It should be noted that analysis for carbon and oxygen is not
possible with the SEM-EDX device used.

The depth profiles generally confirmed results obtained by other means.
The depth profile for phosphor bronze (Fig. 1), however, brought some ad-
ditional information. The corrosion products on the skyward surface are ap-
parently more depleted in copper than in tin, whereas on the downward sur-
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FIG. 1—Depth profiles (SEM-EDX), representing surfaces of phosphor bronze, CuSn7(P), after
16 years’ exposure.

face an initial stage of tin corrosion {(probably internal oxidation) is followed
by the formation of copper corrosion products covering the initially formed
tin oxide. This result indicates the usefulness of this technique, which might
be more extensively used in future work.

Retention of Corrosion Products

The amounts of corrosion products adhering to sheet surfaces have been
determined after 7 and 16 years’ exposure, Fig. 2. Furthermore, comparisons
of amounts of corrosion products related to alloying element content are
given in Fig. 3 for the copper-zinc and the copper-tin series, respectively.

The amount has generally increased considerably during the last 9 years of
exposure in all types of atmospheres (Fig. 2); in the rural atmosphere the
amounts range between 20 and 60 g/m” (10 and 45 g/m” after 7 years), in the
marine atmosphere between 45 and 80 g/m?* (20 and 55 g/m’ after 7 years),

and in the urban atmosphere between 50 and 120 g/m? (25 and 70 g/m” after
7 years). '
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The amounts of retained corrosion products on the copper panel surfaces
(that is, the weight loss found after cleaning) do not differ much from a mean
value of 60 g/m?, that is, an increase of about 20 g/m’ from the value after 7
years’ exposure which applies for all three sites. The relation between re-
tained amount of corrosion products and metal loss (that is, average pene-
tration in g/m?), however, proves to be lower in the urban atmosphere than
in the marine and rural atmospheres. This indicates that the latter environ-
ments favor the development of relatively protective corrosion product coat-
ings. The higher dissolution rate of copper observed in the urban atmosphere
emphasizes the importance of measures to avoid the risk of blue water stain-
ing or microgalvanic corrosion on architectural objects in urban atmospheres.

In the binary brass series at the rural site the amounts of retained surface
products (essentially corrosion products) increase with decreasing zinc con-
tent (from approximately 30 to 70 g/m’). In the marine atmosphere the
amounts are equal, independent of the zinc content (between 50 and 60
g/m?), and in urban atmosphere they tend to decrease (from 120 to 60 g/m?)
with decreasing zinc content in the brasses, Fig. 3. An explanation could be
that the sparingly soluble copper compounds dominate on low-zinc brass
surfaces, giving values similar to those for copper surfaces. The zinc sulfate
compounds in the corrosion products can be assumed to have a far lower
solubility than zinc chloride compounds, which would account for a lower
retention of corrosion products on the high-zinc brass surfaces in the marine
atmosphere. In the rural atmosphere the zinc corrosion products formed
seem to be easily soluble and readily washed away with rain water.

The amounts of corrosion products retained on phosphor bronzes decrease
with increasing'tin content at the rural site (from 50 to 25 g/m®), but stay
about the same (about 60 g/m?) for different tin contents at the marine and
the urban sites, Figs. 2 and 3. This would indicate that the corrosion-inhibitive
effect of tin in copper is limited to mildly corrosive conditions.

Types of Corrosion

On the whole, the observations regarding types of corrosion after 16 years
of exposure are in agreement with those made after 7 years; this applies to
both sheet and rod specimens. The corrosion types are mainly general attack
and, for the zinc-rich alloys, dezincification. A close metallographic exami-
nation of low-zinc brasses, nickel silvers, and arsenical special brasses has
shown that the corrosion observed should be classified as general corrosion
instead of dezincification as denoted at the inspection after 7 years of expo-
sure. No signs of other types of corrosion have been observed.

General corrosion—The average penetration of panels has been deter-
mined gravimetrically. Unfortunately, however, the notes of the original
weights of the panels before exposure have been lost. This has made it neces-
sary to determine metal loss (average penetration) in relation to reference
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panels of unexposed sheet from the same batch as the exposed panels and to
cut the reference panels as closely as possible to the same size as the exposed
panels. After a statistical judgment of the gravimetric accuracy achievable
with these reference panels, the following materials were chosen for determi-
nation of the average penetration:

low-alloyed copper, CuAg(P),
a-brass, CuZn28,

phosphor bronze, CuSn7(P), and
nickel silver, CuNil2Zn24.

AL

These materials represent the principal copper alloy types and their average
penetrations are given in Fig. 4. A general observation for these materials is
that the average penetration in no case exceeds 1.5 um/year, and that it de-
creases in the order urban-marine-rural atmosphere as was also observed from
the 7 years’ exposure results. The corrosion rates seem to be about the same
as or possibly slightly lower than those found after 7 years’ exposure, and
significantly lower than the rates obtained after 2 years of exposure. The
range of rates seems not too wide for the various alloys on each site: 0.9 to
1.3 um/year in the urban, 0.5 to 0.9 um/year in the marine, and 0.3 to 0.5
pm/year in the rural atmosphere, the higher values holding for the brass and
the lower values for the phosphor bronze and the nickel silver.

The corrosion rates determined in this investigation seem to be of about
the same order as those reported in 1956 from a 20 years’ test performed by
ASTM at various sites in the United States® with corrosion rates ranging
from 0.4 um/year at the rural site up to about 2 um/year at the industrial
sites. Later 20-year exposure tests with copper materials in Great Britain re-
ported by Scholes and Jacob in 1970° have shown an average penetration of
somewhat less than 2 um/year in industrial atmosphere and 0.7 to 1.5
pm/year in marine atmosphere.

Dezincification—The corrosion of copper alloys with relatively high zinc
contents is predominantly of the dezincification type. Average and maxi-
mum dezincification depths measured in metallographic cross sections, rep-
resenting upside and downside surfaces for sheet specimens, and the whole
circumference for rod specimens, are given in Figs. 5a, 5b, and 5c. The extent
of this type of attack corresponds well to losses in elongation, Fig. 6, and
fairly well to losses in UTS, Fig. 7, but is not revealed by the weight loss fig-
ures for tested specimens.

The conclusion again emerges that the severity of attack in the various at-
mospheres decreases in the order urban-marine-rural atmosphere. For

*Tracy, A. W. in Symposium on Atmospheric Corrosion of Non-Ferrous Metals, ASTM STP 175,
American Society for Testing and Materials, 1956, pp. 67-76.

*Scholes, I. R. and Jacob, W. R, in Proceedings, The Institute of Metals' International Sym-
posium on Copper and Its Alloys, Amsterdam, 21-25 Sept. 1979.
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FIG. 5a—Dezincification depth after 16 years’ exposure.

brasses with zinc content of 15 percent or less, for arsenical a-brasses, and
for nickel silvers, no significant dezincification has been observed. The at-
tack seems to be considerably retarded during the last half of the 16-year ex-
posure period.

Interesting relations between the zinc content and the observed average
and maximum dezincification depths in binary brasses are shown in Figs. 8a
and 8b. The diagrams show deeper dezincification in the (a + B)-brass,
mainly in the B-phase, as compared with both pure a- and pure B-brasses in
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FIG. 5b—Dezincification depih after 16 years’ exposure.

all three atmospheres and on both the upside and downside of the panels.
This effect is probably due to local cell action when a- and B-phases occur
together in the structure.

The depth of attack in the a-brasses does not show any significant de-
crease with decreasing zinc content, but the type of attack gradually changes
from selective to general corrosion when the zinc content decreases below 15
percent. The diagrams also show that the attack tends to be deeper on the
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F1G. 5¢—Dezincification depth after 16 years’ exposure.

downside than on the upside of the panels, probably because the down-facing
surfaces are not washed by rain.

A comparison of the dezincification of rod and sheet specimens of similar
compositions (containing appreciable amounts of 8-phase) shows better re-
sistance for the rolled and annealed sheet specimens than for the machined
rod specimens. For the rods the dezincification depth reaches average values
of about 50 um and maximum values up to about 150 um in the rural at-
mosphere; in marine and urban atmospheres the average values for the ma-
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FIG. 6—Changes in elongation of copper materials after 16 years’ exposure.

jority of brasses are 100 to 150 pm and the maximum values 200 to 300 um.
Among the more resistant of the (@ + 8)-brasses were the brasses alloyed
with aluminum, tin, and arsenic and also the arsenical brass in which attack
was restricted to the B-phase.

The dezincification observed is predominantly of the layer type, except for
a few of the rod brasses with (a« + B)-structure and for down-facing surfaces
of brass sheet panels, which show a more localized attack.

Changes in Mechanical Properties

The changes in UTS were found to be less than 5 percent and the losses in
elongation to be below 10 percent after 7 years’ exposure for both sheet and
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F1G. 7—Changes in ultimate tensile strength of copper materials after 16 years’ exposure.

rod materials. The only exceptions were the brasses with a considerable con-
tent of B-phase, which was attacked by dezincification.

The results after 16 years’ exposure are similar. A survey of the losses in
mechanical properties of exposed materials as compared with reference
material, stored indoors for 16 years, is given in Figs. 6 and 7.

For the majority of coppers and copper alloys the decrease in UTS does
not exceed 5 percent and that in elongation does not exceed 10 percent for
sheet or rod material from any test site. As before, an exception has to be
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made for the B-phase-containing brasses which show dezincification attack
in this phase. In the urban and marine atmospheres these materials show
losses of 10 to 15 percent in UTS and up to about 30 percent in elongation,
the higher losses being in the marine atmosphere. In the rural atmosphere
the corresponding losses amount to 5 percent and 10 to 20 percent,
respectively.

Conclusions

The most important effects of atmospheric corrosion on the copper mate-
rials were found to be patina formation, genéral corrosion, and dezincifica-
tion of zinc-rich alloys.

During the first years of atmospheric exposure the copper materials ac-
quired a dark coating consisting mainly of Cu,O but also containing basic
copper salts and compounds of other alloy constituents, for example, amor-
phous SnO; and Al;O; on alloys with tin and aluminum. In urban and marine
atmospheres, signs of green patina appeared on copper after 6 to 7 years and
on phosphor bronzes even sooner. The high-zinc brasses did not develop any
attractive green patina. In the rural atmosphere no green patina had devel-
oped on any material after 16 years, only various shades of black or brown.
The amount of corrosion products retained on the metal surface increased
substantially from the 7th to the 16th year of exposure. The patina was
found to be more protective in the marine and rural atmospheres than in the
urban atmosphere.

" The average penetration during the whole 16-year period was found to be
about the same as during the first 7 years, but considerably lower than dur-
ing the initial two years, that is

0.3 to 0.5 um/year in rural atmosphere
0.5 to 0.9 um/year in marine atmosphere
0.9 to 1.3 um/year in urban atmosphere

The dezincification rate of the brasses had retarded somewhat during the
last 9 years of exposure. It was highest for brasses with (a + B)-structures,
the effects of the 16 years’ exposure being a maximum depth of 90 to 215 um,
a loss in UTS of 5 to 15 percent, and a reduction in elongation of up to 30
percent. Alloying with aluminum, tin, and arsenic improved the dezincifica-
tion resistance of the (o + B)-brasses.

The a-brasses with 15 percent zinc or less and arsenical a-brasses showed
good resistance to dezincification,
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DISCUSSION

T. J. Summerson' (written discussion)—What explanation is offered for the
relatively low pH of the precipitation at all three sites? Could this be related
to the *‘acid rainfall” phenomenon?

R. Holm and E. Mattsson (authors’ closure)—These pH-values are typical
for the precipitation in Scandinavia and are actually somewhat higher than
in most other European countries. The reason why the pH-value is so much
below neutral is that the precipitation contains acid pollutants, mainly sulfur
oxides, and has a very low buffering capacity.

'Kaiser Aluminum & Chemical Corp., Pleasanton, Calif.
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Atmospheric Corrosion of Copper
Alloys Exposed for 15 to 20 Years

REFERENCE: Costas, L. P., “Atmospheric Corrosion of Copper Alloys Exposed for 15
to 20 Years,” Atmospheric Corrosion of Metals, ASTM STP 767, S. W. Dean, Jr., and
E. C. Rhea, Eds., American Society for Testing and Materials, 1982, pp. 106-115.

ABSTRACT: Copper alloys were exposed for 15 to 20 years at two marine, one indus-
trial, and one rural location. Based on average corrosion rates for 13 alloys, the indus-
trial corrosion rate was 1.4 um/year whereas the rate for the other sites was approxi-
mately 0.7 um/year. As expected. alloying agents affected the corrosion rates by a
factor of 2 to 3.

General attack was the predominant form of corrosion. Dezincification was posi-
tively identified in C260 alloy and intergranular attack was noted in C642. Pitting was
not a factor for any alloy.

KEY WORDS: atmospheric corrosion tests, copper, copper alloys

This program was initiated in 1958 and a report® was written for the 2-year
and 7-year exposures. The present data are for 15-year and 20-year expo-
sures. The 15-year data are limited to the Point Reyes series because of
vandalism.

Although the test details were given in the earlier paper, a brief description
is in order. Triplicate panels of each alloy, at each site, and for each test pe-
riod were exposed. These panels were approximately 10 by 20 by 0.13 cm (4
by 8 by 0.05 in.) and were mounted 30 deg to the horizontal. At the West
Coast and East Coast marine locations (Point Reyes, Calif.) and Kure Beach,
N. C.), respectively, they faced the water. At the industrial (Newark, N. J.)
and the rural sites (State College, Pa.) they faced south. The composition of
the alloys is listed in Table 1.

Originally 19 alloys were exposed but only 16 were returned for this eval-
uation. The three beryllium-bearing alloys were not included. Furthermore,
the data sheets for two alloys were lost in the interim and all the initial weigh-
ings were erroneous in one case, so that complete data for the 2, 7, and 15- or

'Senior research metallurgist, Anaconda Industries, Brass Division, Research and Technical
Center, P. O. Box 747, Waterbury, Conn. 06720.

?Thompson, D. H. in Metal Corrosion in the Atmosphere, ASTM STP 435, American Society
for Testing and Materials, 1968, pp. 129-140.
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20-year exposures exist for only 13 alloys. Also, it was painfully apparent
that a considerable number of initial weight measurements were erroneous.
In spite of the problems, however, which are almost inevitable over such a
long time span where a few, if any, of the original personnel are still in-
volved, considerable valuable information was gained.

Processing of Specimens

All specimens were first weighed with the corrosion products intact, using
a single-pan digital readout balance that was checked and found accurate to
within 0.01 g (0.00035 0z). The most typical upper surface of the triplicate
specimens was photographed using color transparency film at a magnifica-
tion of 1 to 4; this proved to be a good compromise between the overall ap-
pearance and resolution of some finer surface detail. X-ray diffraction spec-
imens were then scraped from the upper surface.

Cleaning was done in two steps. The first involved immersion in a solution
consisting of 500 m! (30 in.*) of concentrated sulfuric acid (H,SO4) and 100
mi (60 in.?) of concentrated hydrochloric acid (HCI) per litre. The second
was a 30-s dip in 1:4 HCI, which in most cases was adequate to remove any
remaining film.

The cleaning procedures were not altogether satisfactory, particularly with
specimens from the industrial area because of the tendency to form copious
amounts of a loosely attached, insoluble white material that was undoubt-
edly cuprous chloride. Also, there was a tendency to convert some copper
oxide (Cu;0) to metallic copper that plated onto the surface, which is, of
course, an old problem with copper alloys.

The cleaned specimens were again weighed. The surfaces were examined
for pits and none were found that were measurable by any mechanical
means. Tension specimens were fabricated and pulled at a crosshead speed
of 0.0002116 m/s (0.5 in./min). Finally, a metallographic study on trans-
verse sections was made.

Corrosion Product Analysis

Specimens for X-ray diffraction were scraped from the topside of the panels
by a knife blade using the stereomicroscope at X10 to insure that all surface
layers were removed. The resulting powder was then loaded into 0.3-mm-di-
ameter (0.012 in.) capillaries and exposed to copper radiation filtered
through nickel foil. A conscientious effort was made to include all layers, but
some segregation may have occurred as the specimen dropped through the
capillary.

X-ray specimens were taken from one sample of each triplicate series at
every site with two exceptions (due to oversight). The results from each loca-
tion are listed in the following.



COSTAS ON COPPER ALLOYS 109

Kure Beach (Eastern Marine)

In 14 of the 16 cases, both Cu,O and Cu,CI(OH);, paratacamite, were
identified. JCPDS No. 23-948 provided an excellent fit for the basic copper
chloride pattern. Alloy 69 showed only paratacamite and Alloy 72 only
Cu;0. The pattern for Alloy 74 had a few weak lines for atacamite (23-947)
as well, suggesting that a mixture of basic chlorides was present.

Newark (Industrial)

Eight of the 16 showed both Cu,0 and Cus(OH)sSO,, brochantite. Only
Cu;0 was found with Alloys 69, 71, and 79 and only brochantite with Alloys
70, 74, 75, 78, and 80.

Point Reyes (Western Marine)

Alloy 73 was not received from this site and so the total number evaluated
was 15. In 14 instances, both Cu;O and paratacamite were found. In Alloy
69, only Cu,Q was noted and the strongest line for a-quartz was also de-
tected. Whether the quartz was from the silicon in the alloy or from sand ad-
hering to the surface could not be determined.

State College (Rural)

By oversight the corrosion product for Alloy 69 was omitted so that only
15 specimens were analyzed. In 10 cases both Cu;0 and brochantite were
found. Alloy 72 yielded only Cu;O and Alloys 70, 73, and 77 yielded only
brochantite. Alloy 79 had no surface film.

In general, the alloys exposed to marine environments formed Cu,O and
paratacamite whereas those in urban or rural areas produced Cu,0 and bro-
chantite, as expected.

Color

Only the topside of the specimens is described and given in Table 2.

The most striking feature is that only at the industrial site did the green or
blue expected of weathered copper predominate. Even here, however, Alloys
66, 69, and 79 were brown or gray. Alloys 75, 76, and 80 were basically
green, but a considerable amount of black, in the form of vertical streaks,
was also present. At rural State College a blue or green hue was observed on
12 alloys, but not nearly to the same degree as at Newark.

At both marine sites blue or green appeared in only three or four of the 31
instances. Brown was the dominant color.

One specimen of each alloy from each site was photographed for future
reference.
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TABLE 2—Color of upper surfaces of test panels.

Kure Beach Newark Point Reyes State College

Alloy Eastern Marine Industrial Western Marine Rurai

65 RB G RB G-GY

66 B B RB B

67 RB BG B B

68 RB G B G-GY

69 RB GY B RB

70 RB G B GY

71 B G RB G

72 GY G B GY

73 GY G — GY

74 B G B GY

75 RB G B G-GY

76 GY G B G-GY

77 B G B G-GY

78 B G B G-GY

79 GY B B B

80 B G B GY

CopE: RB = red brown, B = brown, GY = gray, G = green, BG = blue green, G-GY =
gray green.
Point Reyes exposure was for 15 years; all others were for 20.

Surface Layers

In general, reddish-brown cuprous oxide was present next to the metal at
Kure Beach, Point Reyes, and State College. In 10 specimens from Newark,
however, no positive visual evidence of Cu,O was observed at X10 during
the sampling for X-ray diffraction although the X-ray results positively iden-
tified it in six cases. Possibly the Cu,O was finely dispersed thoughout the
brochantite.

The green brochantite found at Newark was relatively thick when com-
pared with all other layers and ranged from adherent to so loosely held that
the fingernail dislodged it. In the H,SO4-HCI cleaning solution, this green
appeared to convert to a thick [estimated at I-mm (0.04 in.)] white film
which undoubtedly was cuprous chloride and was removable by wiping with
a paper towel. This behavior is typical of Cu;O rather than a cupric salt and
further reinforces the idea that Cu,O may be dispersed in the green rather
than as an adherent layer next to the metal.

At both inland sites, vertical black streaks or splotches were observed, but
only when a green surface layer was present; this occurred in seven cases at
Newark and four at State College. This was also obvious with Alloy 80 at
Kure Beach as well. These black areas were adherent and raised above the
corrosion product surface slightly, but X-ray patterns from two different al-
loys failed to reveal any new crystalline phase. Oftentimes these were asso-
ciated with scratches in the metal surface. No explanation for them is
offered.
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Corrosion Rates

Table 3 lists the corrosion rates. The data sheets containing the original
specimen weights for Alloys 72 and 73 were lost so no calculations could be
made. Also, numerous errors in the original weights of specimens in the re-
placements series for Point Reyes resulted in a loss of 10 individual corrosion
rates. It is strongly suspected that the original weighing of Alloy 77 for New-
ark also was erroneous because of the exceptionally low corrosion rate
calculated.

The “ratio’ term of Table 3 is the ratio of maximum and minimum corro-
sion rates for the three (and occasionally two) specimens for the 15- and 20-
year data; the closer the values are to 1.00, the less the scatter. It is apparent
that some Point Reyes rates may be questionable.

Excluding the obviously erroneous or highly suspect data, the corrosion
rates of all specimens from all sites vary from a maximum of 2.3 um/year to
a low of about 0.22 um/year, a spread of approximately tenfold. No alloy
proved to be the lezst corrosion resistant at all sites, but Alloy 69 with 2 per-
cent silicon and 7 percent aluminum (C642) proved most resistant (in spite of
a suspiciously low value of 0.22 at Point Reyes).

The spread of corrosion rates at each site is, of course, less than the tenfold
just mentioned. These values in um per year for Kure Beach, Newark, Point
Reyes, and State College are, in order: 0.5 to 1.7, 1.2 t0 2.3, 0.2 to 1.4, and
05to1.1.

Corrosion Product Retention

Mattsson and Holm® correlated the ratio of remaining weight of corrosion
product to the metal lost and found the ratio decreased from rural to marine
to urban.

The results for the present test, Table 4, show a somewhat different pat-
tern. The two marine sites generally have the highest ratio, next is the rural,
and finally the urban. Although no study was made, it appears that the rea-
son for this behavior is that the marine sites form and retain greater amounts
of Cu,O than do the inland sites.

Corrosion Rate Trends with Time

The effect of time is obtainable for all sites except Point Reyes, where 7-
year specimens were lost.

Using a criterion of greater than 0.1 um/year as a measure of a significant
corrosion rate change between the 7- and 20-year results, trends are evident,
Table 5. The Eastern marine rates are decreasing with time, those at the in-
dustrial site have stabilized (possibly as early as two years), and in the rural
environment the rates may be increasing.

3Mattsson, E. and Holm, R. in Metal Corrosion in the Atmosphere, ASTM STP 435, American
Society for Testing and Materials, 1968, pp. 187-210.
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TABLE 4—Retension of corrasion products after 15 or 20 years.

Ratio of Adhering Corrosion Product to Metal Loss

Kure Beach Newark Point Reyes’ State College
Alloy Eastern Marine Industrial Western Marine Rural
65 0.96 0.27 0.91 0.68
66 0.33 0.18 0.37 0.25
67 0.51 0.24 0.97 0.59
68 0.79 0.27 0.68 0.72
69 0.55 0.21 0.81 0.40
70 0.71 0.30 0.90 0.56
71 0.72 0.38 0.83 0.57
72 R C
73 . e C e
74 1.01 0.31 0.69 0.67
75 0.75 0.36 091 0.82
76 0.80 0.35 0.41 0.75
77 0.73 8.9° 0.18 0.63
78 0.61 0.29 0.26 0.54
79 0.52 0.36 0.43 0.39
80 0.54 0.31 1.1 0.48

“Exposure at Point Reyes was for 15 years; all others were for 20.

® Probably in error due to incorrect initial weighing.

NoTE—Values are based on averages for the specimens available.

Metallographic Examination

A single specimen from each alloy from each site (64 total) was examined
after mounting and polishing. Specimens were taken from the center of each
panel and the length examined was approximately 2 cm (0.8 in.), a very small
dimension from which to draw many firm conclusions. Furthermore, the
panels had been cleaned prior to mounting, which further compromises the
results. Acid pickling of copper alloys coated with Cu;O, which nearly every
panel had, almost always deposits copper metal onto the surface. Hence, the
finding of copper during metallographic examination should be carefully in-
terpreted. All too often dezincification is claimed when actually the copper

noted is due to the cleaning process.

TABLE 5—Corrosion rate trends with time.

Corrosion Kure Beach Newark State College
Rates Eastern Marine Industrial Rural

Increasing 0 1 5

Static 4 8

Decreasing 9 3 1

NoTE—The above results are based on 7- and 20-year comparisons, Also, a rate change of
greater than 0.1 um/year from the 7-year values was used to define an increase or decrease in

rate with time.
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TABLE 6—Evidence of copper on surface.

Alloy 66—trace at Kure Beach only

Alloy 70—trace at Kure Beach, Point Reyes, and State College
Alloy 71—substantial at all sites

Alloy 73—trace at Newark and State College

Alloy 79—trace at Newark

Alloy 80—trace at Kure Beach and Point Reyes

NoTE—As mentioned in the text, it is conceivable that the trace copper levels observed may
have originated from reaction of Cu,O with acid during cleaning rather than a dezincification
reaction in the field.

Table 6 lists the specimens which “showed” copper and hence could be
suspected of dezincification. However, the only unquestionable instance of
dezincification occurred with Alloy 71 (C260) and it appeared to be more se-
vere on the bottom side at Newark, Point Reyes, and Kure Beach. The max-
imum depth of attack noted was 0.16 mm (0.0064 in.).

Intergranular attack was found on Alloy 69 (C642) except for the Point
Reyes specimen. The maximum depth of attack measured was 0.05 mm
(0.002 in.) Fig. 1. Four sections of unexposed Alloy 69 were examined and
no evidence of intergranular attack was found, indicating that the original

FIG. |—Intergranular attack. The intergranular penetration is only two or three grains deep,
but it did occur on exposure rather than from a mill processing treatment (X300).
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material was sound and that the intergranular penetration observed occurred
during exposure.

Tension Test Results

All specimens made from exposed panels broke within 5 percent of the ul-
timate tensile strength (UTS) of unexposed material with the single exception
of one specimen of Alloy 69 at the industrial site, which gave a value of 5.85
percent less. In fact, except for five or six samples, all were within 2 percent.

The cross-sectional area was determined by measurement made on the
cleaned specimens after exposure, not on the data taken prior to exposure.
The reason for this was that the initial readings were listed to only two signif-
icant figures, which is rather crude.

At any rate, the tension tests revealed very little and, for the expenditure
required, were hardly worthwhile. If alloys are intended for load-carrying
purposes, then specimens under load should be exposed.

Conclusions

1. The corrosion rates of 14 copper and copper alloys at four locations
after 15 to 20 years of exposure varied from a maximum of 2.3 um/year [0.09
mils per year (mpy)] to a low of 0.22 um/year (0.009 mpy).

2. The industrial site corrosion rate was approximately double that of the
other three.

3. The green color associated with weathered copper was dominant only
at the industrial site.

4. Cu;0 is commonly found on specimens at all locations. At the marine
locations paratacamite is normally present whereas brochantite forms
inland.

5. Dezincification was definitely noted in one alloy, C260, and intergranu-
lar attack was found in aluminum bronze C642.

Recommendations

1. Because of the importance of correct initial values, it is suggested that
two independent laboratories weigh all specimens prior to exposure.

2. Consideration should be given to masking-off the bottom side of some
panels so that a ‘“‘topside only’’ corrosion rate can be separated from the
overall rate based on total area.

3. Tension tests are time-consuming and, to date, have contributed little,
if any, useful information; they should be terminated.

4. More effort should be given to metallographic study of sections taken
from noncleaned specimens, particularly from the standpoint of corrosion
product identification and morphology.
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ABSTRACT: Air-cooled equipment has an impressive record of performance in indus-
trial cooling applications, particularly in rural-dry environments. At temperatures
below the dew point, however, combinations of moisture and contaminants (particu-
larly chlorides and some sulfur compounds) promote severe corrosion on aluminum.
Washing the cooling surfaces with some commercial detergents provides a corrosive
environment, particularly on areas where drainage collects. Coal dust deposits have
caused corrosion of aluminum fins. Marine-humid-industrial locations have caused
severe corrosion problems on aluminum air-cooled equipment, particularly when the
coolers are at ambient temperatures for extended periods. The results of the domestic
survey and available specimens have directed this study principally to aluminum.
However, the foreign survey, which is summarized here, provided some insights into
the behavior of galvanized steel cooling towers.

KEY WORDS: aluminum, galvanized steel, dry cooling, dew point, chloride, suifur,
coal dust, corrosion, pitting, detergents, airborne contamination

In many areas of the United States, water supplies are not adequate to
meet the combined needs of agriculture, industry (including power produc-
tion), and domestic use. As a result, larg'e-scale allocation of water to central
power stations for cooling purposes is becoming an increasing problem. En-
vironmental restrictions, water costs, and diminishing availability of cooling
water indicate that closed-cycle dry-cooled steam condensers may become
attractive at some U.S. locations during this decade. The Department of
Energy (DOE) and electrical utilities, through the Electric Power Research
Institute (EPRI), are evaluating dry cooling for use in electric power plants.
Battelle’s Pacific Northwest Laboratory (PNL) is program manager of the
DOE Dry-Cooling Tower Program.

In two surveys [,2], Battelle contacted suppliers and operators of a cross
section of U.S. air-cooled equipment and made visits to several operating

! Battelle Memorial Institute, Pacific Northwest Laboratories, Richland, Wash.
?The italic numbers in brackets refer to the list of references appended to this paper.
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dry-cooled power stations in Europe to discuss the current philosophy, meth-
odology, and problems in dry-cooling technology.

The results of the surveys indicate that U.S. industrial air-cooled equip-
ment functions with very few operational problems. Corrosion, while not a
frequent problem, has resulted in shutdowns for major repair. Atmospheric
corrosion is not the only consideration. Some corrosion failures have oc-
curred from aggressive agents in process solutions being serviced by air-
cooled equipment. This paper summarizes air-side corrosion data from oper-
ating air-cooled equipment, supported by corresponding laboratory studies.
It includes results of metallographic examinations of fin specimens taken
from operating industrial air-cooled heat exchangers {dry coolers) and from
dry-cooling towers at central power stations. The equipment operated in a
variety of environments in the United States and Europe.

Aluminum is one of the two predominant materials now used in dry-
cooled power plants. Galvanized steel is also widely used, and some refer-
ences to galvanized equipment performance are included. Both materials
have generally performed satisfactorily for long periods. This paper examines
both the scope of successful performance and the exceptions for air-side
aluminum equipment, with the objective of defining environments and prac-
tices which should be avoided. Aluminum alloy fin specimens were collected
from coolers and towers that were known to have corrosion problems; cor-
rosion results reported here represent worst cases.

Procedures

The first level of assessment involved sending or taking a questionnaire to
16 major fabricators and operators of air-cooled equipment in the United
States and Europe. The survey included visits to observe operating equip-
ment. Air-cooled heat exchanger and dry-cooling tower sites chosen for the
survey were classified by environment as rural-arid, rural-humid, industrial-
arid, industrial-humid, and marine-humid. Cooling fin specimens were col-
lected from several sites for metallographic examination of corrosion.

The majority of data and specimens collected in this survey were obtained
from natural gas transmission companies operating gas compressor engines
with air coolers because the temperature regime is similar to that in power
station dry-cooling towers. The coolers have horizontal banks of finned
tubes with forced-draft air flow. The tubes are either steel or copper alloys.
In almost all cases the fins are aluminum.

As a second level of corrosion assessment, Battelle placed lengths of alu-
minum finned tubes omr and around air-cooled gas compressors at two Gulf
Coast industrial sites. The specimens seen in Fig. 1 consist of steel tubes cov-
ered by extruded alloy 6063 aluminum fins. The geometrical arrangement is
typical of a tube-fin heat exchanger.

Fin specimens from the various tubes were taken after 1, 2, and 3 years.
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FIG. 1—Tube specimen (aluminum fins, steel tube) similar to specimens installed at two Gulf
Coast gas compressor stations (I in. = 2.54 cm).

One site is on the Gulf Coast in Louisiana; one site is about 9 km (6 miles)
from the Gulf in Mississippi. Control specimens were exposed to ambient
conditions at Richland, Wash. (rural-arid).

A third level of corrosion assessment involved investigation of aluminum
corrosion under simulated dry-cooling tower conditions. Aluminum was ex-
posed to selected contaminants in controlled environments in a Battelle lab-
oratory. Coupons 1.9cm (3/4 in.) square and 0.15 cm (1/16 in.) thick were cut
from Alloy 1100-H14 aluminum sheet. Nine coupons were held at 58 to 63°C
(136 to 145°F), which is above the dew point. Five coupons were held at
room temperature [approximately 20°C (68°F)]. Five specimens were cycled
between room temperature and operating temperature. All specimens were
placed under a hood which provided flowing laboratory air. Ibbenbiiren
(Germany) and Salinas (Utah) coals, sulfur, and sodium chloride were the
principal contaminants selected for the laboratory tests. All cooling fin and
laboratory specimens analyzed in this study were examined visually, metal-
lographically, and with the scanning electron microscope (SEM). Due to
space limitations, only a brief cross section of the survey and laboratory re-
sults is given here. Details are available elsewhere [1-3].

Experimental Results

The scope of the survey of natural gas compressor engine coolers is sum-
marized in Table 1. The survey included equipment operating in most geo-
graphic areas of the United States, from Florida to California, Texas to New
York, and the Pacific Northwest [2]. Of the 219 stations covered in the sur-
vey, only two had experienced corrosion which required equipment replace-
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TABLE 1—Compressor engine air cooler survey.”

Company A B C D E F Total

No. of stations 60 22 36 52 40 9 219
No. of coolers ~360 77 313 261 410 121 1542
Avg age, years 20 15 17 22 20 17 C.
Max age, years 26 19 25 25 28 >20
Locations:

rural 0% 90% 96% 98% most 79%

urban 5% 5% 5% 0 ND? 0

industrial 0 5% 0 2% some 21%

marine 5% 0 0 0 0 0

Temperature in, °C 50t080 80 ND ND 50to 105 ND
Temperatureout,°C  45t0 55 50 ND ND 45t0 75 ND

“Responses through 1976.
®ND = not determined.

ment. The remaining stations indicated that corrosion had not begun to in-
terfere with cooler performance during operation to 28 years (1976).

A second aspect of the survey addressed air cooler performance in petro-
leum refinery applications. One response included operation of 625 air cool-
ers at 14 refineries in seven countries [2]. The predominant materials were
aluminum fins on steel tubes. One cooler operated for more than 20 years;
ten operated for 15 to 20 years; the remainder operated less than 15 years.
Twenty-three coolers failed at ages from 1 to 12 years. One failure was due to
freezing. The remainder occurred from the internal side, due to corrosion by
aggressive process solutions. No failures occurred due to air-side corrosion.

Air-side corrosion was indicated as serious at one aluminum tower and
noticeable at another aluminum tower. Two galvanized tower operators in-
dicated that air-side corrosion was noticeable; one galvanized tower had
moderate corrosion. One galvanized unit had noticeable condensate-side
corrosion.

A major conclusion of the study was that corrosion was a minimal prob-
lem for both aluminum and galvanized towers. The unusual corrosion on
Ibbenbiiren and Rugeley towers is discussed later in the paper. The only dry-
cooled central power station in the United States is sited at Wyodak, Wyo-
ming. It has one aluminum-finned tower (1962 start-up) and two galvanized
steel towers (1962 and 1978 start-ups). Air-side corrosion has not been signif-
icant on the three Wyodak towers [4].

At natural gas refinery sites with ~440 coolers, the principal materials
were aluminum fins on steel or copper alloy tubes [2]. The sites could best be
described as rural, arid, industrial. The older coolers had operated since
1952. Some corrosion problems occurred on early coolers having copper fins
exposed to sulfide and sulfur oxide environments. Steel louvers have cor-
roded, but the aluminum fins have performed well. Galvanized fins also have
operated satisfactorily.
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The European survey [1] included visits to 19 power plants: five with
aluminum coolers (Heller), 13 with galvanized iron coolers (GEA), and one
with a plastic cooler. Start-up dates were 1961 to 1973 for the aluminum
units and 1956 to 1972 for the galvanized units.

Results of Air-Cooled Equipment Examinations

Specimens from several types of aluminum-finned air-cooled equipment
were examined by visual inspection and metallography. Table 2 summarizes
the scope and results of the examinations.

To summarize the results of the examinations:

1. Corrosion was minimal on aluminum fins exposed at the following lo-
cations: rural-arid (18 years); rural-humid (17 years); industrial-arid (22
years).

2. Corrosion was substantial on aluminum fins at an industrial-humid lo-
cation (Ibbenbiiren, Germany), but only at locations where coal dust was
caked on the fins (see Figs. 2-4). There are indications that chloride and sul-
fur contaminants in the coal may have contributed to the corrosion. Gal-
vanic effects under the coal dust poultice may also have been important.

3. At another industrial-humid site (Rugeley, United Kingdom) an unu-
sual pitting attack occurred on aluminum tubes at crevices between the tubes,
spacer collars, and fins (Fig. 5). The tower was subject to contaminants from
a coal mine, an ash sintering plant, the city of Birmingham, and some salt
transport from the sea coast; also, to drift from adjacent wet towers and to
frequent rains. The principal corrosion factors appeared to be chlorides and
other contaminants in the crevices when they were moist. Chloride ions are
very corrosive to aluminum and its alloys [5,6]. The corrosion was estimated
to be ~20 times faster when the tower was out of service, that is, at low
temperatures, where moisture could penetrate the crevices.

4. At a marine-moist location on the Southern California coast, alumi-
num fins underwent substantial corrosion after 20 years. The cooler was lo-
cated about 1.4 km (0.86 mile) from the shoreline, but was subject to fre-
quent fogs, mists, and winds, which may have-carried some chlorides.
However, the most significant factor may be the fact that the cooler operated
only about 25 percent of the time. However, the corrosion had caused signif-
icant reduction of cooler efficiency.

5. At a marine-humid industrial site, aluminum fins underwent severe
corrosion, due to proximity to the Gulf Coast, also being downwind from a
sulfur mine. Figures 6a and 6b show the appearance of cooling fins on the
top and bottom bank of tubes after 13 years service. Gross corrosion is evi-
dent. Sulfur compounds combined with water provide a source of sulfuric
acid generally regarded. as corrosive to aluminum [7].
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SCALE-CM

FIG. 2a—Cooler section showing alternate layers of aluminum plates and spacers stacked
around aluminum tubes. Note coal dust fouling (I cm = 0.4 in.).

F1G. 2b—Merallographic section through tube, spacer, and fin plate on section of aluminum
cooling tower. Note severe corrosion on fins under coal dust and lack of corrosion on inner surfaces
(Area A) where no coal dust was present. For B, refer to Fig. 3; for C, refer to Fig. 4.
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FIG. 3—{a) SEM micrograph showing locations of microprebe analysis (Area of B of Fig. 2b).

(b) Analysis No. 1 of fin metal. (c) Analysis No. 3 of corrosion product at surface. (d) Analysis No.
2 of deep corrosion product.

Results of Examinations on Finned-Tube Specimens

Specimens Placed at Air-Cooled Sites—Battelle placed four 30-cm-long (1
ft) (Fig. 1) finned-tube sections at the site indicated as E in Table 2. Four
specimens also were placed at the site indicated as K. In each case, specimens

were placed

1. immediately above the upper bank of tubes, in the hot air steam (54°C)
(130°F),

2. below the cooler in the cool incoming air (two specimens), and

3. at a point away from the cooler at ambient conditions.
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FIG. 4—Close-up of Region C in Fig. 2b showing severe corrosion under coal dust deposit
(X124).

Fin specimens were removed by the plant staff from the tubes after 1, 2, and
3 years. The specimens were returned to the Pacific Northwest Laboratory
for visual, metallographic, and SEM examinations.

Table 3 summarizes results of the aluminum-finned-tube specimen expo-
sures at the two sites. (Figures 7 and 8 are referred to in this table.)

Resuits of Laboratory Specimen Corrosion Studies
Specimens of Alcoa 1100-H14 aluminum were exposed at Richland, Wash.

(PNL) under three conditions:

1. continuously at 60°C (140°F) in humidified air,
2. cycled between 60 and 20°C (140 and 68°F) in humidified air, and
3. continuously at 20°C (68°F) in humidified air.

Selected specimens were exposed to contaminants: Ibbenbiiren (Germany)
or Salinas (Utah) coals®; elemental sulfur; sodium chloride; some combina-

*Salinas coal had 0.87 sulfur; 0.0028Cl, 0.0035F. Ibbenbiiren coal had 2 perceni sulfur;
0.15CI; 0.37F percent by weight.
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L \i

FIG. 5—Close-up of crevice locations in heat exchanger at Rugeley where pinhole leaks were re-
ported to have initiated (1 cm = 0.4 in.).

tions. After 800 days the specimens were examined under the microscope.
Those with evidence of corrosion were examined metallographically. The
visual and metallographic examinations showed the following:

1. No corrosion on uncontaminated control 60°C (140°F).

2. No corrosion with elemental sulfur alone at 60 and 20°C (140 and
68°F); significant corrosion when cycled.

3. The coal with the higher chloride/flouride content promoted higher
corrosion rates. Corrosion was mildly higher for the cycled specimens.

4. Sodium chloride caused substantial localized corrosion under all three
conditions, in the following order of severity:

20°C > 60°C > 60 = 20°C (68°F > 140°F > 140 = 68°F)

5. Sodium chloride combined with elemental sulfur did not substantially
alter the results for sodium chloride alone, although the cycled specimens
had somewhat more severe corrosion.
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FI1G.6a—Aluminum fins after exposure for 13 years to a humid-marine environment {calcium
carbonate, chlorine, and sulfur contamination). Fins detached from lower tube (X25).

FIG. 6b—Metallographic section through a tube from the upper bank; refer to Fig. 6a. Shows
corrosion along the length of the fin and not associated with the solder (1) tube (2) fin (3) solder
{X6).
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F1G. 8—Corrosion penetration from both surfaces of aluminum alloy 6063 extruded fin (X200).

Discussion

Aluminum alloys have performed satisfactorily in thousands of industrial
air coolers in exposures up to 30 years, principally at rural locations [2]. Sev-
eral aluminum-finned and galvanized-fin dry-cooling towers at electrical
generating plants also appear to be functioning well [,2]. At a small fraction
of sites, however, substantiai corrosion has occurred. We will examine
briefly factors which appear to promote accelerated atmospheric corrosion
of aluminum equipment, including operating mode, configuration, contami-
nants, and geographic location.

Operating Mode

Aluminum specimens placed at two industrial sites and exposed in the lab-
oratory demonstrated that aluminum exposed at operating temperatures
[50 to 70°C (120 to 150°F)] corroded less than corresponding specimens ex-
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posed at ambient temperatures. The explanation lies in the concept of time-
of-wetness [8]. Corrosion of aluminum at Rugeley was about 20 times higher
during outages than during operation. Corrosion-prone metals, which are
subject to periodic moisture condensation, generally undergo more attack
than when they remain dry. Thus, exposures above the dew point are gener-
ally more favorable than exposures at lower temperatures where periodic
wetting occurs. This suggests that corrosion during outages may be the most
significant impact, particularly in moist, contaminated environments.

Configuration

Certain crevices were prone to corrosion on dry-cooled equipment at
Rugeley. The crevices concentrated moisture and chlorides, causing local pit-
ting. Other types of crevices, for example, on the corroding Ibbenbiiren
tower, did not show attack, presumably because impurities did not penetrate
into the crevices.

Rows of tubes on the inlet side of the air flow tend to have the highest cor-
rosion rates, presumably because they intercept a large fraction of airborne
contaminants and debris.

Galvanic Factors

The performance of dry-cooling systems with dissimilar metals has been
mixed. In aqueous circuits, there are instances where copper alloy compo-
nents have appeared to cause accelerated corrosion of aluminum compo-
nents. Operation of iron-base/aluminum-base aqueous circuits appears to be
satisfactory with proper water chemistry control.

Air-side corrosion of aluminum fins on copper alloy tubes has been satis-
factory in dry climates or where the cooler operates most of the time. Severe
corrosion has occurred in copper-tube aluminum-fin crevices where mois-
ture ingress had occurred.

Aluminum fins solder-bonded (for example, 80Pb-20Sn) to Admiralty
tubes did not appear to corrode preferentially adjacent to the solder, includ-
ing one plant where the aluminum corrosion was minor and one plant where
the aluminum corrosion was severe.

Contaminants

Analysis of 6063 and 1100 aluminum alloy fin sections taken from U. S.
and European cooling equipment indicates that chloride is generally asso-
ciated with areas of severe aluminum corrosion. Acidic compounds contain-
ing sulfates or sulfites also corrode aluminum but less severely than chloride.
There is some evidence that these two species combine with moisture to pro-
duce very aggressive local acid environments which readily attack alumi-
num. Minimum corrosion rates for aluminum are reported to occur in neu-
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tral (pH 7) water depending on temperature and oxygen content. Corrosion
rates increase as solution pH values increase or decrease from neutrality, but
the rates depend on the species of acid or base responsible for the pH change.

Coal dust having high chloride, fluoride, and sulfur compounds promotes
deep pitting in aluminum. Low halide in coal dust plus a chloride source (so-
dium chloride) is only moderately aggressive. Coal dust and other surface
deposits may accentuate localized pitting by a poultice effect, concentrating
the moisture and contaminants.

Severe corrosion of 6063 aluminum was observed on fins washed periodi-
cally by a commercial detergent. The washing effect is particularly evident
on bottom edges of fins where detergent solution collected. The detergent is
known to contain sulphates, chlorides, and phosphates and to have a satu-
rated water solution pH 13, a condition known to be aggressive toward
aluminum,

Geographic Location

Aluminum components exposed at rural-dry environments were least
prone to corrosion attack. Rural-wet and industrial-dry locations were also
mild in their corrosive effects on aluminum.

Instances of severe corrosion have occurred at a few humid, marine, and
industrial sites. However, air-cooled equipment also has operated satisfac-
torily at some sites in these environmental categories. The principal factors
influencing corrosion appear to be the amounts and species of contaminants
and the amount of time the equipment is off-line. Corrosion is minimized
when the equipment operates at temperatures above the dew point. When
corrosive conditions are present, crevices and some galvanic couples have
promoted corrosion in some cases.

Summary

1. Aluminum is an attractive choice for air-cooled heat exchangers be-
cause of its light weight, high thermal conductivity, corrosion resistance, fab-
ricability, and low relative cost. However, aluminum is not suitable for ex-
tended use at some sites with high moisture and contamination levels,
particularly where the equipment has extended downtime. Galvanized steel
air-cooled equipment also has operated without substantial corrosion at
most locations.

2. Aluminum alloy 6063 for condenser tubing has excellent corrosion re-
sistance and high resistance to erosion compared with other aluminum al-
loys, but several other alloys have also functioned well, including 1100, 3003,
5052, 6061, and Alclad 3003.

3. Aluminum alloys can be expected to have lifetimes of 30 years or more
at dry-cooling tower temperatures in clean environments. Many industrial
air coolers with aluminum alloy fins also have had extended operation (a
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decade or more) in some contaminated environments. Galvanized steel air-
cooled equipment also has operated with minimal problems since 1956, ac-
cording to one survey [1].

4. Effects of specific contaminants are not well defined at cooling tower
temperatures, but chloride is clearly an aggressive agent on aluminum com-
ponents, in agreement with extensively published evidence. Highly basic de-
tergents used for washing are corrosive if not thoroughly removed by rinsing.

5. Corrosion is most severe at temperatures below the dew point, where
moisture can participate in the attack. Severe corrosion seldom occurs at
dry-cooling temperatures unless the plant is subject to considerable down-
time; the implication is that high plant availabilities minimize corrosion. In
aggressive environments, measures to minimize corrosion during extended
outages are desirable.

6. The observation that caked coal dust promotes aluminum corrosion
suggests that the relative siting of the cooling tower and the coal pile is an
important consideration. The chloride content of the coal is an important
aspect of its corrosive character. Equally important may be the poultice ef-
fect of the caked coal dust. The particulate layer traps impurities and pro-
motes local concentration cells.

7. The importance of contaminants, materials selection, and siting of the
dry-cooling equipment is evident. For relatively small units where 15- to 20-
year lifetimes are acceptable, aggressive environments can be tolerated by
aluminum alloys, particularly if plant downtime is to be minimal. A few en-
vironments where aluminum does not function satisfactorily need to be rec-
ognized and avoided. At potential power plant sites or other large installa-
tions, corrosion evaluations should be part of the plant site evaluation, both
before and during plant operation. In our investigations, specimen studies
correlated well with observed corrosion on operating equipment. Corrosive
conditions at some sites became evident in one year on specimens placed at
the sites, in visual and metallographic examinations.

8. Laboratory studies at dry-cooling tower temperatures and ambient
temperatures induced corrosion similar to corrosion on similar plant speci-
mens. The laboratory specimens emphasize the importance of moisture in
the corrosion process and emphasize effects of certain contaminants in at-
tacking aluminum (in this test, chlorides and coal dust containing halides
and sulfur compounds).
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DISCUSSION

H. E. Townsend' (written discussion)—What are the origins and signifi-
cance of the calcium that is present in the corrosion products.

K. R. Wheeler (authors’ closure)—Calcium was present as surface deposi-
tion from airborne dust. Calcium appears only to be indirectly related to the
corrosion process by providing surface deposition (that is, calcium carbo-
nate), which tends to trap and concentrate other corrosive impurities.

! Bethlehem Steel Corp., Bethlechem, Pa.
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ABSTRACT: The atmospheric corrosion characteristics of a commercial rolled zinc
alloy containing 1 percent copper and an unalioyed grade have been evaluated after 20
years’ exposure under ASTM Committee B-3 (now G 01.04.04) 1957 test program on
atmospheric corrosion of nonferrous metals. Corrosion damage was assessed by mea-
surement of loss in weight, loss in mechanical properties, and depth of pitting. The 20-
year corrosion rates are analyzed with respect to previous 2- and 7-year results. Com-
parisons are also made with the behavior of three unalloyed grades of rolled zinc
investigated in the 20-year 1931 program by Committee B-3 using weight loss and ten-
sion test methods.

Weight loss method appears to be the most reliable way of determining the corro-
sion rates of zinc. Corrosion rates found for zinc in the 1931 and 1957 test programs
are in good agreement. The corrosion rate of zinc is not significantly affected by varia-
tions in compositions investigated.

Local galvanic action is probably responsible for the pitting which occurs in the
copper-containing zinc alloy. Pitting is most severe in the marine atmosphere in direct
contact with salt spray. The pit-depth/total-penetration ratio tends to decrease with in-
creasing total penetration. The net change in tensile strength after 20 years’ exposure
at all four test sites is equal to or less than that expected due to weight loss. Tensile
elongation is found to be more sensitive to corrosion effects than tensile strength, al-
though both alloys still possess considerable ductility after 20 years.

A better way of compensating for aging in zinc is needed if tension test results are to
be useful in evaluating corrosion damage.

KEY WORDS: atmospheric corrosion testing, corrosivity of atmospheres, corrosion

rates, rolled zinc, zinc-copper alloy, mechanical properties, tensile strength, elonga-
tion, aging (metallurgical)

In 1931, ASTM Committee B-3 on Corrosion of Non-Ferrous Metals and
Alloys initiated a comprehensive test program to evaluate atmospheric cor-
rosion effects on nonferrous metals. Included in that program were three

"Research associate and scientist (Ret.), Gulf + Western Natural Resources Group, Zerbe
Research Center, Bethlehem, Pa.
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grades of rolled zinc: Prime Western, High Grade, and Special High Grade.
These three materials differ in composition basically with respect to their
lead, iron, and cadmium contents. The intent of the work was to evaluate the
metals under test and to simultaneously study two alternative test proce-
dures, loss-in-weight and change-in-tensile properties, for evaluating the
damage done by corrosion. The results on zinc in the 1931 program for 10-
and 20-year exposure periods were reported on by Anderson [1,2]* in 1946
and 1955.

In recognition of the value of that early data, the Committee initiated a
1957 test program to obtain atmospheric corrosion data on additional non-
ferrous alloys, with emphasis on newer alloys not tested in the 1931 program.
A rolled zinc alloy containing 1 percent copper was included in the 1957 pro-
gram. Corrosion results for exposure time periods of 2 and 7 years at four
ASTM test sites were presented in 1967 by Dunbar [3]. The results from 20-
year exposures are now available and this paper contains an analysis of all
the data obtained in the 1957 test program for zinc.

Zinc Materials Tested

The analyzed chemical compositions of the two hot-rolled zinc alloys
evaluated in the 1957 test program are given in Table 1. Composition data
are also given for High Grade zinc material tested in the 1931 test program
for which comparative data are presented in this paper. The other two alloys
used in the 1931 program are listed to show the range of compositions
evaluated.

Test panels 203.2 by 101.6 by 1.27 mm (8 by 4 by 0.050 in.) were cut from

TABLE 1—Chemical analysis of zinc compositions.

Metal Commercial Chemical Analysis, weight %
or Designation Rolling
Alloy or ASTM Grade Zn Pb Fe Cd Cu As Practice

1957 Test Program

Alloy 61 High Grade zinc “ 0.058 0.007 0.009 C C. hot rolled
Alloy 62 1Cu-Zn . 0.093 0.012 0.004 0.79 C. hot rolled
1931 Test Program
AA Prime Western® “ 0.84 0.012 0.20 ... 0.0001 packrolled
BB High Grade’ ¢ 0.049  0.019 ¢ ... 0.0006 hot rolled
HH Special High “ 0.0055 0.0015 0.0010 ... a4 hot rolled

Grade®

“By difference.

® ASTM slab zinc grade.

“Not determined; probably about 0.002%.
9Not determined; probably very low.

?The italic numbers in brackets refer to the list of references appended to this paper.
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the hot-rolled strip with the 203.2-mm (8 in.) dimension parallel to the roll-
ing direction.

Test Program

Triplicate preweighed panels 203.2 by 101.6 by 1.27 mm (8 by 4 by 0.050
in.) of two rolled zinc compositions were exposed to the atmosphere for time
periods of 2, 7, and 20 years at four ASTM test sites [4]:

A—Kure Beach, N. C., 24.38-m lot (80-ft lot)—East Coast marine. This
site is located on the Cape Fear Peninsula, 17 miles southeast of Wilmington,
N. C., and is 24.38 m (80 ft) from the Atlantic Ocean. The panels face east
southeast parallel to the ocean. The saltwater spray falls directly on the test
panels.

B—Newark, N. J. (New York area)—moderately severe industrial. Speci-
mens face south southwest at an elevation of 3.35 m (11 ft). The area is sur-
rounded by chemical plants and oil refineries.

C—Point Reyes, Calif.—West Coast marine. The site is located 588.3 m
(1930 ft) from the ocean behind low hills covered with salt grass and bushes.
Panels face west toward the Pacific Ocean. The atmosphere is characterized
by salt spray and condensation from westerly winds and dense fogs. Speci-
mens are wet most of the winter and in the summer the area is very dry by
day with frequent, heavy fogs at night.

D—State College, Pa. (University Park)—rural. The site is located one
mile north of State College, Pa., at an elevation of 358.1 m (1175 ft). The
specimens face southeast. There is very little industrial contamination.

All panels were insulated from the test racks at each location and were ex-
posed at an inclined angle of 30 deg from the horizontal.

Information on the duration of exposure at the four test sites is presented
in Table 2. The time of exposure varied slightly for the 20-year exposures. It
is to be noted that two different sets of panels were exposed at Point Reyes,
Calif., because of vandalism in the fall of 1962 after about 4 years’ exposure.
A second set of panels was installed at this location on 12 June 1964. The
second set of panels for both alloys comprised reserve panels taken from the
same rolled materials as the original panels and held in storage at ASTM
headquarters. This means that data for Point Reyes are available only for
exposure periods of 2, 7, and 15 years and that the exposure time periods for
7- and 15-year panels do not overlap those of 2-year panels. Around 1972,
the panels exposed at Newark were moved several miles to another location
at Kearny, N. J.

To remove corrosion products after exposure, specimens were chemically
cleaned, according to methods reported elsewhere [5], and weighed. Weight
losses due to corrosion were calculated from specimen weights prior to and
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after exposure. Two standard ASTM tension test specimens were then ma-
chined from each panel and the ultimate tensile strengths (based on the orig-
inal thicknesses) and elongations were determined. A schematic drawing of
an exposure panel showing the position of the tension test specimens is given
in a previous publication {3]. Similar tension test data were also obtained on
triplicate test specimens cut from each of duplicate initial and storage panels
that served as controls. The storage panels, wrapped in waterproof paper
and wax coated, were kept by The New Jersey Zinc Co. in a constant-
temperature room controlled at 25 + 1°C. All tension tests on zinc were run
at 6.35 mm/min (0.25 in/min.) head speed with the stress parallel to the roll-
ing direction.

Pit depth measurements were made on the center section of each exposed
panel after removal of the tension test specimens. A calibrated focus micro-
scope was used to determine the four deepest pits in each panel.

Results

Table 3 lists all the original and derived data or the several evaluation
methods used to appraise the two rolled zinc alloys after 20 years’ exposure.
The data from Point Reyes are for only 15 years’ exposure.

Corrosion Rates— Weight Loss

The corrosion rates determined by weight loss measurements for the two
zinc alloys exposed 2, 7, and 20 years are shown graphically in Fig. 1. Asa
result of vandalism at the Point Reyes site (C) in the fall of 1962, replacement
panels had to be exposed in June 1964; these may influence the corrosion re-
sults for the 7- and 15-year periods relative to the 2-year exposures.

In general, the addition of copper to zinc (Alloy 62} has little effect on the
corrosion rate with the possible exception of the Kure Beach and Point
Reyes locations. At Kure Beach, the difference in corrosion rate between
Alloy 61 and Alloy 62 increases with increasing exposure time with the
copper-containing Alloy 62 displaying the higher rate. A significantly higher
corrosion rate for Alloy 62 is found after 2 years at Point Reyes, but this dif-
ference decreases and tends to be negligible after 7 and 15 years. These re-
sults indicate that copper has a slight accelerating effect on zinc corrosion in
the marine environment. The higher corrosion rate produced by copper in
zinc is not unexpected since zinc is electronegative to most of its metal im-
purities and alloying elements, to hydrogen, and to most surface contami-
nants. In marine environments airborne salts may deposit on the panel sur-
faces and combine with moisture to form electrolytes with low resistivity.
Electrochemical cells can then form between zinc and copper, which results
in accelerated galvanic corrosion of the anodic zinc.

The corrosion rates at three of the test sites fluctuate with exposure time.
Site A (East Coast marine) shows the highest corrosion rate after 2 years:
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3.94t04.14 um/year (0.155 to 0.163 mils/year), whereas Site B (industrial) is
most corrosive at 7 years: 4.90 to 5.08 um/year (0.193 to 0.200 mils/year),
and 20 years: 3.63 to 3.89 um/year (0.143 to 0.153 mils/year). As expected,
the lowest corrosion rate is displayed by the rural atmosphere (Site D) for
the 2-year exposure time: 0.711 to 0.904 um/year (0.028 to 0.0356 mils/
year), but the West Coast marine (Site C) holds this position at 7 years: 0.559
to 0.660 um/year (0.022 to 0.026 mils/year). Since 20-year data are not
available for Site C, a comparison cannot be made with Site D for this expo-
sure time. For the Kure Beach (East Coast marine) and Newark (industrial)
sites the corrosion rate shows an apparent maximum at 7 years, while an ap-
parent minimum in corrosion rate at Point Reyes occurs at 7 years, which il-
lustrates the variability of atmospheric corrosivity at these locations. As
pointed out earlier, the fact that panels at Point Reyes were exposed on two
different dates 6 years apart may have influenced the corrosion rates ob-
served after 2 years compared with those after 7 and 15 years. :

Past short-term exposure studies [6,7,8] have shown that marine test sites
can differ considerably in their corrosivity and that corrosivity at a given site
can vary from year to year. Factors such as time of wetness of the corroding
metal panels, panel temperature, and atmospheric sulfur dioxide and atmos-
pheric chloride content can alter corrosion rates in a marine environment. At
the 24.38-m (80 ft) lot at Kure Beach test panels are subjected to direct salt
spray so that the atmosphere will contain higher concentrations of chioride
than lots that are farther away from the ocean, as is the case for Point Reyes.
A combination of salt spray and little rain, or widely dispersed periods of
rain, can cause a considerable increase in corrosion as occurred at Kure
Beach after 7 years. At the industrial Newark/Kearny sites the high, variable
corrosion rate is probably due in large part to the acidity of the moisture
caused by the sulfur dioxide content in the atmosphere produced by chemi-
cal plants and oil refineries in the area. The decrease in corrosivity at the
Newark site in recent years may be due to a reduction in sulfur dioxide activ-
ity produced by installation of industrial pollution control systems.

Only at the rural State College site does the corrosion rate increase slightly
and consistently with increasing exposure time. A similar increase in corro-
sion rates with time for High Grade Zinc was observed for industrial (New
York) and rural (State College) areas in the 1931 program as shown in Fig. 1.
The corrosivity of the New York site in the 1931 program is higher than that
for the Newark site in the 1957 program. The lower corrosivity at the New-
ark/Kearny sites may be due to site location or an actual reduction in in-
dustrial pollution due to pollution control measures taken in the New York
area in recent years. The data for rural State College indicate that the corro-
sivity at this site has been gradually increasing over the years. This increase
in corrosion rate is not unusual since there has been population and indus-
trial growth in the State College area over the past 50 years, which probably
means higher levels of sulfur dioxide in the atmosphere.
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It is to be noted that the 1931 panels were exposed vertically while the 1957
panels were exposed 30 deg from horizontal. The good agreement between
the two sets of results indicates that panel exposure angle has no great effect
on overall corrosion rate based on these limited data. However, panels ex-
posed at 30 deg to the horizontal tend to develop a rougher surface texture
under corrosive attack, as is discussed in the next section.

Corrosion Effects—Pitting

Zinc panels exposed in the 1931 test program were found to corrode
smoothly and to be free of pits, except for the marine site at La Jolla, Calif.,
where surface roughening occurred. In the 1957 program, pitting and rough-
ening of the zinc panel surfaces occurred. This difference in behavior is
thought to have been caused by the fact that the 1931 panels were mounted
vertically and the 1957 panels were mounted 30 deg from horizontal. On the
latter sloping panels contaminants can deposit and adhere more readily and
moisture will drain less rapidly than on vertically mounted panels.

Photographs at X11 1/2 magnification of the skyward and groundward sur-
faces of Alloy 61 (High Grade) and Alloy 62 (1Cu-Zn) panels exposed for 20
years with surface corrosion products removed are shown in Figs. 2 to 5. The
Point Reyes panels were exposed for only 15 years. Similar data were pre-
sented previously for these materials after 7 years of exposure at Kure Beach,
Newark, and State College [3]. The surfaces of the panels of the copper-bear-
ing alloy appear darker in the photographs because of a black film of re-
deposited copper from the cleaning operation. The differences between the
copper-bearing and copper-free zinc alloys are accentuated at these magnifi-
cations, being only slight on visual observation. '

The appearances of the surfaces of the panels exposed for 7 [3] and 20
years are not greatly different for the various exposure sites. The pits ob-
served on the panels of Alloy 61 and Alloy 62 exposed 20 years at Kure
Beach appear deeper, but their numbers, diameters, and distribution are sim-
ilar to the 7-year panels. The degree of surface roughening of Alloy 62 at the
Newark and State College sites is more pronounced for the longer exposure
time on both the skyward and groundward surfaces. The 15-year corroded
panels at Point Reyes show the least general surface roughness among all the
panels, aithough some pitting on both surfaces is clearly visible.

Photographs of polished cross sections of the 20-year panels at X4 1/2 mag-
nification showing pit depth and shape and general surface roughness caused
by corrosion are given in Figs. 6 and 7. Pitting tended to be more distinct on
panels of the copper-containing alloy due to local galvanic cells set up be-
tween zinc and the more noble zinc-copper epsilon phase precipitated from
solid solution as particles, predominantly at grain boundaries. The High
Grade zinc panels displayed more of a tendency to develop general surface
roughness comprised of hills and valleys or large craters. Valleys were consid-
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A ALLOY 61~-HIGH GRADE ZINC - SKYWARD

B ALLOY 62-1CU=-ZINC - SKYWARD

C ALLOY 61-HIGH GRADE ZINC— GROUNDWARD
D ALLOY 62-1CU-ZINC— GROUNDWARD

FIG. 2—Photographs of the surfaces of 20-year panels from Kure Beach with corrosion products
removed (X11 1/2).

ered as pits in making pit depth measurements. Pit depth data for the var-
ious panels are given in Fig. 8. The four deepest pits on each of triplicate
panels were averaged to obtain the values shown. Pit depths of Alloy 61 and
Alloy 62 are compared for both skyward and groundward surfaces.

It can be seen from the photographs that a greater number of pits are pres-
ent on the skyward surfaces of the panels than on the groundward surfaces.
The pit depth data (Fig. 8) show that deeper pits tend to develop on the
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A ALLOY G1~-HIGH GRADE ZINC - SKYWARD

B ALLOY 62-1CU-ZINC ~SKYWARD

G ALLOY 61-HIGH GRADE ZINC- GROUNDWARD
0 ALLOY 62-1CU-ZINC=-GROUNDWARD

FI1G. 3—Photographs of the surfaces of 20-year panels from Newark with corrosion products
removed (X11 1/2).

copper-containing zinc alloy panels. This is particularly true for the panels
exposed at the Kure Beach and Newark sites. With the exception of these
same sites, pit depths on the skyward and groundward surfaces are not sig-
nificantly different. The greatest pit-depths are obtained at Kure Beach for
the zinc-copper alloy on the skyward surface and the greatest increase in pit
depth on increasing exposure time from 7 to 20 years occurs at this location.
Pit depths developed on panels at State College and Point Reyes appear to be
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A ALLOY 61 - HIGH GRADE ZINC-SKYWARD

B ALLOY 62-1CU-ZING ~SKYWARD

€ ALLOY 61 -HIGH GRADE ZINC—GROUNDWARD
D ALLOY 62~ | CU-ZINC — GROUNDWARD

FIG. 4—Photographs of the surfaces of 15-year panels from Point Reyes with corrosion products
removed (X11 1/2).

quite similar and show no marked differences due to alloy composition. It
should be noted that the data for Point Reyes are only for 15-year exposure.
While pit depths tend to increase with time at all the exposure sites, the rate
of increase tends to diminish with time except possibly in the marine
environments.

The relationship between average total penetration of a panel by general
corrosion and by pitting corrosion can be seen from the pit-depth/total-
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A . ; .
ALLOY 61 -HIGH GRADE ZINC-~SKYWARD
ALLOY 62-1CU-ZINC—=SKYWARD

ALLOY@I -HIGH GRADE ZINC=GROUNDWARD
D ALLOYBZ-1CU-ZINC=~ GROUNDWARD

L I -

FIG. 5—Photographs of the surfaces of 20-year panels from State College with corrosion prod-
ucts removed (X11 1/2).

penetration ratios given in Table 4. Pit depths used are those for the skyward
side. Total penetration values are calculated by multiplying the corrosion
rate in mils per year by the years of exposure.

For the Newark and State College sites the ratio is the highest after 2 years
and tends to decrease at the longer exposure times. The lowest ratios for
Alloy 61 and Alloy 62 are observed at the Newark site after 20 years, where
the overall corrosion rates are the highest. At the marine sites, Kure Beach
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Kure Beach

Panels

Newark

Panels

Skyvward -

Point Reye
Panels
15 Years

State
College
Panels

FIG. 6—Cross sections of 20-year exposed panels of Alloy 61 with corrosion products removed
(X4 1/2). Thin zinc spacers separate the test specimens.

and Point Reyes, the ratio is found to fluctuate with exposure time for both
alloys. The severest pitting does occur at the seacoast Kure Beach site, where
panels were exposed to direct saltwater spray. At Point Reyes, which is far
removed from the ocean, the content of airborne seawater salts seems to
have a minor effect on the overall corrosion of zinc, but pitting appears to be
significant.

Some of the factors, in addition to pit geometry and alloy composition,
that might play a role in pit growth characteristics in the various environ-
ments include filling of pits with corrosion products, pH of moisture enter-
ing the pit, electrical conductivity of moisture entering the pit due to con-
tained salts, and rate of drying in the pit relative to general panel surface.
The higher conductivity of electrolytes entering the pits at marine locations
like Kure Beach and Point Reyes probably makes a major contribution to
the general pitting process and accentuates the effect of copper in zinc on
pitting.
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Kure Beach

Panels

Newark

Panels

Skyward »

Point Reyes
Panels

15 Years

State
College

Panels

F1G. 7—Cross sections of 20-year exposed panels of Alloy 62 with corrosion products removed
(X4 1/2). Thin zinc spacers separate the test specimens.

From a practical standpoint, perforation of zinc by pitting is most likely to
occur in marine environments. Zinc containing copper would be more prone
to perforation-type failure than unalloyed zinc.

Mechanical Property Changes

Strength and ductility data obtained on original, stored, and corroded
panels of Alloys 61 and 62 to determine if these properties can be correlated
with corrosion rates are given in Figs. 9 to 16.

Tensile Strength

Tensile strength data for Alloys 61 and 62 are given in Figs. 9 and 10, re-
spectively. The stored specimens of Alloy 61 show minor fluctuations in
strength as a function of storage time due to aging, amounting to a total
change in tensile strength relative to that of the original panel of 3.45 MPa
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FIG. 15—Comparison of percent change in elongation and weight for exposed panels of Alioy 61.

(500 psi) (2.6 percent). Among the exposed specimens, only those at the Kure
Beach and Newark sites show a significant loss in strength with increasing
exposure time. Heat from a grass fire at the Newark lot prior to the removal
of the 2-year panels may have altered the strength of the zinc panels. The 7-
and 15-year panels exposed at Point Reyes display higher strengths than the
7- and 20-year stored panels, probably as a result of different time and
temperature aging histories. The former materials represent a second set of
panels which were previously stored 5 years indoors before exposure out-
doors at Point Reyes.

The stored panels of Alloy 62 which contain copper (Fig. 10) show a large
increase in strength of about 11.5 percent over that of the original control
material after 2 years, followed by a decrease at longer exposure times. The
total change in tensile strength for stored panels due to aging amounts to
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23.46 MPa (3400 psi) (14.5 percent). Except for the Point Reyes site for 7- and
15-year exposure times, all corroded panels show a noticeable loss in tensile
strength compared with the stored panels, as was the case for Alloy 61.

If the changes in strength of the corroded panels are caused only by uni-
form loss in section thickness (loss in weight), then the percent loss in tensile
strength should be equal to the percent loss in weight. If corrosion is nonuni-
form or pitting occurs, the percent loss in strength should be somewhat
greater than the percent loss in weight. As discussed in the foregoing, aging
in zinc can produce both positive and negative changes in strength.

Data for the percent change in tensile strength are compared with percent
weight loss for Alloy 61 in Fig. 11 and for Alloy 62 in Fig. 12. The tensile
strengths of the stored panels were used as the base to calculate the percent
change in strength for the exposed panels. The poorest agreement between
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strength and weight loss is obtained at the shortest exposure of 2 years for
both alloys with Alloy 62 showing the greatest difference because it under-
goes the largest strength changes on aging. The correlation between strength
and weight changes improves at the longer 7- and 20-year exposure times be-
cause weight loss values are increasing and strength changes due to aging
tend to become smaller, but discrepancies between the two parameters still
exist. As previously mentioned, aging in the 7- and 15-year corroded Alloy
61 panels at Point Reyes is responsible for the gains in tensile strength ob-
served. Even for the 20-year corroded panels at Kure Beach and Newark
which tend to have the deeper pits, the percent loss in tensile strength is less
than percent loss in weight due to corrosion, indicating that aging and other
effects besides corrosion are influencing the tensile strengths of the zinc
alloys.

Besides aging, another factor which may account for some of the lack of
agreement between strength and weight loss values is the precision with
which these measurements can be made. The range of standard deviations
for tensile strength for Alloy 61 are from 0.55 to 2.57 MPa (81 to 373 psi) and
for Alloy 62 from 2.37 to 6.39 MPa (343 to 926 psi) for the 20-year expo-
sures. These deviations represent from 0.5 to 4 percent of the measured ten-
sile strengths and, therefore, can contribute to the magnitude of the observed
differences. For instance, the range in the percent change in weight obtained
in the 1957 program for corroded panels of Alloys 61 and 62 exposed for 2,
7, and 20 years are 0.23 to 1.31, 0.66 to 5.84 and 1.51 to 12.87, respectively.
In particular, the percent changes in weight for panels exposed for 2 years
are quite small.

The results on changes in tensile strength and weight loss show that appar-
ent good correlation is achieved in some cases and poor correlation in others.
The major factor responsible for observed differences appears to be the in-
ability to ascertain how much of the measured changes in tensile strength are
due to corrosion and how much to aging changes within the metal itself. The
storage set procedure employed in the 1957 test program does not provide a
reproduction of the thermal history experienced by the exposed specimens.
A solution to this difficult problem is needed if this method of evaluating
corrosion results for zinc is to be truly useful.

The maximum loss in tensile strength after 20 years’ exposure is only
about 10 percent for the Kure Beach site. From a practical point of view, this
change in strength is of negligible importance and is proportional to the loss
in cross-sectional thickness.

Tensile Elongation

Elongation results for Alloy 61 are shown in Fig. 13 and for Alloy 62 in
Fig. 14. The elongations for stored panels of both alloys are equal to or
higher than those of the original panels for all three exposure times as a re-
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sult of aging. The highest elongations for the stored panels are obtained after
7 years, being 23 percent over the original panel for Alloy 61 and 13.2 per-
cent for Alloy 62. For the 2-year exposure, the exposed panels of both alloys
display higher elongations than the stored panels. This difference in elonga-
tions is probably due to the fact that the exposed panels are subjected to
higher temperatures on direct exposure to the sun in summer weather than
stored panels, which results in more rapid aging. After 7- and 20-year expo-
sure times, the exposed panels show, as expected, elongations below those of
stored panels. The lowest elongations recorded for both alloys occur for
panels exposed at Kure Beach (41 percent for Alloy 61 and 26 percent for
Alloy 62). These panels have the deepest corrosion pits, which may be at
least partially responsible for their lower ductility. .

A comparison of the percent changes in elongation and weight loss for Al-
loys 61 and 62 is given in Figs. 15 and 16, respectively. The differences are
greater than those found for tensile strength. The 2-year specimens for both
alloys show a gain in percent elongation. At the 7- and 20-year exposure
times, the loss in percent elongation far exceeds the percent loss in weight for
both alloys at all the exposure sites. The standard deviation for elongation
measurements for Alloy 61 ranged from 2.71 to 13 percent and for Alloy 62
from 1.86 to 2.58 percent, which would account for only a small fraction of
the observed differences. It is not possible to assess what portion of the per-
cent loss in elongation is due to corrosion and what portion is due to aging,
as is the case for tensile strength. Based especially on the large differences be-
tween elongation and weight loss obtained for 20-year panels exposed at
Kure Beach, it appears that pitting has a more adverse effect on elongation
than on tensile strength.

From a practical standpoint, however, both zinc alloys still possess a high
degree of ductility after 20 years’ exposure even at Kure Beach, where the
elongation’is 26 percent for Alloy 62 and 41 percent for Alloy 61.

Conclusions

Based on the corrosion data gathered in the 1931 program for 10- and 20-
year exposures and in the 1957 program for 2, 7, and 20 years’ exposures, the
following conclusions on the corrosion of zinc can be drawn:

1. The 1957 test program results confirm those of the 1931 program in
that the weight loss method is the most reliable way of determining corrosion
rates for rolled zinc.

2. Exposing test panels vertically and at 30 deg from the horizontal gives
similar total corrosion rates in rural and industrial environments.

3. The vertically mounted panels in the 1931 program and the panels
mounted 30 deg from the horizontal in the 1957 program showed different
surface corrosion patterns. Vertically mounted panels tended to show a
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smooth, uniform attack. Sloping panels exhibited a roughened surface
texture.

4. Adding copper to rolled zinc does not change the average rate of corro-
sion except in a severe marine environment where panels are in direct contact
with the salt spray. Under these conditions the copper-containing zinc shows
higher corrosion rates than unalloyed zinc.

5. Copper-bearing zinc is more likely to develop distinct pits during cor-
rosive attack than unalloyed due to localized galvanic action. Marked pitting
on the skyward surface occurred only at Kure Beach test site, which is close
to the ocean. The maximum net change in tensile strength of about 10 per-
cent occurred at this site after 20 years, which is comparable to the change in
section thickness.

6. The highest corrosion rates were obtained in direct salt spray marine
and industrial atmospheres. Much lower and similar corrosion rates are
found in a rural atmosphere and in a seacoast atmosphere not in direct con-
tact with salt spray.

7. Corrosion rates at Kure Beach (severe marine) and at Newark (indus-
trial) were variable and the highest after 7 years. The rural State College lo-
cation produced a gradual increase in corrosion rate with increasing expo-
sure time. Increased air pollution is considered to be responsible. Point
Reyes (marine) showed low corrosion rates at 7 and 15 years after a much
higher rate at 2 years.

8. A good correlation between corrosion rates determined by weight loss
and by tension test data was not obtained in the 1957 program because it was
not possible to compensate for aging changes in the metal.
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ABSTRACT: Results of an ASTM-sponsored 20-year exposure of corrugated metallic-
coated steel panels at five locations in the United States are reported. A total of 19
panels was placed at each exposure site, including at least one specimen from each of
six types of continuous galvanizing lines in use when the test was initiated, five sheets
galvanized using equipment similar to that used to prepare specimens for a similar test
series initiated in 1926, one panel coated with pure aluminum, one panel coated with
an aluminum-silicon alloy, and one panel coated with terne metal.

The analysis of the galvanized coatings data suggests the presence of nonlinear ef-
fects in the performance of the coatings. However, it was not possible to establish
whether these effects were the result of nonlinearities in the coating performance itself
or if they were the consequence of uncontrollable external factors which occurred dur-
ing the exposure period.

The aluminized sheets were found to be essentially without failure at all test loca-
tions. In general, coating degradation beyond minor pinholing was not found.

The terne-coated sheets evidenced early rusting at all except the most aggressive of
the test sites. Despite nearly total coating depletion, none of the test sheets have
perforated.

KEY WORDS: aluminized coatings, ASTM atmospheric test sites, atmospheric per-
formance, corrosion, hot dip galvanized coatings, industrial atmospheres, metallic
coatings, rural atmospheres, terne coatings

An atmospheric corrosion test program for 710 by 910-mm (28 by 36 in.)
corrugated metallic-coated steel panels was initiated at five locations during
September 1960. A total of 19 panels was placed at each exposure site, in-
cluding at least one specimen from each of six types of continuous galvaniz-
ing lines then in use, five sheets galvanized in equipment (pots) similar to
those used for preparation of panels for a similar test series initiated in 1926,
one panel coated with pure aluminum, one panel coated with an aluminum-
silicon alloy, and one panel coated with terne metal (lead-tin alloy).

' Manager, Technical Services, American Hot Dip Galvanizers Association, Inc., Washing-
ton, D.C. 20005.
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Although the formal objectives set for these tests are not clearly defined in
the annual reports of ASTM Subcommittee A.05.14, reference to existing
minutes and correspondence of A.05.14 generated during the test planning
phase of the program reveals that the principal objective of the test was to
address the need for universally accepted data to show that the coated sheet
product from continuous galvanizing lines was equivalent in terms of service
life to that of the older single-sheet pot galvanizing process [1,2].

Inclusion of aluminum-coated sheets in the test matrix was apparently
agreed upon to provide a comparative evaluation between the galvanized
coatings and the then relatively new aluminum-coated sheets [3]. As it
turned out, of the two aluminum coating lines then operating in the United
States, one manufacturer produced an aluminum-silicon coating and the
other a plain aluminized coating. There was no suggestion that an explicit
test objective existed to evaluate the differences between aluminized and
aluminized-with-silicon coatings. However, such an objective was stated for
the G.01.04 Subcommittee on Atmospheric Corrosion test initiated in 1970
[4].

These panels have been inspected annually by ASTM Subcommittee
A.05.14 on Sheet Tests. Reports of their inspections are contained in ASTM
Proceedings as a part of the A-5 Committee on Corrosion of Iron and Steel
annual reports from 1960 through 1979. The A-5 committee was renamed
the Committee on Metallic Coated Iron and Steel Products in 1967 when
Committee G-1 on Corrosion of Metals was organized. Subcommittee
A.05.14 has retained responsibility for inspecting and reporting the condi-
tion of the panels in this test series and will do so until the tests are com-
pleted or terminated.

Experimental Program
Preparation of Test Specimens

The coating weights in Table 1 are those for the individual specimens ex-
posed at each site. These coating weights, quoted in the Annual ASTM Pro-
ceedings reports for Committee A-5, are averages for the weight of coating
determined from a 5.1-cm-wide (2 in.) strip sheared before corrugating from
each end of the test panel. The pure aluminum-coated sheets averaged 424
g/m? (1.39 oz/ft?) of coating; the aluminum-silicon, 281 g/m? (0.92 oz/ft’);
and the terne-coated sheet, which was of the type known in the trade as 40
pounds per double base box (dbb), had 400 g/m? (1.31 oz/ft?) of coating (35
Ib per dbb).

Although the minutes of the A.05.14 meeting which approved the 1960
tests (see Ref 1) stated that coating weights were to be determined only on
the skyward-exposed surface of the test specimens, subsequent correspond-

*The italic numbers in brackets refer to the list of references appended to this paper.
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TABLE 1-—Identification and weights of coating on sheets in test of metallic-coated steels.

Ounces Per Square Foot®

Coating State Kure Point Brazos
Code Type College Newark Beach Keyes River
AP1 pot® 1.05 1.02 1.03 1.02 1.00
EP1 pot 1.38 1.41 1.39 1.40 1.40
RPI pot 1.06 1.06 1.06 1.05 1.03
JP2 pot® 243 2.42 2.39 237 2.40
PP2 pot 2.25 224 2.21 2.27 228
CL1 line® 1.17 1.19 1.16 1.14 1.18
GL1 line 1.21 1.21 1.21 1.21 1.20
IL1 line 1.18 1.20 1.20 1.18 1.18
LL1 line 1.05 1.06 1.01 0.99 1.00
OL1 line 1.06 1.06 1.06 1.07 1.05
BL2 line® 2.06 1.98 1.86 2.03 2.17
HL2 line 2.12 2.12 2.12 2.13 2.14
ML2 line 2.92 3.00 3.09 3.06 3.02
NL2 line 1.82 1.83 1.88 1.92 1.94
SAl Al-Si? 0.91 091 0.93 0.92 0.90
TAl Al° 1.38 1.39 1.38 1.39 1.42
UT4 Terne’ 1.28 1.31 1.31 1.29 1.34

“One ounce of zinc coating (galvanized) per square foot of surface equals 305.2 grams per
square metre and corresponds to a coating thickness of 0.0017 in., which equals 0.141 microme-
tres (um).

® Individually dipped in conventional galvanizing pots.

“Continuous galvanizing line.

4 Aluminum-silicon coated sheets.

“Pure aluminum coated sheets.

/Terne-alloy coated sheets.

ence [5] as well as laboratory reports strongly indicate that skyward coating
weights were not used. Rather, total coating weight, both sides, obtained by
strip and weigh procedures defined by the ASTM Tests for Weight of Coat-
ing on Zinc-Coated (Galvanized) Iron or Steel Articles (A90-69) (1978) (Al-
ternate Method 1:1 HCI) and (A 428-68T) (1978) the ASTM Test for Weight
of Coating on Aluminum-Coated Iron or Steel Articles are cited through-
out the tests. There are no records of “top to bottom” or “front to
back” measurements being made. Therefore, there has been no way to de-
termine the uniformity and distribution of the coating on the test panels dur-
ing the analysis of the 20-year data set. There are no records of coating
thickness measurements before or during the test. All inspection evaluations
have been for skyward side only.

Also, it should be noted that the coating weights of the aluminum-coated
panels exposed in the 1960 tests are substantially higher than those commer-
cially available today and any conclusions drawn from these tests should be
interpreted accordingly. Furthermore, for equivalent weights with zinc and
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aluminum coatings, one ounce per square foot of aluminum coating equals
2.65 times the thickness of a one-ounce-per-square-foot zinc coating. There-
fore, some care should be exercised in comparing zinc and aluminum coat-
ings based on weight per unit area alone.

The following organizations supplied test panels for the 1960 tests:

ARMCO

Bethlehem Steel Corp.
Continental Steel Corp.
Follensbee Steel Corp.
Granite City Steel Corp.
J & L Steel Corp.

U.S. Steel Corp.
Weirton Steel Co.
Wheeling Steel Corp.

The panels were mounted from three holes, 9.5 mm (3/8 in.) diameter,
punched 76.2 mm (3 in.) from each horizontal edge. Four of the corrugated
test panels were attached to a frame made of stainless steel channel using
machine screws, washers, and brass nuts. To prevent any question of corro-
sion caused by bimetallic couples, all metal pieces were electrically insulated
from the test panels with trifluoroethylene washers and bushings (Figs. 1
and 2).

FIG. 1—Atmosphere exposure test rack.
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Exposure Sites

The exposure locations for the 1960 test series were as follows:

LocATION ENVIRONMENT ABBREVIATION
State College, Pa. Rural SC
Newark/Kearny,

N.J. Industrial NK
Kure Beach, N.C. Marine [244 m (800 ft) from surf] KB
Point Reyes, Calif. Marine [588 m (1930 ft) PR

from surf)
Brazos River, Tex. Marine [1189 m (3900 ft) BR
from surf]

Because of differences in the direction of the prevailing winds and distance
from seawater it was predicted that the corrosivities of the three marine sites
would differ to a considerable extent [6].

The aggressivity of the State College and Kure Beach sites toward steel
and zinc was given in an appendix to the 1959 Report of Committee B-3 [7].
The Newark site was only a few miles from the Kearny, N.J. location dis-
cussed in that report. In 1970, the Newark exposure site was moved to the
vicinity of the Kearny generating plant of the New Jersey Public Service
Electricity and Gas Company (PSEG) from the U.S. Steel facility in Newark
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where the exposure test originated. Independent studies by U.S. Steel re-
ferred to in the Subcommittee A.05.14 report cited earlier showed that New-
ark had about the same corrosivity as did Kearny (see Ref 6).

The relative corrosivities referred to by the Committee B-3 report during
one exposure compared with those of State College were:

ZINC STEEL
LOCATION EXPOSED EXPOSED
State College, Pa. 1.0 1.0
Kure Beach [244 m (800 ft) lot], N.C. 1.7 1.9
Point Reyes, Calif. 1.8 1.8
Kearny, N.J. 2.6 33

From these relative values, it was felt that an estimate of the relative life of
galvanized coatings could be made from the corrosivity indexes developed
by Committee B-3. A correlation between Committee B-3 corrosivity ratings
and actual performance observed during 20 years of exposure is given later
in Table 9.

Exposure Results
Coating Variable Effects, Zinc

The most significant coating variable for galvanized coatings is coating
weight, usually expressed in grams per square metre (gm’) or ounces per
square foot (0z/ft?) and, alternatively, in coating thickness in micrometres
(«m) or thousandths of an inch (1 oz/ft*> = 0.0017 in. = 1.7 mils = 43 gm).
A typical sequence for galvanized coating appearance changes as a function
of time was as follows:

SYMBOL DESCRIPTION

G Continuous zinc surface covered with corrosion products
of zinc

A Zinc-iron alloy visible

Y Yellow corrosion products of alloy

phr Pinhole rust

TrR Trace, base metal rust

R Base metal rust (0.1 to 100 percent)

P Perforation of specimen

Visual evaluation ratings of the zinc-coated exposure specimens for each test
site for 20 years of exposure are presented in Tables 2-6.
Coating Variable Effects, Aluminum

The coating variable which eventually will be investigated by this test pro-
gram was the effect of silicon on the atmospheric performance of hot-dip
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aluminum coatings applied over a steel substrate. However, the test objec-
tives apparently were not established with this in mind as a major objective.

A typical sequence for visual evaluation of hot-dip aluminized steel coat-
ings as observed in these tests was as follows:

SYMBOL DESCRIPTION

TrY Trace alloy corrosion products (silicon bearing only)
E Surface of coating etched

phr Pinhole rust (1 to 100 pits/sheet)

TrR Trace base metal rust

Visual evaluation ratings of the hot-dip aluminized specimens (Codes SA,
TA) for each test site are presented in Tables 2-6.

Coating Variable Effects, Terne Plate

Terne plate is a lead-tin alloy hot dip applied to steel. The atmospheric
performance characteristics of terne plate have not been studied as fully as
hot-dip aluminum or zinc coatings. Unlike the hot-dip galvanized coatings,
terne plate almost immediately showed extensive red rust at four of five test
sites; however, this condition was least severe for the panel exposed at the
Newark/Kearny industrial test site.

A typical sequence for visual evaluation of terne plate coatings was as
follows:

SYMBOL DESCRIPTION
phr Pinhole rust (slight to severe)
TrR Trace base metal rust
R Base metal rust (100 percent)

Visual evaluation ratings for the terne plate specimen (UT) for each test
site are presented in Tables 2-6.

Atmospheric Exposure Variables

It is believed that the atmospheric variables (pollutant concentrations)
were not time-dependent during the test period with the possible exceptions
of the Newark/Kearny and Kure Beach sites.

As previously noted, the Newark test lot was physically moved from a
U.S. Steel site adjacent to the Newark Air Terminal to the PSEG Kearny
generating station. Any difference in atmospheric conditions between these
two sites was most probably insignificant. However, it is believed by some
that the general corrosivity of the Newark area may have been reduced at
least during the 1970-1980 period of the test.

Although there may be other data to support the point that corrosivity at
Newark/Kearny site has been reduced in recent years, in purely relative terms
(based on average coating weight) it appears to have remained the same for
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this test in comparison with State College. It should be noted here that the
comparison for the 1960 test series with the B-3 indexes was based on time to
“first rust.” First rust conditions were, without exception, noted within ten
years for all the exposed specimens at Newark/Kearny. It was not possible to
determine whether significant changes in corrosivity at Newark/Kearny oc-
curred from 1970 to 1980 aithough a possibility exists that this was the case.

At the Kure Beach test lot (the only ASTM atmospheric site which is in-
strumented and monitored for corrosiveness), Baker and Lee [8] have re-
ported that the aggressiveness of the 25-m (80 ft) lot has decreased by ap-
proximately 50 percent in recent years. However, exposure conditions at the
250-m (800 ft) lot where the A.05.14 panels were exposed have remained es-
sentially constant since 1949.

Discussion
Data Presentation, Galvanized Panels

The exposure site corrosivity data for the A-5/B-3 comparison of test site
atmospheric aggressiveness were computed based upon weighted average
coating weights and mean time to first rust within the designated coating
classes defined in Table 7. From this, the relative test site corrosivity in Table
9 was computed from the data summary presented in Table 8. In addition,
another calculation using the same data base was made to compute a service

TABLE 7—Grouping of panels by coating weight.

Avg
Coating Weight
Classification (oz/1t})* Code
Very light 1.02 LL
1.03 AP
1.05 RP
1.06 OL
Light 1.15 QL
1.17 CL
1.19 IL
1.21 GL
Light medium 1.4 EP
Heavy medium 1.8 NL
Light heavy 2.02 BL
2.13 HL
2.25 PP
2.40 Jp
2.43 KL
Heavy 3.02 ML

“One ounce of zinc coating {galvanized) per square foot of surface equals 305.2 grams per
square metre and corresponds to a coating thickness of 0.0017 in., which equals 0.141 micro-
metres (9 um).
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TABLE 8-—Galvanized panels: time to first rust (years).

As Reported

Identification Test Site
Coating Weight,

oz/ft? Code sC NK KB PR BR
1.05 RP 9.7 31 10.8 15.2 13.0

1.40 EP 12.6 5.8 11.7 16.04 18.1

1.03 AP 10.6 3.1 10.8 16.04 16.04
2.40 JP - 7.6 12.7 20.0 ...

2.25 PP e 7.6 13.7 20.0 el

1.17 CL 13.6 47 11.7 16.04 16.04
1.21 GL 12.6 4.7 11.7 18.87 15.2

1.19 IL 12.6 5.8 11.7 16.04 15.2

1.02 LL 10.6 3.1 11.7 14.0 13.0

1.06 OL 10.6 3.1 9.7 15.2 13.0

1.15 QL 14.6 4.7 13.7 20.0 18.13
243 KL - 9.7 ...

213 HL 18.8 6.7 15.7

2.02 BL 17.78 6.7 14.7

3.02 ML e 9.7 ..

1.88 NL 16.69 6.7 16.7

parameter expressed in years of service (to first rust) per ounce of coating on
the top side of the sheet only, Table 10.

As already noted, inspection results for each of the test sites are tabulated
in Tables 2 through 6. A summary of time to first rust by exposure location
for each panel is given in Table 8. Regression lines for the data in Table §
were computed for each test location using an algorithm suggested by Qui-
ram et al [9] programmed to a Texas Instruments T159/PC200 calculator
system. Figures 3-7 plot the regression lines for the average coating weight
of all galvanized sheets at a given exposure location against time to first rust
for each of the exposure sites in the test.

Once the panels had reached a first rust condition, a record was made of
the coating degradation process. The progression of the coating degradation
is clearly evident in the annual inspection reports of the sheets. An example

TABLE 9—Comparison of atmospheric test
site relative corrosivity:
A-5 (1980) and B-3 (1959).

Test Site Location B-3 A-5
State College, Pa. 1.0 1.0
Kure Beach, N.C. 1.7 1.1
Point Reyes, Calif. 1.8 0.7
Brazos River, Tex. . 0.7

Newark/Kearney, N.J. 2.6 2.7
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Estimated
Top Coating

Weight” ID sC NK KB PR BR
0.53 RP 18.3 5.8 204 287 24.5
0.70 EP 18.0 4.4 16.7 2.9 259
0.52 AP 4 pot 204 6.0 208 30.8 30.8
1.20 P ... 6.3 10.6 16.7
1.13 PP 6.7 12.1 17.7
0.59 cL 231 80 199 272 272
0.61 GL 20.7 7.7 192 309 249
0.60 IL 21.0 9.7 19.5 26.7 25.3
0.51 LL 20.8 6.1 229 27.5 25.4
0.53 oL | .. 20.0 5.8 18.3 28.7 24.5
0.58 QL [ line 25.2 8.1 236 34.5 313
1.22 KL 8.0
1.07 HL 17.8 6.3 14.7 17.9
1.01 BL 17.6 6.6 14.6 18.9
1.51 ML ... 6.4 ...
0.94 NL 17.8 7.1 17.8

? Coating weight distribution assumed equal on both sides of sheet.

FIG. 3—Time to first rust, galvanized panels at State College (1 oz/ft* = 305.2 g/m").
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FIG. 4—Time to first rust, galvanized panels at Newark/Kearny (1 oz/ft* = 305.2 g/m*).
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FIG. 8—Curves showing coating depletion for panel RP (311 g/m*(1.02 oz/ft?)).

of how the degree of rusting was related to time between first and total rust
conditions is shown for panel RP [311 g/m? (1.02 oz/ft?)] in Fig. 8.

Data Analysis, Galvanized Panels

Examination of the performance for the galvanized line and galvanized
pot specimens at each of the exposure locations shows that, on the average,
the line-galvanized sheets performed somewhat better at all sites except Bra-
zos River than did the pot-galvanized specimens on the basis of years per
ounce to time of first rust, Table 8. However, when these average values were
subjected to hypothesis tests using f-statistics at a 95 percent confidence
level, the differences between the line and pot averages was not statistically
significant.

For purposes of site corrosivity analysis, the specimens were classified by
coating weights shown in Table 7. In establishing these coating classifica-
tions, coating weight was the primary consideration followed by *““obvious”
performance breakpoints such as for the “heavy-medium” class category.

When coating life (years/oz) in Table 10 is plotted against coating weights,
a somewhat unexpected relationship is evident (Fig. 9). Although the coating
life per ounce of coating appears to be relatively independent of coating
weight at the Newark/Kearny location, the coating life appears to have a
significant dependency upon the coating weight on the panels for the other
exposure sites. This discovery would tend to confirm the preliminary conclu-
sion that the failure of the regression lines to pass through the origin may be
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FIG. 9—Relationship of coating life as a function of coating weight (1 0z = 28 g).

attributable to as yet undetermined nonlinearities in the exposure program.
On the other hand, one cannot completely rule out the possibility that there
may be inherent nonlinearities in the performance of galvanized sheets. It
does not appear that this result is affected by the type of coating on the
panel, that is, line or pot.

One possible explanation for the apparent nonlinear behavior of the gal-
vanized panels with respect to time to first rust as a function of coating
weight may be that due to nonuniformities in coating thickness, the min-
imum coating thickness at which rust would first initiate does not increase at
the same rate as that of average coating thickness. This hypothesis could
possibly be checked by means of magnetic thickness gage surveys of unex-
posed control material. Regretably, such controls were not included in the
test plan for this material. However, this explanation would not appear to
account for the linear performance for coating life expectancy as a function
of coating weight observed for the specimens at Newark/Kearny.

Furthermore, it should be noted that it has been demonstrated by Legault
and Pearson [ /0] that galvanized sheets tend to corrode faster on skyward-
oriented surfaces than on the earth-facing side of the sheet. Therefore, the
sheet inspections of only sky-facing sides could also have affected the out-
come of the results.

The regression lines in Figs. 3 through 7 do not extrapolate to the origin of
the coordinate axes for the Brazos River, Point Reyes, and Kure Beach data
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FIG. 10—Comparison, time to first rust—BR, PR, KB with NK (I oz/ft* = 305.2 g/m").

sets. Also, as can be seen in Fig. 10, the slopes of the regression lines for the
Brazos River, Point Reyes, Kure Beach, and Newark/Kearny data are ap-
proximately the same. This suggests that these sites experienced a corrosion
rate for the galvanized panels comparable to the industrial site at New-
ark/Kearny. The data argue against accepting that conclusion.

The failure of the regression line to pass through the origin for the New-
ark/Kearny data in Fig. 4 (where the exposure is essentially complete) may
be the result of a lack of exposed specimens having less than one ounce per
square foot of coating, performance nonlinearities, and experimental error.
(It should be noted that failure of the regression line of the galvanized panels
to pass through the origin is also evident in other analyses of ASTM atmos-
pheric exposure data [17].)

The coating degradation curve in Fig. 8 appears to be well behaved and is
consistent with that reported by others [12].

The anomalies in the behavior of the data probably are the consequence of
one or a combination of (1) lack of data for the less-aggressive sites and (2)
unevaluated nonlinearities in the corrosion performance of the test panels.
These factors may be identified in the years yet remaining in the exposure
program.

Data Analysis, Aluminized and Terne Panels

The performance of the aluminized sheets has been effectively without
failure at all locations. This performance, including edges, has been so con-
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sistently without reportable failure that coating degradation effects beyond
minor pinholing cannot be measured even after 20 years of exposure.

The terne sheets very quickly showed significant rusting at all locations
except Newark/Kearny, the most aggressive test site in the test. Despite this,
the integrity of the sheets has been maintained without perforation.

Conclusions

Preliminary analysis of the 1960 exposure test program shows that the rel-
ative performance of the galvanized sheets was consistent with that from
other similar tests, particularly for the State College and Newark/Kearny
exposure sites.

Although, on the average, the line-galvanized sheets appeared to offer
slightly better service before time to first rust, that apparent marginal im-
provement was not statistically significant. However, it is possible to con-
clude on the basis of the analysis that the sheet and pot-galvanized specimens
performed in an equivalent manner when evaluated on a criterion of a year’s
service per ounce of coating.

The trends observed for the sheets placed at Kure Beach, Brazos River,
and Point Reyes are not conclusive at this time. However, it appears that the
corrosion rates at these locations may be found to be less aggressive than was
anticipated when the tests were originated. Based on incomplete data, it ap-
pears that one or more of these test sites may be found to be less corrosive
than the rural site at State College. A much more detailed study of microcli-
mate changes at these locations since 1960 is indicated. Since the relative per-
formance curves for State College and Newark do not appear to have
changed significantly over the years, emphasis should be placed on changes
in exposure conditions which may have taken at the marine exposure
locations.

The apparent dependence at four of the five test sites of the years of rust-
free performance per ounce of coating to coating weight deserves further
study and analysis.
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DISCUSSION

T. J. Summerson' (written discussion)—1. Were underside surfaces in-
cluded in the evaluation?

2. With regard to the aluminized steel variables, how did the commercial
purity compare with the aluminum-silicon coating?

3. Why did you state that the tests of aluminized steel are not to be consid-
ered a study of the aluminized steel product but only a comparison of the dif-
ference in composition between the two aluminum coating compositions?

D. E. Tonini (author’s closure)—1. Evaluation of the bottom sides of the
aluminum and aluminum-silicon coated sheets was not a formal part of the
test program. Neither, for that matter, was the evaluation of the bottom
sides of the galvanized sheets. However, rather severe degradation on the
underside of the aluminum sheets has been observed. At the marine sites par-
ticularly, rather voluminous corrosion products are visible on the underside
of the sheets.

2. There is a noticeable difference in the optical reflectivity between the
aluminized and the aluminum-silicon coated test panels. However, there is
no distinguishable difference in the coating performance.

3. I merely noted that there was not an explicitly stated test objective in
the test documentation record to evaluate the difference in performance be-
tween the aluminized and aluminum-silicon coated test panels in the 1960
test series. Such an objective was clearly stated for the 1970 test series of
these materials. This is not to say that such comparisons cannot legiti-
mately be made for the 1960 tests if and when the coatings begin to
deteriorate.

W. P. Ellis* (written discussion)—Have there been attempts to identify
products of corrosion at the various test sites to characterize the nature of
the aggressive atmospheric gases or particulates? Is this a valid concept?

D. E. Tonini—At the time the 1960 test series was initiated, characteriza-
tion of atmospheres and an analytical appreciation of the effects of atmos-

'Kaiser Aluminum and Chemical Corp., Pleasanton, Calif.
2H. B. Fuller Co., Springhouse, Pa.
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pheric contaminants upon the performance of metallic coatings were still
largely in their infancy. Yet to come was the work of researchers such as
Grossman, Guttman, Haynie et al, Sereda, and Shaw, among others, which
has resulted in a much better appreciation of the effects of atmospheric and
time-of-wetness parameters on the corrosion of metallic coatings.

Some corporate research groups are understood to have used corrosion
product analysis to successfully characterize the nature of atmospheric expo-
sure conditions. To my knowledge, these postmortem analyses are consid-
ered useful and valid indicators of overall exposure conditions. However, un-
less these analyses are made periodically, it may not be possible to place spe-
cific changes in atmospheric conditions on a time line.

There is considerable sentiment to provide basic instrumentation at the
ASTM atmospheric test sites to measure sulfur dioxide contamination and
time-of-wetness exposure conditions. Such information in the test data base
would, in my opinion, greatly enhance the usefulness of the data we are col-
lecting. The International Nickel Co. has kept such similar atmospheric rec-
ords at its Kure Beach site for many years. This atmospheric data, coupled
with corrosion product analysis, would be very valuable. I would support
such an approach.
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ABSTRACT: The corrosion performance of chromium-electroplated, decorative nickel
and nickel-iron alloy electrodeposits has been studied in marine and industrial atmos-
pheres and by means of copper-accelerated acetic acid-salt spray testing (CASS).
Decorative nickel coatings, 15 and 30 um thick, gave better overall corrosion perform-
ance than comparable decorative nickel-iron alloy coatings. Because of the rapid stain-
ing that occurs in marine and industrial atmospheres, nickel-iron alloy deposits are
not suitable for decorative applications involving moderate and severe corrosion ser-
vice. Decorative nickel-iron alloy deposits, 7.6 um thick, appear suitable for mild cor-
rosion service on the basis of CASS test results, but results were affected by iron con-
tent and type of electrodeposited chromium. The relatively good performance of thin
alloy deposits accounts for established applications in mildly corrosive environments.

The performance of the decorative electrodeposited nickel coatings was influenced
by the activity of bright nickel. Low-activity single-layer bright nickel (15 um) per-
formed better than high-activity bright nickel when used with microporous or micro-
cracked chromium. High-activity double-layer nickel (30 um) protected low-current-
density areas of contoured steel panels better than low-activity double-layer nickel,
either with microporous or microcracked chromium. Microporous chromium was
more effective in this program; microcracked chromium was more effective in a pre-
vious study.

KEY WORDS: clectrodeposits, coatings, nickel, nickel-iron, corrosion, atmospheric
corrosion, atmospheric corrosion tests

Decorative electrodeposited nickel-iron alloy coatings are used commer-
cially in combination with electrodeposited chromium to enhance the ap-
pearance of a diversity of products. To date, the applications of decorative
nickel-iron alloy coatings have involved service in mildly corrosive envi-
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ronments; for example, domestic appliances and tubular furniture. These ap-
plications appear to be well established. It has been suggested that decorative
nickel-iron electrodeposits may be suitable for more severe service N
The corrosion performance of decorative nickel-iron alloy electrodeposits
has been studied to determine whether the alloy deposits are suitable for
moderate and severe service, in addition to their present satisfactory usage
for mild exposures.

Historical Notes

The electrodeposition of nickel-iron alloys was described in the technical
literature as early as 1871. Brenner suggests that the work on nickel-iron
alloy plating between 1900 and 1930 was due to efforts to eliminate various
defects in nickel deposits—high internal stress, exfoliation, staining, and
microcracking—attributed to the presence of iron [3]. Marschak, Stepanow,
and co-workers were probably the first to evaluate the corrosion resistance
of nickel-iron alloy deposits. They concluded that corrosion resistance was
not noteworthy and that resistance to corrosion was better in alloys contain-
ing more than 50 percent nickel than in those with less than 35 percent
nickel. Raub, also, concluded that nickel-iron alloy coatings were of little
value for protecting steel [3]. Wesley and Knapp studied the number of per-
forations occurring in electrodeposited nickel-iron alloy foils on exposure to
an industrial atmosphere. Small amounts of iron, 3 and 7 percent, inhibited
the tendency for perforations to occur in foils that were not chromium
plated. Chromium-plated nickel-iron foils, however, had a greater tendency
to perforate than chromium-plated nickel foils [4].

The first process for electrodepositing decorative nickel-iron alloys of
good quality is the one described by Du Rose and Pine [5]. The addition of
an organic sulfonate to control stress, and operation at low pH to control the
incorporation of basic matter, undoubtedly made it possible to produce
sound deposits. Deposits containing 30 to 40 percent iron were hard, tough,
and ductile. Deposits containing 10 to 30 percent iron prevented the rusting
of steel better than an equal thickness of nickel. Du Rose and Pine concluded
that bright nickel-iron alloy deposits were not useful for decorative purposes
because of rapid staining on atmospheric exposure, staining that could not
be prevented by applying conventional electrodeposited chromium over
bright nickel-iron alloy deposits.

Present Status

Two types of processes for electrodepositing nickel-iron alloy coatings are
now in use commercially. One type uses a complexing agent to control the
ferric-ferrous ratio and prevent precipitation of hydroxide. The other uses a
reducing agent to prevent oxidation of ferrous to ferric and, hence, precipita-

*The italic numbers in brackets refer to the list of references appended to this paper.
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tion of hydroxide. In most other respects, decorative nickel-iron processes
are similar to bright nickel processes in that they use a combination of or-
ganic additives to control internal stress, brightness, and leveling of the de-
posits. Clauss reports that saccharin compounds are important in the alloy
processes, but that it proved necessary to develop special additives to achieve
satisfactory leveling characteristics [1].

The corrosion performance of chromium plated bright nickel-iron elec-
trodeposits has been discussed [1,6]. Chessin, Seyb, and Walker suggest that,
with the possible exception of deposits containing greater than 40 percent
iron, decorative nickel-iron alloys compare favorably with single-layer
bright nickel at thicknesses less than 12 ym. Clauss, Tremmel, and Klein ar-
rive at a similar conclusion. They suggest, in addition, that by varying the
degree of air agitation, a double-layer-type coating can be produced in the
same electrolyte; that is, by stopping air agitation, the topmost layers will
contain about half the amount of iron as do initial layers deposited with air
agitation. It has been suggested that double-layer-type coatings combined
with microporous chromium could conceivably be suitable for severe and
very severe service [1].

Program Outline and Other Details

The experimental program involved the electrodeposition of decorative
nickel and nickel-iron alloys on contoured, as well as some flat, steel panels.
All panels were electroplated with chromium. Replicate panels were exposed
to marine and industrial atmospheres and to copper-accelerated acetic acid-
salt spray testing (CASS). The program outline, process details, panel prepa-
ration, exposure locations, and evaluation techniques are described in this
section.

Program Outline

The program is outlined in Tables 1-3. The tables list the lot numbers and
give the coating thicknesses and types of coatings applied to replicate panels
in each lot.

The planning for the first part of the program, Table 1, was influenced by
a survey of commercially plated parts made by Inco in 1976. Toaster shells,
rotisserie oven shelves, and frypan covers were sectioned and examined met-
-allographically and chemically. The average coating thicknesses on all parts
surveyed was 7.9 £ 1.2 um and the alloy coatings were deposited directly on
steel. As a result, the first part of the program included deposits 7.6 um thick
deposited directly on steel panels. The type of chromium and iron content
were varied to evaluate the influence of these two factors.

The second part of the program, Table 2, is designed to compare the cor-
rosion performance of single-layer bright nickel 15 um thick with that of sin-
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TABLE 1—Panels prepared to determine the influence of iron content and chromium type on
CASS test performance of thin (7.6 um) decorative nickel-iron alloy deposits on steel.

Flat Panels Contoured Panels
Lot No.? % Fe Cr Type® Lot No. % Fe Cr Type

1 0 R 2 0 R

3 0 MP 4 0 MP

5 15 R 6 15 R

7 15 MP 8 15 MP

9 25 R 10 25 R
11 25 MP 12 25 MP
13 33 R 14 33 R

“Three panels from each of the indicated lots were CASS tested.

®Microporosity (MP) in the chromium layer was induced by depositing a special nickel layer
from Solution No. 6, Table 4, 2.5 um thick, containing microscopic particles, prior to electro-
plating with chromium. R denotes low-porosity conventional chromium.

The low-activity nickel used in Lots 1-4 was deposited from Solution No. §; for Lots 5-12, the
nickel-iron coatings were prepared in Solution No. 1; Lots 13 and 14, from Solution No. 2,
Table 4.

TABLE 2—Panels prepared to compare the corrosion performance of single-layer
bright nickel and nickel-iron alloy coatings.

Coating Thickness, um and Type®

Lot No. Bright Nickel Bright Ni-Fe Chromium Type % Iron
15 1SH R 0
16 13H MP 0
17 13H MC 0
18 1SL R 0
19 13L MP 0
20 13L MC 0
21 15 R 20
22 13 MP 20
23 13 MC 20
24 15 R 25
25 15 MP 25
26 15 MC 25
27 15H R 0
28 15 R 20
29 15 R 25

“High-activity bright nickel (H) corresponds to Solution 4; low-activity bright nickel (L), to
Solution 5, Table 4. Deposits with 20% iron were prepared from Solution 1; those with 25% iron
from Solution 2, Table 4. R, MP, and MC denote regular, microporous, and microcracked
chromium, respectively. Microporosity was induced as described in Table 1. Microcracking was
induced by depositing a special nickel layer from Solution 7, Table 4, 2.5 um thick, prior to
chromium plating.
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TABLE 3—Panels prepared to compare the corrosion performance of double-layer nickel
and nickel-iron alloy coatings with different levels of iron in initial and topmost layers.

Coating Thickness, um and Type®

Bright Bright Chromium % Iron,
Lot No. SBNi Nickel Ni-Fe Type Top/Bottom

30 23 7.6H R R
31 23 5.1H R MP
32 23 5.1H R MC
33 23 7.6L RN R
34 23 5.1L R MP
35 23 5.1L R MC RN
36 R RN 30 R 9/20
37 R R © 275 MP 9/20
38 c R 27.5 MC 9/20
39 R C 30 R 20/25
40 Ce R 27.5 MP 20725
41 Ce R 275 MC 20/25

¢The 9/20 nickel-iron deposits were prepared from Solution |; the 20/25 deposits from Solu-
tion 2, Table 4. SBNi denotes semibright nickel (Solution 3, Table 4). The other symbols are the
same as described in Tables 1 and 2.

gle-layer bright nickel-iron alloy deposits of the same thickness. Two types
of bright nickel are included to provide continuity with previously published
information [7]. The two types are designated high-activity, H, and low-ac-
tivity, L, bright nickel. High-activity bright nickel consistently displays a
corrosion potential in the CASS test electrolyte that is 20 to 30 mV more ac-
tive than that of the low-activity bright nickel. In general, one would expect
low-activity bright nickel to perform better on steel than high-activity bright
nickel as a single-layer coating. The two types of bright nickel are deposited
from two different processes available commercially and are typical of proc-
esses widely used in industry. Three types of chromium were included. Two
different nickel-iron processes were used to prepare coatings with low, L,
and high, H, iron contents.

Table 3 outlines the third part of the program. Double-layer nickel coat-
ings (30 um thick) plated with regular, microporous, and microcracked
chromium, and double-layer-type nickel-iron alloy coatings (30 um thick)
plated with the same three types of chromium are included. The double-layer
nickel coatings consist of semibright nickel combined with either high- or
low-activity bright nickel. In the case of double-layer coatings, high-activity
bright nickel performs significantly better than low-activity bright nickel [7].
The double-layer-type nickel-iron alloy coatings consist of a layer 23 um
thick deposited in the presence of air agitation, and 7.5 um deposited with-
out air agitation in Lots 36 and 39. The thickness of the layer deposited
without air agitation was 4.5 um to compensate for the 2.5-um-thick special
nickel deposit used to induce microporosity or microcracking of the chro-
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mium in Lots 37, 38, 40, and 41. The percent iron in the top and bottom lay-
ers is given in Table 3 and depends on which process is used to deposit the
alloys.

Process Details

The compositions of the electroplating solutions used to prepare the pan-
els are given in Table 4, along with operating conditions. Proprietary addi-
tives were not identified and were used in concentrations recommended by
the suppliers of the processes.

Panel Preparation

All panels were 10.2 by 15.4 cm contoured or flat steel panels. The con-
toured panel has been described in the literature [8]. The contoured panel re-
sults in nonuniformly thick deposits at various points on the surface. The
nonuniformity of deposit thickness can be controlled and reproduced from
panel to panel.

Panels were plated in groups of nine on a rack designed to assure good dis-
tribution of coating thickness. Eighteen panels for each of the lots listed in
Tables 2 and 3 were prepared. Stainless steel control panels were first plated
in nickel-iron solutions to produce foils which were used to measure and ad-
just the thickness of the coatings. After obtaining the desired thickness, the
foils were sampled and analyzed for iron.

The cycle used for precleaning and treating the panels is given in Table 5.

Exposure Locations and Evaluation Techniques

The panels from the first part of the program were CASS-tested only. All
CASS testing was done according to ASTM recommended procedures
[Copper-Accelerated Acetic Acid-Salt Spray (Fog) Testing (CASS Test) (B
368-68)]. Five panels from each of the lots listed in Tables 2 and 3 were ex-
posed in the industrial atmosphere of Kearny, N. J.; another five were ex-
posed in the marine environment of Kure Beach, N. C.; three panels were
CASS-tested.

Panel performance is evaluated by means of visual inspection, perform-
ance ratings are assigned, and the nature of the defects is described according
to the rating system developed by ASTM Committee B-08 [Recommended
Practice for Rating of Electroplated Panels Subjected to Atmospheric Expo-
sure (B 537-70)]. In the ASTM system, two numbers are used, one to de-
scribe protection, the second to describe appearance. A rating of 10/10 indi-
cates perfect protection and appearance. A rating of 0/0 indicates that more
than 50 percent of the surface has been attacked. From practical experience a
rating of 7/7 or lower indicates failure of the coating.
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TABLE 4—Compositions of electroplating solutions and operating conditions.

Solution No.

1. Nickel-Iron (L) 15% Iron 25% Iron
NiSO, 6H0 (g/1) 92.3 1054
NiCl; 6H,0 (g/1) 64.3 57.8
H3;BO; (g/1) 414 43.5
Total iron (g/1) 2.5 35
Ferric (g/l) 0.66 0.52
Stabilizer (g/1) 20 20
Proprietary additives ..

Operating Conditions
pH: 3.2 (2.8-3.3)
Temperature: 60°C
Current density: 2-10 A/dm’

2. Nickel-Iron (H) 25 and 33% Iron
NiSO, 6H.O (g/1) 85
NiCl, 6H,0 (g/1) 135
H;BO; (g/1) 49
Total iron (g/1) 9.7
Stabilizer (g/1) 4
Proprietary additives

Operating Conditions
pH: 3.8 (3.5-4.0)
Temperature: 57°C
Current density: 5 A/dm’

3. Semibright Nickel (Coumarin Type)

NiSO, 6H.O (g/1) 322
NiCl, 6H,0 (g/1) 43
H;BO; (g/1) 43
Wetting agent (ml/1) 0.20
Leveling agent (g/1) 1.1

Operating Conditions

Reduction product (g/1); 1.6
pH: 4.0-4.2
Temperature: 57°C
Agitation: Mild circulation
Current density: 5 A/dm?
4. Bright Nickel/High Activity (H)
NiSO, 6H,0 (g/1) 330
NiCl, 6H,O (g/1) 56
H3BO; (g/1) 46
Wetting agent (vol. %) 0.12

Proprietary additives

Operating Conditions

pH: 4.0-4.2
Temperature: 57°C
Agitation:

Current density: 5 A/dm?

Mild circulation
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TABLE 4—(Continued)

Solution No.

5. Bright Nickel/Low Activity (L)

NiSO4 6H,0 (g/1) 342
NiCl; 6H,0 (g/1) 80
H;BOs (g/1) 46
Proprietary additives
Operating Conditions
pH: 3.4-38
Temperature: 60°C
Agitation: Filtered low-pressure air
Current density: 5 A/dm’
6. Special Nickel to Induce Microporosity
NiSO4 6H.0 (g/1} 300
NiCl; 6H,O (g/1) 60
Boric acid (g/1) 45
Microscopic particles (g/1) 49
Proprictary additives
Operating Conditions
pH: 3.0-4.0
Temperature: 60°C
Agitation:  Filtered low-pressure air
Current density: 4 A/dm’
7. Special Nickel to Induce Microcracking
NiCl; 6H0 (g/D) 240
Additives (g/1) 50
Proprictary additives
Operating Conditions
pH: 3.6-4.5
Temperature: 29°C
Agitation: Filtered low-pressure air
Current density: 8 A/dm’
8. Chromium Plating Solution
Chromic acid (g/1) 250
Sulfate ion (g/1) 2.5
Temperature 44°C
Current density 21.6 A/dm’

Results and Discussion

The results are given in Figs. 1-16 and are discussed in the following in
terms of the requirements and definitions in the Specification for Electro-
deposited Coatings of Copper Plus Nickel Plus Chromium and Nickel Plus

Chromium (B 456-79).
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TABLE 5—Cycle used for precleaning and treating steel panels for plating.

. Vapor degrease

Rack panels

. Clean anodically in alkaline cleaning solution® for 2 min @ 60°C
Rinse in demineralized water

. Acid dip in 1-1 hydrochloric acid for 1 min
Rinse in demineralized water

Anodic clean as in (3) but for 1 min

. Rinse in demineralized water

. Acid dip as in (5) but for 15 s

. Rinse in demineralized water

. Plate

——

“Proprietary cleaner.
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FIG. 1—Influence of iron content and type of chromium on CASS test performance of thin (7.6
um) decorative nickel-iron alloy deposits on steel.
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FIG. 2—Effect of iron content on the appearance of nickel-iron alloy deposits after 8 h of CASS
testing.

Corrosion Performance of Thin (7.6 um) Single-Layer Coatings

ASTM Method B 456-79 defines mild corrosion service as exposure in-
doors in normally warm dry atmospheres with the coating subject to min-
imum wear or abrasion. The minimum coating thickness on steel for mild
service is 10 um of single-layer bright nickel in combination with regular
chromium. Test durations in CASS are not specified, but 8 h in acetic acid
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FIG. 3—Effect of type of chromium on the appearance of nickei-iron alloy deposits with two

levels of iron after 8 h of CASS testing.

salt spray is suggested as a corrosion test suitable for mild corrosion service.
Evidence of basis metal corrosion or blistering of the coating is cause for re-
jection. Coatings 7.6 um thick are nonspecification coatings and are, thus,
not covered by ASTM Method B 456-79. We decided to test these thin coat-

ings for 4, 8, and 12 h in CASS.

Figure 1 gives ASTM ratings that illustrate the influence of iron content
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FIG. 4-Influence of iron content, type of chromium, and nickel activity on 3-month perform-
ance in the marine atmosphere of SC-2-type coatings. (Coating thickness: 15 um; coating type: sin-
gle layer.)

and type of chromium on the corrosion performance of flat panels. With
regular chromium, the performance ratings of the nickel-iron alloys with up
to 25 percent iron are better than or roughly the same as the ratings for
bright nickel deposits. Above 25 percent iron, the decorative nickel-iron
deposit is considerably poorer than the bright nickel deposit. Microporous
chromium affected performance adversely when the deposit contained
greater than 15 percent iron.

The effect of iron content and type of chromium on the appearance of flat
and contoured panels after 8 h of CASS is shown in Figs. 2 and 3. The ap-
pearance of these panels shows the sharp distinction in performance between
deposits containing 33 percent iron and deposits containing 0, 15, and 25
percent iron, and the adverse effect of microporous chromium at certain iron
levels.

The results of the first part of the program suggest that the corrosion per-
formance of thin decorative nickel-iron alloys depends on iron content and
type of chromium. On the basis of CASS test results alone, thin nickel-iron
alloy deposits appear suitable for mild corrosion service. The data given in



198 ATMOSPHERIC CORROSION OF METALS

FLAT AREAS S ]l o
M %) | 8
8 ' i | @
L 1 St SRERRStl
& [_ 1 1 ‘
L B |
| 2 | &
Ty 4 - == 4 [ =
Q L i | ©
= T ; | &
< i = \
= 2 r |
&6 : i l
52 [ N ; =
ET | RECESSED AREAS | a
e | | ©
s 8b | 3
= | : |
E U —. 1.
< B~ [ |
r | ||
4= | =
| =
- B & m | S
2 | B - |
= | 4 r o |
[ [ =" |+
MICRO MICRO- |
TYPE OF CHROMIUM REGULAR i cRAcken |
TYPE OF NICKEL H L HL - H L |
H = HIGH ACTIVITY
L = LOW ACTIVITY
PER CENT IRON )
IN DEPOSIT 0 02025 0 02025 0 02025
LOT NO. 15182124 16192225 17202326
— =— PROTECTION RATING

: =— APPEARANCE RATING

FIG. 5—Influence of iron content, type of chromium, and nickel activity on 3-month perform-
ance in the industrial atmosphere of SC-2-type coatings. (Coating thickness: 15 umy; coating type:
single layer.)

the following indicate there is a lack of correlation between the performance
of nickel-iron coatings in CASS and in marine and industrial atmospheres.
Additional study of thin nickel-iron alloy deposits would be desirable.

Corrosion Performance of Single-Layer Coatings 15 um Thick

Moderate corrosion service (SC-2) is defined as exposure indoors in places
where condensation of moisture may occur as in kitchens and bathrooms.
The minimum nicke! thickness on steel for moderate service is 15 um in
combination with microporous or microcracked chromium. The recom-
mended test duration in CASS is 4 h.

Figure 4 gives corrosion performance ratings for various deposits on con-
toured panels at the end of 3 months in the marine environment. The nickel
deposits with regular chromium performed poorly and this probably ac-
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counts for the fact that ASTM Method B 456-79 recommends the use of 20
um of single-layer bright nickel with regular chromium, not 15 um as used in
this program for comparison purposes. The nickel-iron alloys performed
poorly with regular, microporous, or micro-cracked chromium. The low-
activity bright nickel performed better than high-activity single-layer bright
nickel with either microporous or microcracked chromium. The single-layer
high-activity bright nickel failed with microcracked chromium. The ratings
of the recessed areas of contoured panels were 0/0 for all deposits.

The results in the industrial environment are given in Fig. 5. Although
protection and appearance ratings are better than in marine, similar trends
are observed. The high-activity single-layer bright nickel is better than the
low-activity bright nickel with regular chromium; the low-activity bright
nickel is better than the high-activity bright nickel with microporous and mi-
crocracked chromium. The high-activity single-layer bright nickel with mi-
crocracked chromium, also, failed in the industrial environment. The decor-
ative nickel-iron alloys did not give acceptable results irrespective of iron
content or type of chromium.

The results of CASS testing the 15-um-thick single layer coatings are given
in Fig. 6. In contradiction to the results in the marine and industrial envi-
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FIG. 7—Correlation between 4-h CASS and 3 months in marine and industrial atmospheres.

FIG. 8—Appearance of single-layer bright nickel and nickel-iron alloy deposits 15 um thick
after 17 months in a marine atmosphere at Kure Beach, N. C. (a) High-activity bright nickel with
(left to right) regular, microporous, and microcracked chromium. (b) Low-activity bright nickel
with (left to right) microporous and microcracked chromium. (c) High-activity bright nickel (left)
and bright nickel-iron with 25 percent iron (right) each plated with regular chromium.
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(b)

FI1G. 8—Continued.



202 ATMOSPHERIC CORROSION OF METALS

r‘, o T TR =

FIG. 9—Appearance of single-layer bright nickel and nickel-iron alloy deposits 15 um thick
after 15 months in an industrial atmosphere at Kearny, N. J. (a) High-activity bright nickel. (b)
Low-activity bright nickel. (c) Bright nickel-iron with 20 percent iron. (d) Bright nickel-iron with 25
percent iron. Subfigures: (left to right) regular, microporous, and microcracked chromium.
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FIG. 9—Continued.

ronment, almost all the coating systems display performance ratings that are
better than 7/7. The correlation between 4 h of CASS-testing and 3 months
in marine or industrial atmospheres is shown in Fig. 7. The diagonal line rep-
resents perfect agreement. The greater the distance of a point from the di-
agonal, the less the agreement. The agreement between the 4-h CASS test
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double layer.)

ratings and the 3-month exposure data is reasonably good for the bright
nickel coatings, but decidedly poor for the nickel-iron alloy deposits. The
CASS test predicts better performance for the nickel-iron alloys than is ob-
served in marine and industrial atmospheres, indicating that a reduction in
the correlation factor is required; that is, 4 h CASS is equivalent to 3 to 4
weeks of outdoor exposure for electrodeposited nickel-iron alioys.

The outdoor exposures of the panels plated with single-layer coatings 15
wm thick were continued for 17 months and 15 months in marine and indus-
trial atmospheres, respectively. The appearance of the panels at the end of
the exposures is shown in Figs. 8 and 9. The appearance illustrates the rela-
tive performance of the coating systems and the uniform corrosion pitting
and rust staining observed with the nickel-iron alloy deposits.

In summary, the performance of single-layer bright nickel coatings 15 um
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ance in the industrial atmosphere of SC-3-type coatings. (Coating thickness: 30 um; coating type:
double layer.)

thick is influenced by the activity of the bright nickel and the type of chro-
mium. Low-activity single-layer bright nickel seems preferred when used
with microcracked or microporous chromium. The high-activity bright
nickel performs better with regular chromium. The nickel-iron alloy depos-
its do not give acceptable performance in marine and industrial environ-
ments. CASS test results do not correlate with results of outdoor exposure in
the case of the decorative nickel-iron deposits.

Corrosion Performance of Double-Layer Coatings 30 um Thick

Double-layer nickel coatings 30 um thick electroplated with regular
chromium are recommended for severe corrosion service (SC-3) in ASTM
Method B 456-79. With microporous or microcracked chromium, double-
layer nickel coatings 30 um thick are suitable for very severe service (SC-4).
Severe service involves exposure outdoors where coatings may be frequently
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FIG. 12—Influence of iron content, type of chromium, and nickel activity on 16-h CASS test
performance of SC-3-type coatings on steel. (Coating thickness: 30 um; coating type: double
layer.)

wet by rain, strong cleaners, and saline solutions. Very severe service in-
volves outdoor exposures where damage to the coating from denting,
scratching, and abrasion is likely to occur, as well as frequent wetting.

The minimum requirement for severe corrosion service is 16 h of CASS.
For very severe service, the requirement is 22 h of CASS. The double-layer
coatings listed in Table 3 were tested for 17 months in the marine atmos-
phere, 15 months in the industrial atmosphere, and for 16 h of CASS.

Corrosion performance data for double-layer nickel and nickel-iron alloy
coatings after 17 months in the marine atmosphere are given in Fig. 10 for
the flat and recessed areas of contoured steel panels. Corrosion performance
was influenced by the type of chromium and the activity of the double-
layer nickel. The high-activity double-layer nickel gave acceptable perform-
ance with regular chromium. The low-activity double-layer nickel and the
double-layer-type nickel-iron alloy deposits performed poorly with regular
chromium.
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FIG. 13—Correlation between 16-h CASS and 15 to 17 months in marine and industrial
atmospheres.

The use of microdiscontinuous chromium improved the performance of
the double-layer nickel coatings. The best combination was the high-activity
double-layer nickel coating with microporous chromium. The low-activity
double-layer nickel with microcracked chromium did not perform well. The
nickel-iron alloy coatings did not give acceptable performance in the marine
environment irrespective of type of chromium,

The results in the industrial environment after 15 months of exposure are
given in Fig. 11. Double-layer nickel coatings with microporous chromium
performed better than similar coatings with microcracked chromium. The
performance of the nickel-iron alloy coatings was not acceptable in the in-
dustrial environment.

The CASS test results for the double-layer coatings are given in Fig. 12,
and the correlation between 16 h of CASS testing and 15 and 17 months in
marine and industrial atmospheres is shown in Fig. 13. The correlation be-
tween results of CASS testing and outdoor exposure is good for double-layer
nickel coatings, but poor for nickel-iron alloy coatings.

The appearance of the double-layer nickel and nickel-iron coatings after
17 months of marine and 15 months of industrial exposure is shown in Figs.
14 and 15, respectively. The relatively good performance of the double-layer
nickel coatings is apparent.

The metallographic cross sections of decorative nickel-iron deposits 30
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FIG. 14—Appearance of double-layer nickel and nickel-iron deposits after 17 months in a ma-
rine atmosphere at Kure Beach, N. C. (a) High-activity double-layer nickel with (left to right) regu-
lar, microporous, and microcracked chromium. (b) Low-activity double-layer nickel with regular,
microporous, and microcracked chromium. (c) Nickel-iron alloy deposits with 9 percent iron in top
and 20 percent iron in bottom layer with (left to right) regular chromium and microporous chro-
mium. (d) Nickel-iron alloy deposits with 20 and 25 percent iron in top and bottom layers, respec-
tively, with microporous and microcracked chromium, left to right.
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FIG. 14—Continued.
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FIG. 15—Appearance of double-layer nickel and nickel-iron deposits after 15 months in an in-
dustrial atmosphere at Kearny, N. J. (a) High-activity double-layer nickel. (b) Low-activity double-
layer nickel, (c) Nickel-iron alloy deposits with 9 percent iron in top and 20 percent iron in bottom
layer. (d) Nickel-iron alloy deposits with 20 percent iron in top and 25 percent iron in bottom layer.
Subfigures: (left to right) regular, microporous, and microcracked chromium.
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200X
FIG. 16—Cross sections of chromium-electroplated double-layer-type nickel-iron deposits on
steel after 15 months’ exposure in the industrial environment.

pm thick plated with microporous chromium, Fig. 16, show that a few pits
penetrate to the substrate but that the majority are superficial in the 15-
month industrial exposure.

Summary and Conclusions

The overall corrosion performance of single-layer bright nickel coatings
15 um thick and double-layer nickel coatings 30 um thick was consistently
better than the performance of equivalent thicknesses of nickel-iron alloy
coatings. The major defect of the latter was rapid staining in marine and in-
dustrial atmospheres. Metallographic examination of cross sections of the
nickel-iron deposits showed less penetration to the substrate than expected
from the appearance of the deposits. In the absence of a way to control su-
perficial staining, however, the nickel-iron alloy coatings do not appear
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suitable for decorative applications involving outdoor exposure. Thin coat-
ings (7.6 um) of either nickel or nickel-iron have been found satisfactory for
mild interior service applications. The nickel-iron alloy coatings should be
applied to articles intended for mild service until further development work
offers a solution to the staining problems.

The work confirmed that high-activity double-layer nickel protects the
low-current-density areas of contoured steel panels better than low-activity
double-layer nickel, either with microporous or microcracked chromium.
Microporous chromium was more effective in this program than micro-
cracked chromium. In a previous study, microcracked chromium was better
than microporous chromium [8]. In the case of single-layer coatings, low-
activity bright nickel performed better than high-activity bright nickel when
microporous or microcracked chromium was used.
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DISCUSSION

S. K. Coburn' (written discussion)—What metallographic technique is
used to prepare the plated steel specimens for microscopic examination so
that the film is not damaged?

G. A. DiBari, G. Hawks, and E. A. Baker (authors’ closure)—The conven-
tional procedure is to electrodeposit a thick metallic coating over the entire
specimen, so as to completely envelope it. The surface of interest is exposed
by sectioning the specimen appropriately. The metallic backing prevents
damage and rounding of the coating during polishing. In our case, a large
number of specimens were mounted side-by-side and encapsulated in plastic.
This, also, helps protect the surface film. The conventional procedure is pre-
ferred when preparing plated specimens for thickness determinations by the
microscopical method.

'U. S. Steel Corp., Pittsburgh, Pa.



R. J. Clauss’®

Comments on the Corrosion
Performance of Decorative
Nickel-lron Coatings

REFERENCE: Clauss, R. J., “Comments on the Corrosion Performance of Decorative
Nickel-Iron Coatings,” Atmospheric Corrosion of Metals, ASTM STP 767, S. W. Dean,
Jr., and E. C. Rhea, Eds., American Society for Testing and Materials, 1982, pp.
214-221.

ABSTRACT: The durability of decorative nickel-iron coatings in various types of ex-
posure is discussed in detail. It has been determined that these coatings, as part of a
specific multiple deposit system, perform acceptably for exterior automotive applica-
tions. It is necessary that a microdiscontinuous chromium be present in the composite
coating to achieve optimum results and it is desirable to use a copper underlayer to the
nickel-iron electrodeposits. Corrosion test results are also reported which establish
that static tests cannot be relied upon to predict actual mobile service performance.
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duplex alloy coatings, microdiscontinuous chromium, copper underlayer deposits,
multiple deposits, staining

Bright nickel-iron alloy coatings have been used commercially, as an al-
ternative to bright nickel coatings, since 1973. During this time, they have
found wide use in appliance, furniture, kitchenware, and a variety of other
applications. Today it is estimated that the bright alloy deposit is used
worldwide for about 10 percent of the market which has historically used
bright nickel decorative coatings.

Initially the bright alloy deposits were used where its decorative features
dominated the protective requirements. These were applications where
bright nickel coatings plated with regular chromium served very satisfactor-
ily. Gradually, over a period of several years, new developments and an un-
derstanding of the unique character of nickel-iron coatings have expanded
its used to applications where a protective role is also vital. These alloy coat-
ings are being used, for instance, on bicycle, lawnmower, and other exterior
applications. More recently the nickel-iron deposit, in a well-defined coating
system, has been used on specific original equipment manufactured (OEM)

! Manager, Research & Development, Udylite, Plating Systems Division, Hooker Chemical
and Plastics Corp., Warren, Mich.
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exterior automotive components in the United Kingdom. Consequently,
with a growing recognition of its unique characteristics as well as its unusual
economic advantages, nickel-iron decorative protective coatings have estab-
lished a sizable and successful niche in the decorative area.

As discussed in our technical papers as early as 1973 [1,2], the develop-
ment of light, rust-colored film stain from corrosion of a bright nickel-iron
alloy deposit can be a detrimental factor to retaining the decorative aspect of
the coating [3]. It should be emphasized, however, that observations over a
period of years have established that the stain which develops on static expo-
sure, in either a marine or industrial location, does not necessarily have a di-
rect relationship to the performance of commercially plated products. This
will become evident in the data presented herein.

In reporting corrosion data in this paper, the procedure of the American
Society for Testing and Materials (ASTM) has been used. This procedure,
the ASTM Recommended Practice for Rating of Electroplated Panels Sub-
jected to Atmospheric Exposure (B 537-70), uses a two-number system in
which the first number denotes protection of the substrate and the second
number is descriptive of appearance. A perfect specimen showing no deterio-
ration is rated 10/10. Progressive degrees of failure are denoted by lower
numbers. A rating below 7 for either protection or appearance is frequently
considered unsatisfactory.

Static Testing

Since nickel-iron alloy deposits can develop stain as an inherent corrosive
characteristic, the iron content of the coating plays a major role in determin-
ing the severity of the problem. Therefore, judgment on the iron content of
the deposit should be exercised according to the application and service re-
quired. A 35 percent iron alloy, for instance, can be completely satisfactory
for interior use while very severe applications may limit average iron content
to the 20 to 25 percent alloy range.

The influence of iron content on corrosion stain was studied and typical
results are given in Table 1. The Detroit test site was a severe industrial loca-
tion and included a winter season in the exposure period. The data show that
the severity of corrosion stain is directly related to the iron content of the
alloy. Subsequent to this determination, which was made a number of years
ago, new processes were developed to achieve improved performance.

A specific patented technique to assist in overcoming stain was developed
to permit the successful use of these alloy deposits in severe outdoor applica-
tions. This process {5], a duplex system, allows two or more. levels of iron
content in the alloy deposit with the lowest iron content nearest the exposed
surface. Successful use of this system requires a maximum iron content of
about 15 percent in the final or outer deposit. The significant benefits of this

2The italic numbers in brackets refer to the list of references appended to this paper.
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TABLE |—Influence of iron content on staining of bright nickel-iron coatings—
ten months’ static exposure at Detroit, Mich.

Coating System Deposit Thickness, um

Copper 15
Bright nickel-iron 20
Nickel” 35
Microporous chromium 0.25
Iron content of nickel-iron, % Appearance Rating

21 S

9 8

“Nickel deposit contains microfine inorganic particles to induce microporosity in the subse-
quent chromium deposit.

process are shown in the data reported in Table 2, where duplex layers of
nickel-iron alloy were plated in two sequences. The first system shows the
desired sequence with the lowest iron-content layer near the exposed surface,
while the second system 1s plated with the higher iron content alloy nearer
the exposed surface of the deposit. Exposure at Kure Beach, N. C., a severe
marine environment, showed a dramatic reduction in stain when the alloy
deposits were plated in the recommended sequence. These tests showed con-
clusively that lower concentrations of iron near the outer or exposed surface
of the deposit have a dramatic effect on stain reduction.

Further, corrosion tests conducted over a period of several years estab-
lished that a nickel overlay on the alloy deposit can contribute in two signifi-
cant ways to the durability of alloy coatings systems: (1) Thin nickel deposits
can induce microporosity or microcracking in subsequent chromium depos-

TABLE 2—Corrosion ratings of duplex nickel-iron coatings on static exposure in a
marine environment——eleven months’ static exposure at Kure Beach, N. C.

Coating System Thickness, um Rating

Preferred duplex system

copper 15

bright nickel-iron (19.7 to 22.8% Fe) 15 10/9
bright nickel-iron (8.7 to 10.6% Fe) 5

nickel® 3

microporous chromijum 04

Control

Copper 15 1076
Bright nickel-iron (8.7 to 10.6% Fe) 15

Bright nickel-iron (19.7 to 22.8% Fe) 5

Nickel” 3

Microporous chromium 04

“Nickel deposit contains microfine inorganic particles to induce microporosity in the subse-
quent chromium deposit.
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TABLE 3—Influence of nickel overlay on staining of bright nickel-iron coatings—
nine months’ static exposure at Kure Beach, N. C.

Coating System Deposit Thickness, um
Copper 15
Bright nickel-iron (29%) 25
Nickel® variable
Microporous chromium 0.25
Nickel overlay thickness Appearance Rating
2 um 4
5 6

“Nickel deposit contains microfine inorganic particles to induce microporosity in the subse-
quent chromium deposit.

its and; (2) a thin nickel coating plated on top of the alloy will further sup-
press the appearance of stain. The contribution of microporous or micro-
cracked chromium in increasing durability is well known and accepted by
the entire electroplating industry. The use of the thin nickel overlay, as a stain
suppressant, is a more recent innovation. The beneficial effect of such a layer
is illustrated in Table 3. The single layer of bright nickel iron had a 29 per-
cent iron content, which exceeds our recommendation for severe exposure.
Nevertheless, increasing the thickness of the overlay increased the appear-
ance rating from four to six. When the thicker nickel overlay is combined
with controlled iron content by the two-layered approach, the total im-
provement is significant as demonstrated in the mobile test results described
in this paper. While a 1 to 2 um nickel thickness is adequate to achieve mi-
crodiscontinuity in the subsequent chromium layer, a nickel thickness of 3 or
4 um is more effective in suppressing potential corrosion stain from the
alloy.

Finally, it has been established in both static and mobile testing that the
use of copper as an undercoat to alloy deposits can contribute significantly
to substrate protection. Indeed, due to the greater potential difference be-
tween copper and nickel-iron alloys [1], the contribution of copper to sub-
strate protection is greater with the decorative alloy than with an all-nickel
coating. A static exposure test at the Kure Beach marine test site showed an
improvement in protection rating from 5 to 10, or the absence of basis metal
corrosion, when copper was used as an undercoat to bright nickel iron-
microporous chromium systems [2]. This substantial improvement was ob-
served after 19 months of service. As with nickel coatings, copper is always
most effective as an undercoat to the alloy deposit when used in conjunction
with microporous chromium deposits.

Mobile Testing

Mobile tests have been conducted with many different plating systems to
determine the influence of the nickel-iron alloy deposit. Some of these tests
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THICKNESS CHECK POINT

LOW THICKNESS AREA

INTERMEDIATE  AREA

F1G. 1—Hubcap cross section.

have been conducted on steel hubcaps while others have been made on steel
bumpers [4].

Over a period of years, hubcaps with a configuration shown in Fig. 1 have
been used in mobile tests conducted in the Detroit, Mich. metropolitan area.
Since Detroit is in the snow belt, the use of salt for deicing is quite extensive
and the concentrated industrial development in this area results in high con-
centrations of sulfur dioxide. In essence, this is a very severe corrosion
environment.

The test hubcaps have three distinct thickness levels of which two are far
below recommended specifications for severe automotive exposure. None-
theless, the test demonstrates the comparative performance of the nickel-
iron alloy in a composite coating system with a typical all-nickel deposit
which is currently used on automobiles. Table 4 details the thickness and
type of deposit for each coating system at the checkpoint.

Figure 2 shows two typical hubcaps after one winter’s exposure while Fig.
3 shows the same hubcaps after two years’ exposure in Detroit [4]. Both the
copper-nickel chromium coating and the copper-nickel iron-chromium
deposits show similar failure in the low-thickness areas while both composite

TABLE 4—Plated hubcap thickness levels.

Rim (checkpoint) thickness

copper 12 um

nickel or nickel-iron 20 um
Intermediate-thickness area

copper 6 um

nickel or nickel-iron 10 um
Low-thickness area

copper 4 um

nickel or nickel-iron 6 um

NOTES:

Chromium—microporous on all specimens.

Nickel deposit contains microfine inorganic particles to induce microporosity in the subse-
quent chromium deposit.
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FIG. 2—Typical hubcaps after one winter’s mobile exposure in Detroit, Mich. The duplex nickel
deposit was plated so that 60 percent of the total nickel deposit was sulfur-free semibright nickel
with the remainder bright nickel. The duplex nickel-iron deposit had a 21 percent iron content in
the lower layer and a 10 percent iron content in the outer or final layer. The lower layer comprised
70 percent of the total alloy deposit.
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FIG. 3—Typical hubcaps after two winters’ mobile exposure in Detroit, Mich.
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coatings performed without failure when deposit thickness was at recom-
mended levels, that is, 12 um of copper and 20 um of nickel or nickel-iron
These results are representative of the specimens exposed on four cars during
the two-year test period.

These mobile test results confirmed that a decorative nickel-iron coating
can perform quite satisfactorily in a total plating system that meets the crite-
ria previously described for very severe exposure. It is important to observe
that no staining developed during the two-year mobile testing even though
routine washing of the car was the only cleaning used during the period of
the test. Further extensive testing of plated bumpers in Detroit confirmed
that protection and appearance of a complete coating which included nickel-
iron alloy was equal to all-nickel coatings.

Indeed, our mobile results were confirmed by an independent test labora-
tory in Europe which explicitly noted that staining which developed on static
testing did not occur in mobile exposure. A British automotive manufacturer
has used the nickel iron-chromium system on regular interior and exterior
production parts since 1977 with corrosion performance comparable to the
nickel-chromium system previously used. While these results cannot be di-
rectly compared with U. S. exposure conditions, it should be noted that no
problems with staining have been reported during the three years of service.

Summary

In summary, the protection of the substrate and the elimination or sup-
pression of stain from the nickel-iron alloy can be accomplished provided
the total coating system is designed for severe exposure conditions. A multi-
ple coating system is recommended for the use of nickel-ifon coatings only,
as it is for nickel, when severe exposure applications are present.

An important conclusion of our work, which included static and mobile
testing over a period of five years, is that static test results cannot be relied
upon to predict actual service results. Further, simple bright nickel, iron-
chromium deposits have been serving very satisfactorily in mildly corrosive
applications for many years without any notable corrosion problems and as
a completely acceptable alternative to bright nickel-chromium coatings.
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DISCUSSION

S. K. Coburn' (written discussion)—TIs the salt level applied to the streets of
Detroit in the vicinity of 100000 tons per year? Where do these figures come
from?

R. J. Clauss (author’s closure )—Information on the use of de-icing salt is
furnished by the Department of Public Works of the City of Detroit. The
amount cited is considered to be representative of an average winter. During
a severe winter, usage of salt will exceed 100000 tons.

J. P. Lyle* (written discussion)—What were the exposure times for the
wheel covers and bumpers? What do you predict they will look like after ten
years® exposure?

R. J. Ciauss (author’s closure)—The exposure of the wheel covers and
bumpers varied from one to three winters on cars driven in the metropolitan
Detroit area. I believe their performance will be at least comparable to all
nickel coatings of equal thickness after an equivalent length of service in the
same locality. Prediction of appearance after ten years is virtually impossible
for any coating system since factors such as service location and owner main-
tenance have an overwhelming influence on performance.

'U. S. Steel Corp., Pittsburgh, Pa.
2 Alcoa Corp., Alcoa Center, Pa.

Copyright” 1982 by ASTM International www.astm.org
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STP 767, S. W. Dean, Jr., and E. C. Rhea, Eds., American Society for Testing and
Materials, 1982, pp. 225-249.

ABSTRACT: Corrosivity classification of the atmosphere is important for selecting
optimal protective systems. This classification should be based on an understanding
of the corrosion process together with reasonable engineering principles. By a critical
analysis of the factors providing limits to the classification problem, several heretofore
unresolved questions have been answered. These questions involve design factors, ef-
fects of different types of sheltering, fabrication effects, and the transformation of
measured values to information which can be utilized technically. The Czechoslova-
kian system of standards covering this field is described and complemented by exam-
ples of specialized specifications for different industries. Questions for further research
are proposed in order to further the classification efforts.

KEY WORDS: atmospheric corrosion, corrosivity classification, protective systems,
steel

A large number of products and devices are used in the atmosphere and,
as a result of the action of weather, deterioration occurs continually. For ex-
ample, atmospheric corrosion causes the majority of the recorded economic
losses attributed to corrosion. It is necessary to provide protection against
atmospheric corrosion for many products so that the service life of these
products, as measured by their appearance and reliability, is adequate.

The atmosphere is a very complex environment because it varies both with
time and location. The real conditions which exist at the surface of a product
or device result from the mutual action of natural and man-made compo-
nents of the atmosphere together with the effects of material, design, and op-
eration of the product or device. The interaction of these various factors is
diagrammed schematically in Fig. 1.

It is desirable to characterize the atmosphere with regard to its corrosivity

'G. V. Akimov State Research Institute of Material Protection, Prague, Czechoslovakia
(SVUOM).
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so that a classification system may be developed. This approach is valuable
to engineers and designers selecting systems for providing corrosion protec-
tion as well as to those concerned with the performance of products and de-
vices exposed to the atmosphere. The term ‘“‘corrosivity”’ (corrosion aggres-
sivity) refers to the extent of degradation of the material, system, or product
by the atmospheric environment. Corrosivity is evaluated by the influence of
the various components of the atmosphere on the kinetics of the reactions
causing damage. Therefore, it follows that the corrosivity of the atmosphere
cannot be specified in general, but only for specific types of materials and
protective systems. Thus, the description of the damaging properties of the
atmosphere must contain those parameters and their combinations which
have an important effect on the kinetics of corrosion of the material in
question.

In order to develop a standard procedure for estimating the corrosivity of
the atmosphere, it is necessary to have a suitable basis. Various methods of
classifying the corrosivity of the atmosphere have been proposed. These
methods treat the effects of the atmosphere in a generalized manner. How-
ever, the severity of a service exposure must be determined from knowledge
of the actual conditions which the product sees. This paper presents a con-
tribution to the effects to classify the corrosivity of the atmospheric envi-
ronment by generalizing the effects of various components of the atmos-
phere. The goal of this work is to provide a technical basis to assist engineers
both in assessing the life-time of products in the atmosphere and in determin-
ing the need for protective measures. Different possibilities for characteriz-
ing and classifying the corrosivity of atmospheres are presented.

Many years of research on atmospheric corrosion have provided a basis
for characterizing and classifying the corrosivity of the atmospheres [1-6].2
An understanding of the physical and chemical processes which occur during
atmospheric corrosion has helped in formulating a kinetic model. A kinetic
model, however, applies only to isolated periods of process. Figure 2 de-
scribes the results of laboratory experimental research on the influence of the
degree of surface uptake of sulfur dioxide (SO;), amount of water on the sur-
face and temperature on the corrosion rate during periods of wetness [22].
Atmospheric corrosion is a discontinuous process and the frequency of ac-
tive periods, their duration, and kinetics are controlled by the stochastically
changing properties of the environment [7-11]. Therefore, the use of kinetic
models based on chemical principles for describing the long-term process is
rather limited. However, the results of empirical tests in atmospheres of vary-
ing severity can be utilized in the development of a mathematical model
[12-16]. The classification of corrosivity for normal materials of construc-
tion should be based on theoretical knowledge, but it also should employ
easily attainable parameters for describing the corrosivity.

2The italic numbers in brackets refer to the list of references appended to this paper.
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FIG. 2—Dependence of steel corrosion rate (ug+cm*-h™") on SO, uptake (10,30,100,200 mg -
m™2-d™") and temperature (—50°C, 5°C, 15°C, 25°C) at different relative humidities (1: 75 percent,
2: 85 percent, 3: 95 percent, 4: 100 percent, 5: 100 percent with about 200- um-thick surface electro-
Iyte layer).

In order to meet these objectives, we have considered a system where the
corrosivity of the atmosphere can be characterized by readily measured me-
teorological parameters and chemical components of the atmosphere. In this
way, with the help of quantitative data, it is possible to define pertinent
classes of corrosivity. A standard which classifies corrosivity should be as
general as possible. One approach is to determine the effects of the condi-
tions according to their occurrence, that is, according to characteristic prop-
erties of strictly defined types of atmospheres. The classification based on the
relation of conditions to the kinetics of particular corrosion processes is
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FIG. 2—Continued.

more complicated, but it is also more accurate, at least in theory. A combi-
nation of both approaches was used for developing the Commission for
Mutual Economic Aid (CMEA) as well as the Czechoslovakian State
Standard. :

The quantitative characterization of service conditions shouid be based on
data measured and published by the official meteorological and air pollution
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service. However, these published data are applicable only to outdoor at-
mospheric environments. It is obvious that corrosivity estimates should be
applicable to all types of service conditions which structures and devices are
subject to. Many products are used in sheltered spaces or in hidden areas in
buildings, vessels, packages, etc. In these cases, it is desirable to characterize
the environment by means of direct measurements of a decisive factor or an
indication of the occurrence of a situation critical for the occurrence of cor-
rosion. Another approach is to use a short-term test and extrapolate the re-
sults according to generally accepted procedures based on knowledge of the
atmospheric corrosion of metals. Short-term measurements of corrosion as
well as longer-term measurements are particularly important when the con-
ditions for corrosion of the materials employed are specifically affected by
the type of service.

Classification by its nature assumes a generalization of the results. A criti-
cal analysis of the results and the generalizations involved, based on the the-
ory of atmospheric corrosion, leads to a number of limitations on the gener-
alization and problems in its use. There is a significant difference in our
understanding between corrosion in a boldly exposed configuration as op-
posed to what occurs in shielded areas. The limitations here follow because it
is not possible to generalize the effects of configuration as well as the effects
of operation and manufacture. The effects of extreme degrees of atmospheric
pollution and specific pollutants also create problems. An additional limita-
tion is caused by nonuniform corrosien due to specific factors of the design
etc.
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Our attempts to characterize the actual atmospheric environment with re-
spect to its corrosivity and then to develop a standard classification system
forced us to develop some experimental resuits on the question of the limita-
tions. We have assumed that atmospheric corrosion is a discontinuous proc-
ess in these environments. The corrosion rate depends both upon the prop-
erties of the metal surface, either bare or with a layer of corrosion products,
and upon the properties and duration of the existence of the surface electro-
lyte. Our previous work [/7] was based on the assumption that the surface
corroded when it was wet and wetness occurred when the relative humidity
of the atmosphere exceeded 80 percent and the temperature was above 0°C.
This model is significantly poorer in predicting corrosion in sheltered and
indoor microclimates than in the open air. Thus, for these categories of loca-
tion, it is necessary to develop better techniques of estimating the time of wet-
ness and also of following systematic differences in the levels of pollution
which occur due to the accumulation of materials on unwashed surfaces.

Using systematic experiments, we have followed a wide group of climatic
and atmospheric component variables in strictly defined types of atmosphere
for all three categories of location (boldly exposed outdoor, sheltered out-
door, and interior, such as warehouse or vessel). At the same time, we have
measured directly the frequency and duration of surface wetting, and fol-
lowed the corrosion process as related to certain physical characteristics of
the corroding body (temperature and mass).

Examples

Some of the results of this study [ /8] which have not been completely ana-
lyzed are presented in Table 1. The mean value of the measurements on four
plain carbon steel specimens is presented. The specimens were prepared for

TABLE 1—Mass losses of plain carbon steel for different categories of location at one locality.

Weight Loss (g/m?) for the Mass
" of the Specimen

Location Exposure Time,
Category Months 0.2 kg 2 kg 20 kg
Outdoor
atmosphere 1 25.3 Ca e
3 93.4 192.3 172.8
6 252.6 303.2 262.2
12 448.8 488.5 452.8
Shed 1 3.2 Ce 10.0
3 36.3 350 53.6
6 72.3 75.6 103.6
12 149.4 153.0 186.5
Store 1 few rust points
3 numerous rust points
6 points and areas of rust 1.5
12 2.7 2.6 3.5
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ABLE 2—Temperature-humidity characteristics summarized with respect to sampling intervals.

Summarized Time of Wetness

Sampling I 11
After
Month OA S ST OA S ST
3 140 384 135 48 80 4
6 354 720 304 138 175 4
12 1233 1814 725 489 438 11
NOTE:
OA = outdoor atmosphere.
S = shed.
ST = store.

I = for relative humidity = 80% at 1 > 0°C.
II = for relative humidity = 90% at ¢ > 0°C.
The table contains numbers derived from thermohygrograph records as readings in 2-h inter-
vals frequency.

exposure by a fine sandblast. In the case of the larger mass exposures, the
specimens were fastened to steel cylinders. Monthly corrosion losses are
shown in Fig. 3 for the outdoor and sheltered exposures only because in the
interior ““store’” location there were only local points of corrosion after one
month of exposure. Table 2 gives the temperature and humidity variations
which occurred at all three testing sites. Plots of the SO, levels are shown in
Fig. 4. An index of aggressivity calculated as the product of the humidity and

-t
o 100 [
N.
1
d
[
§5°}—
&
(2]
1
2
W3
OF—7T 7 7T 717 T 1T T VT ¥ T T T
111[’21234567591,,,,
1977 1978

FIG. 4—Pollution with SO, (mg+m™ - d™") for outdoor (1), sheltered (2) and indoor (3) exposure.
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moistening data and SO; level is plotted in Fig. 5. The aggressivity index is
based on the time-of-wetness defined either by direct measurement using the
Czechoslovak detecting system [23] or by the number of hours when the rel-
ative humidity exceeds 80 percent and the temperature is above 0°C as taken
from both temperature and humidity records. These results clearly show that
it is necessary to study in more detail the mechanism and kinetics of the cor-
rosion of metals in sheltered and partially sheltered locations.

The diverse corrosion effects caused by design factors etc., together with
different possibilities of numerical corrosivity definitions, show that the gen-
eral term “corrosivity” even if it is quantitatively defined has to be transformed
for the use for specific product-classes. This is particularly important regard-
ing structures and devices because the service lives of such products are al-
ways determined by the effect of the corrosive attack on the function of the.
product. If the effects of operation, for example, specific type of contamina-
tion, and heating are disregarded, there are still design features which create
different conditions of wetting and also for the stimulation of the corrosion
process. This is demonstrated by some data.measured on large and articu-
lated surfaces of a steel facade building wall. The facade walls are con-
structed of formed sheets of low-alloy steel of the Cor-Ten type. Wetness was
measured with a Czechoslovakian measuring system employing inert con-
ductivity detectors [23]. Our results are given in Table 3.

Significant differences in times-of-wetness were found between the bottom
and top of the same 12-m-high facade wall. Even larger differences were ob-
served in the time-of-wetness between the outside and inside surfaces of the
sheet and also in the vicinity of structural elements which tend to retain de-
bris, particularly rust falling off the wall. This is shown in Table 4.

These results demonstrate that it is possible to derive the aggressivity for a
standard corroding surface or possibly for a simple product. For more com-
plicated cases, however, even in the usual types of atmosphere, it is necessary
to have specific experience or experimental data on the behavior of materials
in the type of location where it is used. We assume that, in the future, empiri-
cal relations will be formulated for this purpose.

Microclimates which have specific or extreme effects due to the service
conditons represent a special group of atmospheric environments. To get a
better picture of these conditions, we carried out a 7-year testing program in
40 different microclimates of the textile, metallurgical, and chemical produc-
tion industries. The data on the temperature and humidity were processed by
a digital computer and arranged in classes according to the mean values, ex-
tremes, and depression of the dew point. These results, together with the ex-
tent of corrosion of steel, zinc, aluminum, and copper alloys, indicate clearly
the specific character of the corrosivity of these microclimates compared
with the general atmosphere. A partial listing of these results is presented in
Table 5. Since these environments cannot be classified into a general system,
we have proposed [19] a procedure for rapid experimental determination of
the corrosivity of microclimates.



235

KNOTKOVA-CERMAKOVA AND BARTON ON AGGRESSIVITY

) ‘240§5—§ pays—yz ‘adayd
-souuin 100pino—J (Do0 < 1 10 udd42d 0§ = Anptuiny 24130124 | X) $p4022.4 1ydva30430Yowiioys wolf paajsp L :q ‘waisds
Su112213p Aq Ap2241p paansvow 1 :y “(*0S Yim uonnjjod pup ssauiam Jo st fo 1onpoid) 411415524330 fo $291puf—¢§ “H1J

SIHINON
L] € [4 T et 149

1 Il i A 1 1

1 € 4 T £4 144
1 A i 1 1 1
| \\/\
k4
~002
t4
~p0€
1
. v .T
%05 &

|




ATMOSPHERIC CORROSION OF METALS

236

-spouad Sumam jo Adusnbaig,

"pautiiopiad s1 JUIWAINSEIW Y YOIYM 10§ Yiuow 3y ul sKep jo 1aquinN
'$1010219p 13Y10 3y} se 1yFiay suies ay) je s1s9) sudydsoune 10§ (ynos ‘S3p ¢p) puels [ensn UO 3deLI) 3} 1B parenlis si uswiidads 3>usIdyey,

91 €T L1 1€ 8T 0¢ I€ 0t 8I €1 L1 skep yuou—3uipping
papi0%31 Jou 19 6 , Jo apuewi Jo apis

113 Tss 80V hL TL9 0ZL 147 0L [4a4 8€T 19¢ (W) + 1omo doy,

91 €T L1 1£3 82 o€ I€ 0¢ 8l €1 L1 skep ynos—3uip(inq
Y €I 91 S'81 14 9 9 91 6 S 91 2 Jo spueut Jo 3pis

8SI $°60T 139 ST S0T1 9 4 (44 x4 S'L9 96 1474 (W< 13mo doy,

91 €T L1 £3 8T 0¢ £ 0¢ 8 €I L1 skep

4 €l <4 9€ €9 LE ot 194 ST 6 S s

z61 §'LIT 9Ll SO11 SI61 91 ozl ¥LT $TIT LI 8I¢ (y) Susmiads aduatofy

I o1 6 8 L 9 S 14 € 4 I painsespy 2Ig

(Arenuef ynm SuiuuiSeg) syiuop

(192ff2 uoup1UaLLI0) 29DfInS 13315 IpPIvf Y} fo Suudiso—¢ T4VL



237

KNOTKOVA-CERMAKOVA AND BARTON ON AGGRESSIVITY

*2 [243] 3y3 01 Suip10ooe papioddl—u Asuanhoig (Sorjns oresipul oy uo aseyd pinbiy jo ddud
~saxd——2 [9A3T A §Z°(0 9A0QE UOLI319p—q [9497] ‘Suikip pue Surisels Jo powrad ayi sapnisui—A §Z°0 03 10°0 Jo dFuer e Ul UONOIP—2 (94T (ALON

91 SE SE u  Kdousnbaig
puim 4q w (413 [43 444 (43 (474 7 jpasy
padewep 9 €9 €5t €97 §'9¢ Tt q 124377
sivjul 68 £99 09 24 9 14 4 4 [9a>7
9,61 Alenuer
S1 FAl 41 6 u  AKouanbaig
L'8¢ 98T £'ee 8T 8'LT (4174 T §'S91 2 [9AY7]
Lss 1314 8°8¢ 134 s'Is Sv8e Tse §°79C q 9497
9 18 0L §Ts 79 S99 134 €€ 2 13457
SL6] 1aquindaQg
sty q awly q g, 9 suy 4 S[2497]
[e10], eiog, [e10], H2 1R polI3g
9% 1% Jo % %
w Zy jo W31H (mojreq sny ayi wq w gz ‘W
€ e opeseg o) Jo 1v3y7) 98pa ‘aydy syupwaBuRLIy [eIn)
3O Baly JeuIXy woyoyg sA0qy Wo 1suIRyg jeiny -onng Aq pa1osje
01 Bo1y UL -O1IIS 3y} 1 opedeq -HON apeoeg 3y}
3y} jJo Baly jRUIIIU] JO BAIY euIdIU]

‘(1uawaBuvid udisap ay1 fo 122ff2) apvonf ay: fo aovfins 12215 ay1 fo Butam—p ATAVL



238 ATMOSPHERIC CORROSION OF METALS

TABLE 5—Corrosion in the microclimates with specific effects.

Contamination (mg/m? d) Corrosion (g/m?) in Three Years
Name of Locality SO, Cl Others Steel Zinc  Copper Aluminum
Store of acids 86.9 141 NO,, HCl 1269 729 397 396
Store of salt 23.1 346 fallout 1081 1052 171 69
Chlorine liquefying  30.3 578.1 NaCl 3467 772 1762 478
Ammonia synthesis  25.7 39,7 NH; 1058 154 85 45
Electrolysis 11.0 314 1585 68 S 188
Pickling Plant I 84.1 1164 635 215 148 105
Pickling Plant II 136.0 39 236 25 9 5.6
Drawing plant 135.2 5.3 15 2 22 increment
Carding room 6.7 44  different 0.3 0.9 0.26 increment
Dyehouse 18.8 4.6 compounds 891 49 33 13

Classification Systems of Present Standards and Possibilities
for Improving Their Quality

Various formulations of the corrosivity of the atmosphere which have nar-
rower or broader validity and with different characteristics have been given
in standards, for example, UNI 3564-65 PN-71/H-04651, GOST 9.039-74,
and TGL 18704. At this time, one standard, ST SEV 991-78, “Corrosion of
Metals, Classification of the Corrosion Aggressivity of Atmospheres,” may

_be used to classify the corrosivity. This standard is unique because it includes
levels of contamination from industrial activity above the basic natural at-
mospheres contaminated with SO; and sodium chloride occurring in various
regions. In writing this standard, we considered knowledge about the effect
of contamination with SO; or sodium chloride on the kinetics and mecha-
nism of atmospheric corrosion when choosing the limits of the classes. An
analysis of the levels and frequency of occurrence of these contaminants
based on data published for the world was also used. The result is a stand-
ardized characterization of atmospheres of the industrial type, that is, con-
taminated with SO,, atmospheres typical of shoreline and marine applica-
tions, thatAis, containing sodium chloride, and mixed types.

In the Czechoslovakian system of standards (see Fig. 6) the first step is to
obtain the “climatic resistance™ effect. This term expresses the ability of a
product to operate under climatic conditions different from “normal,” for
example, in moist or dry tropical climates, or in arctic climates. The Czech-
oslovakian standard, CSN 03 8206'/ST SEV 458-77, “Dividing the Earth’s
Surface into Climatic Regions for Technical Purposes,” is the basis for this
step. This standard defines the values of the climatic effects of temperature
and humidity. It divides the world into regions as follows:

Very cold EF
Cold F
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Moderate N
Tropic moist TH
Tropic dry TA
Moderately cold sea H
Tropic sea MT

The next step for obtaining a more precise prediction of the effects of climate
on materials is concerned with the location of the surface and the contamina-
tion of the atmosphere. The method is described in CSN 03 8805'/ST SEV
460-77, *Types of the Climatic Performance of Products.” Four types of lo-
cation are described:

1. Boldly exposed in the atmosphere.

2. Under shed with limited exposure to precipitation and sun radiation.

3. In enclosed spaces, but with ventilation and without artificial control of
climatic conditions.

4. In enclosed spaces with artificial control of climatic conditions.

This document also introduces the term *“type of atmosphere,” which is
determined by the presence of gaseous, liquid, and solid components which
have a deteriorating effect on materials. The types of atmosphere vary from
clean environments to urban and industrial atmospheres, marine atmos-
pheres, and combinations of industrial and marine. Data on the overall cli-
matic region of service, together with the type of location and type of atmos-
phere, are combined to give the rating of “type of climatic performance”
with relevant remarks. For example, a TH 34 rating refers to a tropical moist

croclimate Sheltering Corrosion
ggx 03 8206 type of nt:noe- aggressivity
ghoro f atmosphere
SKE 03 8805 SN 03 8203
Determination
of aggremsivity
&sy 03 8204
Determination Deteimination
___‘of. 802 pollution of salt preci-
itates
CSN 03 8211 SN 03 8214

F1G. 6—Relations of Czechoslovak standards deriving the corrosivity of atmospheres.
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climate with exposure in a non-air-conditioned building in an area adjacent
to the sea.

More specific information is provided in the document CSN 03 8203°/ST
SEV 991-78, ““Classification of the Corrosion Aggressivity of the Atmos-
phere.” This standard identifies five degrees of corrosivity of the atmos-
phere, based on the corrosion rates of engineering metals in atmospheres
with various levels of contamination and in different locations. Another
Czechoslovakian standard, CN S 03 8204, “Determination of the Corrosion
Aggressivity of Atmospheres for Metals and Metallic Coatings,” presents
two experimental and one empirical calculational method for determining
the corrosivity of atmospheres. The experimental methods are based on ex-
posure tests.

The first method is a classic long-term exposure with periodic removals of
steel specimens. The second method is a simplified approach based on the
empirical relationship between the initial corrosion rate and its long-term
course. Twelve data values on sequential one-month mass loss measurements
of steel specimens are summed to give a total mass loss for the interval and
then these sums are treated using a linear regression analysis to obtain a
least-squares best-fit line for loss of mass with time. The slope of this regres-
sion line is designated as the initial corrosion rate: This initial corrosion rate
is converted to a steady-state rate of corrosion by multiplying it by an empir-
ical constant. This steady-state rate of corrosion then serves as the criterion
for classifying the environment with regard to its corrosivity. This method
assumes the stochastic nature of the corrosion process with the corrosion
rate being determined by the time-of-wetness and the amount of atmospheric
pollution. This standard also gives procedures for treating the relevant cli-
matic and atmospheric analysis data.

It is apparent that these different approaches to measuring and treating
data give different results. There are also different ways of using these classi-
fications. However, the corrosion processes which occur in atmospheric ex-
posures are a result of the interaction of condensed moisture on the corrod-
ing surface with certain types of pollutants in the atmosphere.

When considering the corrosive action of the atmosphere with regard to
various factors including contamination effects, the following areas need
more thorough investigation.

1. Effect of the category of location of the surface in question with respect
to the effect of climate and contamination.

2. Measurement of both gaseous and solid contaminants, including aero-
sols in the atmosphere, both in terms of methods of measurements and the
applicability of these results in the field of corrosion.

3. More detailed knowledge on the applicability of different systems for
measuring the time-of-wetness or of directly measuring the corrosivity.

4. More results of studies on the corrosion behavior of metals and metals
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with protective coatings in different types of atmospheres where there have
been significant changes in the corrosivity of the atmosphere with time.

5. Studies of the possibility of using the results of corrosion experiments
with standard specimens together with simple calculational models for esti-
mating the corrosivity of the atmosphere.

Some examples of research which offers more information on these sub-
jects have already been described. The following example is provided to
show how standard meteorological data can be used to develop a corrosivity
classification.

The character of the variation of temperature and humidity for the terri-
tory of Czechoslovakia (C.S.S.R.) was obtained by a statistical treatment of
a 25-year series of hourly values of temperature and relative humidity for 11
representative meteorological stations during the period from 1949 to 1973.
In choosing the stations, an effort was made to obtain coverage both in ele-
vation and geographic location within the country. Based on these data, the
time-of-wetness was calculated using the previously mentioned criteria and
the results of these calculations are given in Table 6. These results then serve
as a basis for a standardized approach for the effect of temperature and hu-
midity on atmospheric corrosion in Czechoslovakia [20].

The use of the parameters, time of wetness, 7, and contamination, x, to de-
scribe the corrosivity of an atmosphere for use by engineers or designers is
often limited by the availability of the data. It is not always possible to ob-
tain direct measurements of the time-of-wetness by means of electrochemical
or other detectors, or to have measurements of the contamination present by
the adsorption method. Meteorological data, however, are more generally
available, that is, data on humidity and temperature as well as results of con-
tinuous or periodic measurements of the environmental contamination. It is
possible to convert these values to the parameters used to characterize at-
mospheric corrosivity with sufficient accuracy [21] for our purposes. In this
study we have defined time-of-wetness as the time when the relative humidity
is equal to or greater than 80 percent at temperatures above 0°C. This is an
empirical definition of time-of-wetness, but it is supported by laboratory
studies [24] which show that the corrosion rate is negligible when either the
temperature or relative humidity is below these limits. If a sufficient quantity
of temperature and humidity data is available, the time-of-wetness may be
calculated easily with the aid of a digital computer.

Even average monthly relative humidity values and temperatures can be
converted to the values of r with sufficient precision based on the calcula-
tions performed on the data for a number of C.S.S.R. localities. Analyses of
these data has lead to the empirical relationship:

7;—=A.T+A2T2+A3T3 (1)
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where

7 = monthly time of wetness, h,
H = mean relative humidity computed for the month, %, and
T = mean temperature for the month, °C.

Nomagraphs for solution of this equation are given in Fig. 7.

It is apparent that the relationship between 7, H, and T is valid only for a
limited geographical region and, thus, the estimate of the time-of-wetness
shown in Fig. 7 (g and b) is limited to the outdoor atmosphere in
Czechoslovakia.

It is also possible to derive an empirical relationship between the average
sulfur dioxide content of the atmosphere expressed as mg m™ and the data
on accumulated adsorption on an alkaline surface expressed, for example, in
mg m~2d™' [ST SEV 991-78 “Corrosion of Metals, Classification of the Cor-
rosivity of Atmospheres”].

Application of Corrosivity Classification

The main purpose of a corrosivity classification system is to permit the se-
lection of an economically optimum corrosion protection system on struc-
tures and devices used in the atmosphere. The system of selecting optimal
corrosion protection measures is outlined in general terms in the block dia-
gram shown in Fig. 8. The classification of the atmospheric corrosivity car-
ried out for the most general level is only of limited value as an input for a
specific case. The classification of the atmospheric corrosivity into five de-
grees is the starting point for determining the quality requirements for the
protective system which will be employed.

Several subdivisions of the corrosivity classification have been developed
for Czechoslovakia. These subdivisions are important as part of specifica-

TABLE 7-Definition of the degrees of the corrosion aggressivity of the atmosphere
in the car industry.

Degree of the

Aggressivity Characteristics
3 surfaces of parts for prevalent time of the operation and
storage of cars quite separated from the outdoor
atmosphere
4 surfaces of a part exposed to the direct action of the

atmosphere (or covered only against the action of
precipitations); however, covered against contamination
from the road

5 surfaces of parts exposed to the direct effect of the
atmosphere or contamination from the road or both
and errosive action of solid particles

NoTE: The general classification system excludes corrosivity categories 1 and 2 for motor cars.
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tions for products providing the selection principles, manufacturing re-
quirements, and quality-control provisions. For example, the classification
system which has been developed for the Czechoslovakian automotive in-
dustry is presented in Table 7.

The corrosivity classifications associated with the use of structural steel in
buildings and structures are presented in Table 8 as another example. Rec-
ommended protection systems for various degrees of corrosivity (aggressiv-
ity) are provided in Table 9. In this table there are recommendations for the

TABLE 8—Definition of the degrees of the aggressivity of atmospheres acting on steel structure.

Aggressivity
Degree Characteristics
1 a indoor environment with a low rate and time of duration of
surface wetting of the steel structure; for example, in
heated buildings
b inner spaces of hermetically enclosed parts of steel structures
2 a environment of indoor rooms with a higher occurrence and

time of duration of surface wetting of the steel construction;
for example, in nonheated buildings; degree of pollution
with SO, = 60 mg-m2-d™"

b environment of inner spaces of non-hermetically closed parts
of steel structures equipped with openings for water outlet
and with natural or artificial (also periodic) ventilation;
degree of contamination with SO, = 60 mg-m™-d™!

3 a outdoor environment with the action of precipitations;
contamination with SO, = 60 mg- m2.d*!
b as under g, with partial protection about the action of
precipitations
c environment of indoor rooms with a higher occurrence and

time of duration of the surface wetting of the steel structure
(for example, indoor rooms hermetically nonenclosed parts
of the structure with openings for condensed water outlet);
however, nonventilated, environment of insufficiently
ventilated under-roof spaces; contamination with

SO; = 60 mg-m2-d!

4 a outdoor environment with the action of precipitations;
contamination with SO, < 60, 120 > mg-m™>-d™
b as under a, with a partial limitation of the direct action of
precipitations
c outdoor or indoor environment with long-term or steady

surface moistening of the steel structure contamination
with SO; = 60 mg-m™2-d™!
5 a outdoor environment with the action of precipitations or with

particularly limited action or both; contamination with
SO; > 120 mg-m™-d™!

b outdoor or indoor environment with long-term or continuous
surface wetting of the steel structure; contamination with
SO; > 60 mg-m2-d"

c environment of the degrees of the aggressivity of Nos. 3 and 4
with contamination of the structure surface by aggressive
solid or liquid operation media
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TABLE 9—Recommended protecting systems for steel structures (x = recommended).

Degree of the Atmosphere

Technical Service Aggressivity
Protection Time of the
Systems Structure (Years) 1 2 3 4 5
O—structural steel 5 X X X
without coating 10 X X X
30 X X
50 X X
I—low-alloy steel 5
10 X X
30 X X
50 X X
II A—painting (120 um) 5 X X X X
on hand-prepared 10 X X
surface 30 X X
50
IT B—painting (120 um) 5
on blasted surface 10 X X X X
30 X X
50 X X
I1I—hot-dip galvanization 5
10 X X
30 X X
50 X X
IV—hand flame spraying 5
of Al (150 to 200 um) 10
or Zn (120 to 150 um) 30 X X
50 X X
V A—automatic arc— 5
spraying of Al (80 um) 10 X
+ painting 30 X X X X X
50 X X X X X
V B—hand hot spraying 5
of Al (150 to 200 um) 10
or Zn (120 to 150 um) 30 X
+ painting 50 X
V C—hot-dip galvaniza- 5
tion + painting 10
30 X
50

sorrosion protection measures depending upon the corrosivity classification.
The corrosion protection measures are as follows, with the least protection
listed first:

Nonalloyed structural steel without protection,
Weathering low-alloy steel,
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Standard paint coating, (120-gm dry film thickness) over minimal-quality
surface preparation,

Paint coating (120-um dry film thickness) over blasted surface,

Hot-dip galvanizing,

Flame spray with aluminum (150-um thickness) or zinc (100-um), and

Electrometallization with aluminum (80 wm) with two- or three-layer
paint coating.

These recommendations are presented according to the requirements for
service life of the structure and therefore have a basis for economic optimiza-
tion of the system, including maintenance costs.

Similar refinements of the general classification system have been pre-
pared or already exist for other industries, for example, railway transporta-
tion and ship production. Special applications of the classification system
are possible for specific regions. In the case of the North Bohemian indus-
trial complex studied in detail, we have developed a map showing the distri-
bution of corrosion aggressivity [25].

Conclusion

The classification of corrosivity of the atmosphere represents an engineer-
ing system based on the results of theoretical studies of the kinetics and
mechanism of atmospheric corrosion, together with an extensive data set on
the climate and contamination present. The engineering value of this ap-
proach is to have a system for selecting the economic optimum corrosion-
prevention measures for products using available data. The work on devel-
oping standard technical documents of this kind has been carried out for
more than 20 years in the Czechoslovakian State Research Institute of Mate-
rial Protection. This Institute has led in the development of corrosivity clas-
sification and, as a result, has provided input to the Commission for Stand-
ardization of the CMEA. In addition, the Institute has been the Secretariat
of the International Organization for Standardization (ISO)/TC 156/WG4—
Classification of the Environment with Respect to Corrosivity. We hope that
this ISO working group will be a basis for closer international cooperation in
this field. Classified corrosivity as an input category for optimation of pro-
tective measures for different technical equipments may in the future serve
for increasing the economy of anticorrosion.

References

[1] Vernon, W. H. J., Transactions of the Faraday Society, Vol. 23, 1927, p. 162; Vol. 27, 1931
p. 264; and Vol. 29, 1933, p. 35.

[2] Tomashov, N. D., Theory of Corrosion and Protection of Metals, Macmillan, New York
1966.

[3] Rosenfeld, J. L., The Atmospheric Corrosion of Metals, 1zd. Acad. Nauk S.S.S.R., Mos
cow, 1966.



KNOTKOVA-CERMAKOVA AND BARTON ON AGGRESSIVITY 249

[4] Berukshtis, G. K. and Klark, G. B., “Corrosion Resistance of Metals and Metallic Coat-
ings in Atmospheric Conditions,” Nauka, Moscow, 1971.
[5]1 Schikorr, G., Werkstoffe und Korrasion, Vol. 15, 1964, p. 457.
5a] Sydberger, T., “Influence of Sulphur Pollution on the Atmospheric Corrosion of Steel,”
Dissertation, Chalmers University of Technology, Géteborg, Sweden, 1976.
5b] Ericsson, R., “Influence of Different Factors on the Atmospheric Corrosion of Steel,”
Dissertation, Chalmers University of Technology, Géteborg, Sweden, 1979.
[7]1 Michailovskij, J. N. et al, Zashchita Metallov, Vol. 7, 1971, p. 534.
{8] Bartoft, K., “Protection Against Atmospheric Corrosion,” Theories and Methods, Wiley
London, 1976.
[9] Sereda, P. J. in Corrosion in Natural Environments, ASTM STP 558, American Society for
Testing and Materials, 1974, p. 7.
107 Sirekalov, P. V. and Michailovskiy, J. N., Zashchita Metallov, Vol. 8, 1972, p. 573.
11] Michailovskiy, J. N., Sergeeva, E. L., and Sanko, V. A., Zashchita Metallov, Vol. 12, 1976,
p. 105.
2a] Legault, R. A. and Pearson, V. P. in Proceedings, Corrosion 77, National Association of
Corrosion Engineers, 1977, Paper No. 133.
2b] Legault, R. A., Mori, S., and Leckie, H. P., Corrosion, Vol. 29, No. 5, May 1973.
2c] Legault, R. A. and Preban, A. G., Corrasion, Vol. 31, No. 4, April 1975, p. 117.
131 Schwenk, W. and Ternes, H., Stahl und Eisen, Vol. 88, 1968, p. 318.
4a) Haynie, F. H. and Upham, J. B. in Corrosion in Natural Environments, ASTM STP 558,
American Society for Testing and Materials, 1974, p. 33.
4b] Haynie, F. H. in Abstracts, The Electrochemical Society Fall Meeting, Pittsburgh, Pa.,
15-20 Oct. 1978, p. 116.
'15] Haagenrud, S. E. in Abstracts, The Electrochemical Society Fall Meeting, 15-20 Oct.,
1978, p. 114. Pittsburgh, Pa.
'16] Knotkova, D. and Boschek, B., Corrosion in Natural Environments, ASTM STP 558,
American Society for Testing and Materials, 1974, p. 52.
'7a] Bartofi, K., Knotkova, D., Beranek, E., and Hladuvka, J., Corrosion and Material Protec-
tion, Vol. 20, No. 5, 1976, p. 82.
'7b] Bartofi, K. and Cerny, M. in Proceedings, 2nd International Symposium on Atmospheric
Corrosion Prognosis, Kutaisi, U.S.S.R., Nov. 1978.
[18] Knotkova, D., Marek, V., and Jirovsky, L. in Proceedings, 2nd International Symposium
on Atmospheric Corrosion Prognosis, Kutaisi, U.S.S.R., Nov. 1978.
[19] Knotkova, D. and Kaéhler, W., Korrosion (ZKS), Vol. 10, 1979, p. 243. -
[20] Knotkova, D., Coufal, L., Moidl, J., and VI€kova, J. in Proceedings, 5th International
Symposium on Enviroeffect, Liblice, C.S.S.R., Vol. 3, May 1978, p. 129.
[21] Bartof, K., Knotkova, D., and Spanily, J. in Proceedings, 2nd CMEA Congress on Cor-
rosion of Metals, Prague, C.S.S.R., Vol. 6, 1975, p. 1561.
[22] Bartofl, K., Bartofiova, S., and Beranek, E., Werkstoffe und Korrosion, Vol. 25, 1974,
p. 659.
[23] Jirovsky, I., Knotkova, D., Kokogka, 1., and Prusek, J. in Proceedings, ECS Symposium
on Atmospheric Corrosion, Florida, 1980.
[24] Bartofi, K., Bartofiova, S., and Beranek, E., Werkstoffe und Korrosion, Vol. 29, 1978,
p. 199.
[25] Knotkova, D. et al in Proceedings, 5th International ENVIROEFFECT Symposium, Lib-
lice, C.S.S.R., 1978, p. 129.



E A Baker' and T. S. Lee'

Calibration of Atmospheric Corrosion
Test Sites

REFERENCE: Baker, E. A.and Lee, T. S, *“Calibration of Atmospheric Corrosion Test
Sites,”” Atmospheric Corrosion of Metals, ASTM STP 767, S. W. Dean, Jr.,and E. C.
Rhea, Eds., American Society for Testing and Materials, 1982, pp. 250-266.

ABSTRACT: Inherent in the ability to accurately assess the performance of a material
exposed in the atmosphere is an understanding of the relative corrosivity of that envi-
ronmerit. The most reliable of present test methods for ranking materials’ corrosion
behavior have necessarily utilized long-term exposures to the natural environment in
question. Given the variable nature of many atmospheric factors, it becomes impor-
tant to determine the relative stability in the corrosivity of an atmospheric exposure
site. Only in this way can the desired credence be given to atmospheric corrosion data
generated for a variety of materials over an extended duration.

A review is provided of the major factors which must be considered in establishing a
program to monitor and calibrate an atmospheric test site. These factors include both
environmental assessments and corrosion evaluations. Consideration is given to the
specific environmental parameters which could be monitored as well as experimental
procedures which affect the atmospheric corrosion behavior of materials.

KEY WORDS: atmospheric corrosion, marine environment, calibration tests, envi-
ronmental monitoring, steel, iron, zinc

Over the years, considerable attention has been devoted to the weathering
of materials. Observations of materials corrosion performance in the atmos-
phere have ranged from those made on existing structures to carefully de-
signed experimental programs with the specific intent of characterizing the
behavior of a given material. The programs have included both accelerated
tests and exposures in natural environments.

Artificially simulating a natural environment which is universal for all
materials has proven difficult. This was demonstrated by May and Alex-
ander [17? in a series of tests with iron and zinc exposed to a variety of saline
sprays (Figs. I and 2). None of the three simulations consistently reproduced
the behavior exhibited by the materials under natural marine atmospheric
conditions. This observation is not altogether surprising when one considers

! Senior research technologist and Marine Corrosion Section manager, respectively, LaQue
Center for Corrosion Technology, Inc., Wrightsville Beach, N. C.
?The italic numbers in brackets refer to the list of references appended to this paper.
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FIG. 1—Comparative behavior of iron exposed in the marine atmosphere (25 and 250 m from
the ocean) and in sprays of natural seawater, and 3 and 20 percent sodium chloride.

the number of factors which can influence the corrosion behavior of a mate-
rial and the variable nature of these factors in natural environments.

As the controlling factors in the atmospheric corrosion of materials be-
come better defined, the ability to conduct viable short-term accelerated tests
will be enhanced. While research continues in this direction, however, char-
acterization of materials performance primarily continues through con-
trolled exposures in natural environments.

A number of atmospheric test sites exist where natural exposures can be
conducted for extended time periods. These sites are often categorized.as
being typical of marine, rural, or industrial environments. Within each of
these categories, a wide range of behavior can be exhibited by a given mate-
rial. This behavior can be related to the variations in the environmental char-
acteristics and to variations in the experimental techniques employed at
the various sites. Some consistency is achieved through the application of
standard experimental practices such as the American National Standards
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FIG. 2—Comparative behavior of zinc exposed in the marine atmosphere (25 and 250 m from
the ocean) and in sprays of natural seawater, and 3 and 20 percent sodium chloride.
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Institute/American Society for Testing and Materials (ANSI/ASTM) Rec-
ommended Practice for Conducting Atmospheric Corrosion Tests on Metals
(G 50-76). However, the corrosivity of these environments is generally as-
sumed to be constant unless specific programs exist on a continuing basis to
monitor this factor.

Several tests have been conducted which have established the relative cor-
rosivities of various locations for some finite period [2-5]. Recognizing the
need to provide continuity in defining relative corrosiveness, ASTM has es-
tablished Task Group G01.04.01.01, Calibrating the Corrosiveness of At-
mospheric Test Sites.

It is the objective of this task group to develop a standard recommended
practice by which tests can be conducted to calibrate an atmospheric corro-
sion test site and define its corrosiveness on a continuing basis. Some of the
factors which will be considered in the development of this standard are re-
viewed in this paper.

Environmental Assessments

A variety of environmental variables can influence atmospheric corrosion.
These will vary depending upon the nature of the test site (for example, chlo-
rides in a marine environment, sulfur dioxide in an industrial environment),
but some of the more significant variables include temperature, sunlight,
wind, moisture, and contaminants.

Temperature

Correlations between the temperature of metal surfaces and corrosion
have been presented by Guttman and Sereda [4]. The influence of tempera-
ture does not necessarily represent the prime controlling factor in a corro-
sion process but is related to other critical factors. Among these are the pres-
ence of moisture and the extent of sunlight. An analysis of the Guttman and
Sereda data by Grossman [6] provided some insight into the accelerating ef-
fect of temperature during periods of wetness of the metal surface. Among
the temperatures which can be measured are the ambient air temperature,
dew-point temperature, test panel surface temperature, and a black-box
temperature.

Sunlight

The extent of sunlight at an atmospheric test site will influence not only
the degree of wetness on a specimen surface but will also affect the perform-
ance of coatings and some nonmetallics. The duration and intensity of ultra-
violet and solar radiation are variables which can be monitored as shown
in Table 1, which summarizes the solar radiation during 1978 at Kure
Beach, N. C.
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TABLE 1—Typical solar radiation monitored at Kure Beach, N. C.

Solar Radiation

Intensity of Radiation.

Month Duration Radiation. h cal/cm?
January 318 7355
February 312 8310
March 374 11902
April 381 13697
May 320 14500
June 400 15500
July 414 14461
August 386 14275
September 337 10073
October 334 10315
November 281 4870
December 288 5695

Wind

The intensity and direction of prevailing winds can affect corrosion by in-
fluencing both the surface conditions on a test specimen and the type of at-
mospheric environment which may prevail at a given test site. Grossman [6]
reviewed the influence of increased wind intensity on surface-to-air heat
transfer and the resultant increase in the relative humidity required to
achieve condensation on a test specimen surface. The direction of prevailing
winds can influence factors such as the quantities of chloride transported
from the sea at a marine site or quantities of sulfur dioxide from industrial
sites. Figure 3 shows the distribution of prevailing winds over the period of
one year at Kure Beach, N. C. The series of wind roses shows that the major-
1ty of the winds off the ocean [northeast (NE) to southeast (SE)] were during
the spring and fall months.

Moisture

Previous researchers [4,6] have examined the correlations between atmos-
pheric corrosion and extent of moisture (which acts as the electrolyte for the
corrosion process) on the specimen surface. A variety of techniques has been
employed to measure the time-of-wetness on a specimen surface. However,
some difficulty has been encountered in establishing specific designs which
consistently measure wetness as a level which can be directly correlated with
corrosion rates. Progress is being made toward the development of a stand-
ard recommended practice for conducting these measurements in ASTM
G1.04.

Not only is the time-of-wetness important but, also, the nature of the wet-
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FIG. 3—Seasonal distribution of wind direction and intensity at Kure Beach, N. C.

ness is critical. In the case of a marine environment, moisture in the form of
dew or sea spray will be more corrosive than a greater amount of moisture in
the form of rainfall. In the case of industrial environments, however, the
presence of an acid precipitation from sulfur dioxide in the atmosphere may
prove very corrosive.

Contaminants

Two factors which are considered the prime corrosive agents for marine
and industrial environments are the chloride and sulfur dioxide contents, re-
spectively. The use of a “wet candle” technique [7] for chloride and sulfation
plates [8] for sulfur-dioxide offers a simple means of monitoring these
variables. While the measured quantities represent an average in the atmos-
phere rather than an exact quantity on the specimen surface, it can often
provide insight into the long-term corrosiveness of a test site.
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Corrosion Evaluations

All materials exposed in the atmosphere do not respond to the same en-
vironmental factors in a common fashion. For example, it is recognized that
the hygroscopic properties of the corrosion products will have a direct influ-
ence on the conditions under which the material can be considered wet and,
therefore, the period during which the material will corrode [9]. Therefore,
while it is difficult to extrapolate results on one material to another, it is
practical to consider only one or two materials in establishing a series of cor-
rosion evaluations designed to calibrate atmospheric corrosiveness. The na-
ture of these materials must be such that they are relatively sensitive to
changes in the environment. In this way, periodic assessment of the corro-
sion behavior will be indicative of the corrosivity of the environment.

The experimental techniques utilized in a calibration test must take into
account those factors which are critical to the reproducibility and objectivity
of the data. These include, but are not limited to, specimen preparation and
orientation and time and duration of exposure.

Material Selection

As mentioned previously, the selection of a material for calibration tests is
critical. The material must respond to environmental changes yet yield
somewhat reproducible behavior under nominally equivalent exposure con-
ditions. In selecting a material, a sufficient quantity of a controlled chemistry
must be obtained to avoid variations in performance based on alloy compo-
sition. This is particularly important when the effect of small changes of
copper content in iron is considered as shown in Fig. 4 [3].
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FIG. 4—Effect of copper content on corrosion of iron in a marine atmosphere after 1.5 years’
exposure.
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lot at Kure Beach for one year, over the period 1949 10 1979.

Most programs designed to evaluate relative corrosivities of atmospheres
have utilized iron or steel, zinc, or copper test specimens. The use of calibra-
tion specimens can be traced to the early work of Hudson [2], who in 1943
established a ranking of environments based on exposures of iron specimens.
The 50 by 100-mm specimens were exposed vertically for a period of one
year and had the following nominal composition:

C 0.02 weight percent S 0.044 weight percent
Mn 0.05 Cu 0.066
Si 0.008 Ni 0.054
P 0.013 Cr 0.001
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F1G. 6—Corrosion rate of iron calibration specimens exposed vertically in the 25-m atmospheri
lot at Kure Beach for two years, over the period 1949 to 1979.
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FIG. 7—Corrosion rate of iron calibration specimens exposed vertically in the 250-m atmos-
pheric lot at Kure Beach for one year, over the period 1949 to 1979.

The exposure of this type of calibration specimen has continued in at least
one site—Kure Beach, N. C. Figures 5-9 show corrosion rates measured an-
nually, since 1949, for iron specimens exposed for one and two years in the
25-m atmospheric lot and for one, two, and four years in the 250-m atmos-
pheric lot.

Specimen Orientation

As just indicated, the continuing calibration program at Kure Beach in-
volves vertical exposures of specimens. This procedure is subject to greater
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FIG. 8—Corrosion rate of iron calibration specimens exposed vertically in the 250-m atmos-
pheric lot at Kure Beach for two years, over the period 1949 1o 1979.
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FIG. 9—Corrosion rate of iron calibration specimens exposed vertically in the 250-m atmos-
pheric lot at Kure Beach for four years, over the period 1949 to 1979.

experimental sensitivity than is the standard 30-deg-angle exposure recom-
mended in ASTM Method G 50-76. LaQue [3] reported the greater severity
of corrosion of vertical specimens compared with specimens at 30 deg, as
shown in Table 2. This was attributed to the formation of a less protective
and nonuniform corrosion product in the vertical exposures. This can be
seen in Fig. 10, which shows specimens exposed vertically and at 30 deg for
one year at the 25-m Kure Beach atmospheric lot. An analysis of the thick-
ness loss on the specimens (Table 3) indicates that the vertically exposed
specimens exhibited not only the greater average thickness loss but also a
greater degree of scatter. Recent tests in the less-severe environments of the
250-m Kure Beach atmospheric lot and a rural and industrial site have
shown less difference between corrosion rates as a function of specimen
orientation (Figs. 11 and 12).

Some variation in extent of attack is observed between the opposite sur-
faces when specimens are exposed vertically. This is particularly evidentina

TABLE 2-—Comparison of atmospheric corrosion rates of steel exposed vertically and
at 30 deg from horizontal after one year.

Ratio of Corrosion Rate

Location Vertical/30°
Kearny, N. J. 1.25
Vandergrift, Pa. 1.26
South Bend, Pa. 1.20
25-m Kure Beach lot 1.41

250-m Kure Beach lot 1.25
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FIG. 10—Appearance of iron specimens after one-year exposure in the 25-m atmospheric lot at
Kure Beach. Top: vertical exposure, ocean side {(left) and land side (right). Bottom: 30-deg expo-
sure, skyward {left) and groundward side (right).
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TABLE 3—Comparison of thickness loss variability for iron specimens exposed for
one year in the 25-m lot at Kure Beach.

Thickness Loss,” mm

Exposure Condition Avg Range
Vertical 1.07 £ 0.34 1.23
Vertical 1.24 £ 0.39 1.25
30 deg 0.44 + 0.22 0.93
30 deg 0.55 £ 0.22 0.95

“Based on 25 measurements within a specified grid.

marine environment, where a vast difference between the side exposed to the
ocean (that is, salt spray and sand) and the landward side is measured. Fig-
ure 13 shows the appearance of steel pipe specimens in the 25-m lot where a
corrosion rate greater than 850 um/year can be estimated after 4.5 years on
the side facing the ocean, with a rate less than 150 um/year on the land side.

This side-to-side variation also can occur on specimens exposed at 30 deg,
where the groundward side of the specimen does not receive the same degree
of washing and drying as does the skyward side. Larrabee [ 10] has estimated
that 60 percent of corrosion occurs on the groundward surfaces while 40 per-
cent occurs on the skyward side in an industrial environment. Recent tests in
marine atmospheres have indicated that initial formation of corrosion prod-
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FIG. 11—Comparison of corrosion rates in the 25-m and 250-m atmospheric lots at Kure Beach
Jor iron specimens exposed vertically and at 30 deg from horizontal for one year.
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FIG. 12—Comparison of corrosion rates in rural and industrial environments for iron specimens
exposed vertically and at 30 deg from horizontal for one year.

ucts occurs at slightly different rates on the groundward and skyward sides
of steel specimens. However, after 6 months’ duration, the corrosion rate dif-
ference between the two sides was negligible (Fig. 14). The slightly higher in-
itial rates on the skyward side can most likely be attributed to the errosive ef-
fects of sand and perhaps a greater degree of wetness from salt spray.

A final consideration in the specimen orientation is the elevation and di-
rection of exposure of the specimen. As shown previously, the directional ef-
fects in a marine location can be significant. Again, ASTM G 50 provides
guidance in selecting a consistent direction of exposure to maintain appro-
priate conditions for reference purposes. ‘

While a minimum exposure height of approximately 75 cm above ground
is recommended in ASTM G 50, no specific maximum height is recom-
mended. For calibration purposes, the elevation of the specimens must be
kept constant. LaQue [/1] has shown this to be particularly important for
steels in marine environments. Figure 15 shows corrosion rates as a function
of elevation of specimens above sea level. The maximum observed on these
graphs has been related to a zone of maximum chloride in the atmosphere as
it is swept upward by the prevailing winds from the sea. The corrosivity of a
marine site may therefore be influenced to a great extent by factors which af-
fect this maximum chloride path.

Chloride levels in both the 25-m and 250-m Kure Beach lots have been
monitored (wet-candle technique) at a fixed height aboveground of 150 cm
since 1962. The average annual levels are shown in Fig. 16. While the chlo-
ride level in the 250-m lot has remained relatively constant, it has shown a
continuing decline in the 25-m lot. This appears to be related to the steadily
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FI1G. 13—Appearance of steel pipe after 4.5 years’ exposure in the 25-m lot at Kure Beach: (left)
ocean side, (right) land side.

increasing size of the sand dunes between the 25-m lot and the ocean. This in
turn would tend to have the effect of shifting the maximum chloride content
in the atmosphere to a somewhat higher elevation and thereby reduce the
corrosiveness of the 25-m lot. This has been observed in the decreasing cor-
rosion rates of control specimens of iron in the 25-m lot and the relatively
constant rates observed in the 250-m lot (Figs. 5-9).

Exposure Time

The two time factors which would be expected to influence calibration
tests are the time of exposure and the total duration of test. The time of ex-



BAKER AND LEE ON TEST SITES 263

L T skywora

:’ EXJ6eroundward
s'-200— .
SRR _

LN \

N\ \
g 100k \ \ -

N N

N\ \

N N

LR N

3 MONTH 6 MONTH

FIG. 14—Comparative corrosion rates of skyward and groundward sides of iron specimens ex-
posed for 3 and 6 months in the 25-m atmospheric test lot at Kure Beach.

-
W
20, 20
>
w [250m Lot ! 25m Lot ! T e LAMS Steel
o Carbon Steel
!
2 ¥
wo1sk h¢ 151 .
2 < o
0 .

< ol .
o o °\o\
© 0
w |d- {’( 1 10 ~ T -
- ~e ~o0
w - < \b
= /’ > o}/
z" ./( //
° ST- ﬂ sT - ° i
[
3
1Y)
-
W o 1 1 0 1 1 1 1 1

100 200 Q 100 200 300 400 500 600

CORROSION RATE, pm/yr

FIG. 15—Effect of elevation above sea level on the marine atmospheric corrosion behavior (26
months’ exposure) of carbon steel and low-alloy high-strength steel.



264 ATMOSPHERIC CORROSION OF METALS

1000y T T ¥ T T T
800~ .
b
3
< )
o~ 600k 25m LOT )
€
~
-]
£
- 400} 4
=]
«
2
© 200 250m LOT 4
0 1 )| 1 1 1 . 1
1949 YEARS 1979

F1G. 16—Average annual chloride levels in the 25-m and 250-m atmospheric test lots at Kure
Beach.

0.3 T T
N ° -
0/
0"
o
0.2 -
-¢—— STARTING DATE A
E
o
o °
[ -
2 ~
-
-
T
(L)
w
F oup -
STARTING DATE B
/ )
o /
o—"
H o” B
\yo/
0 1 1
0 20 40 €0

DAYS
FIG. 17—Weight ioss versus time for specimens of zinc started in test on different dates.



BAKER AND LEE ON TEST SITES 265

800171 T T T T T Y T T 1 T
—
600 J
»
3
E 25m LOT
2 400|- » .o :
=] .
[ \ / )
gzoo— \ ¢ PO 5
Q / PR
\, 250m LOTY PR N
S e e O g -t e \-- -8
oL N S | 1 1 L1 i 1.
8001 B
- [ J
ke
~
E so00| . \asmLoT 4
W
3 \/ \
z
9400}— /
v
g .
g o\ -/
/’
© 200}~ s \ o~ I n
./, N o? e \-__I
-® - =*" 250m 10T
"
obt ) 1 ) ] 1 1 ) 1 [
J F M A My J A s 0 N

FIG. 18—Comparison of corrosion rate of steel specimens exposed for one month at Kure
Beach, N. C. over a one-year period with atmospheric chloride content.

posure is critical in that the prevailing environmental conditions during the
initial stages of corrosion can have a profound influence on the long-term
corrosion behavior. This is particularly true for zinc, as was observed by
Ellis [12]; see Fig. 17. Similar effects have been shown for steel and iron
[12,13], but the degree of variation does not seem to be quite as severe or nec-
essarily as protracted as with zinc.

Figure 18 shows short-term data for carbon steel exposed in the atmos-
pheric test lots at Kure Beach over the period of one year. While the corro-
sion rate data do not directly correlate with the chloride measurements,
other unmeasured factors, such as time-of-wetness, would have influenced
these rates. Guttman and Sereda [4] showed good correlation between the
prevailing environmental conditions monitored (time-of-wetness, sulfur di-
oxide, temperature) and the corrosion rates of steel, copper, and zinc during
the first month of exposure at several locations. In some cases, these correla-
tions existed for longer-term exposures also.

Given the practical limitations of the number of specimens which can be
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exposed, care must be exercised in exposing calibration specimens at nomi-
nally the same time each year while closely monitoring the environmental
conditions during the early days of exposure. Exposure duration should be
sufficiently long to allow some averaging effects of environmental condi-
tions, but, as with the case of zinc specimens, consideration should be given
to exposures during at least two times of the year when environmental condi-
tions typically are at extremes. Care should then be exercised in attempting
to extrapolate these calibration data to the performance of materials exposed
at other times of the year.

Conclusions

A variety of factors must be considered in establishing a program of moni-
toring and calibrating the corrosivity of an atmospheric test site. Monitoring
of critical environmental parameters such as temperature, sunlight, wind,
moisture, and contaminants can prove important in establishing an under-
standing of observed corrosion behavior. A series of corrosion tests on one
or two materials, which are sufficiently sensitive to environmental changes,
is also critical in establishing corrosivity. These corrosion tests must be con-
ducted under controlled experimental conditions to minimize variations due
to procedural details such as specimen orientation and time of exposure.
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ABSTRACT: A l-year program involving several laboratories located in different cli-
matic zones has afforded an opportunity to evaluate the response of miniature mois-
ture sensors (developed at the National Research Council of Canada) to surface mois-
ture on panels exposed to the atmosphere. It has shown that when these moisture
sensors are placed on the surface of metal or plastic panels they respond to moisture
conditions at the surface or more precisely, at the sensor surface, and that such mois-
ture conditions result from interaction of the total environment with the material as
well as with the ambient relative humidity conditions.

KEY WORDS: corrosion, metals, atmosphere, measurement, time-of-wetness, mois-
ture sensors, calibration, sensor potential, ambient relative humidity, temperature

Time-of-wetness was first measured by Sereda with a sensor consisting of
a platinum foil strip on a zinc panel [ /-3].2 The period during which the po-
tential generated by this galvanic cell exceeds 0.2 V was defined as the time-
of-wetness, which served as the time base for the expression of the rate of
corrosion in terms of MDDy, (milligrams/square decimetre/day of wetness).
Subsequent work has demonstrated the significance of this factor and its
correlation with rate of corrosion [4-7]. In the early work [I-3] it was ob-
served that the potential measured by the cell varied in the range 0 to 1V,
apparently due to changing conditions of exposure. Whether the level of po-
tential correlated, however, with certain ambient conditions such as relative
humidity was not resolved.

Some success has been achieved by other workers in measuring integrated
current using a sensor involving a galvanic or electrolytic cell and correlating

! National Research Council of Canada, Division of Building Research, Ottawa, Ont.,
Canada.
2 The italic numbers in brackets refer to the list of references appended to this paper.
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this with the rate of corrosion [8-14]. Although the monitoring of current
levels above a certain value can be used as a measure of the time-of-wetness
of such sensors, they are not appropriate, because of their large size, for
monitoring surface moisture on exposed specimens of various materials or
elements of buildings.

A new miniature moisture sensor has been developed. It monitors the
presence of surface moisture in conjunction with atmospheric corrosion test-
ing. Because of its possible usefulness, Subcommittee G01.04 on Weather of
ASTM Committee G-01 on Corrosion of Metals organized a round-robin
test series to evaluate its performance and to attempt its calibration in the
range of 75 to 100 percent ambient relative humidity. This paper reports the
results of the round-robin and the additional work carried out at the Na-
tional Research Council of Canada (NRCC) Laboratories.

Experimental

The new moisture sensor was developed by NRCC in conjunction with
Bell Northern Research Laboratories. It consists of a cell of alternate elec-
trodes of zinc and gold or copper and gold on a glass-reinforced polyester
(GRP) base 1.5 mm thick (Fig. 1a); the overall size is 20 by 25 mm. It was
mounted on both galvanized metal and plastic bases 100 by 150 mm (Fig. 1b).

Temperature of the metal and plastic bases and that of the sensor was
measured with 30-gage copper-constantan thermocouples embedded in the
surface (Fig. 2). The mounted sensors were placed on a corrosion rack
(Fig. 3).

At the Ottawa site, potential levels from the zinc/gold (Zn/Au) or copper/
gold (Cu/Au) sensors and temperatures, including the ambient and dew-
point temperatures (dew cells located in a Stevenson screen; see Fig. 3), were
recorded every 10 min on magnetic tape.

One set of sensors having Zn/Au electrodes was distributed to a number
of participating laboratories to extend the evaluation program to different
climates. As various unforeseen difficulties arose, however, only two of the
original six laboratories have been able to supply completed data. These are
included in the present paper, along with extensive data collected at the
NRCC laboratory.

Analyses of the data included determination of the frequency distributions
of ambient relative humidity and the potential levels from Zn/Au and
Cu/Au sensors mounted on metal and plastic panels. The distribution of
surface temperature, the difference between surface temperature and am-
bient temperature, and surface temperature (metal or plastic) and sensor
temperature were obtained for the periods when the potential from the
Zn/Au cell exceeded 0.1 V and that from the Cu/Au cell exceeded 0.01 V.
For the purpose of this paper these limits define the time-of-wetness. Data
were collected at the Ottawa site for 1 1/2 years, and as they were reasonably
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FIG. la—Moisture sensor.

FIG. 1b—~Sensor mounted on metal base.
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FIG. 2—Thermocouples mounted on specimens and on sensors: (a) on plastic specimen; (b) on
metal specimen.

FIG. 3—Exposure station at Ottawa.
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reproducible for comparable months of each year, only typical results are
presented in this paper. Representative results reported by other participat-
ing laboratories are given to indicate the influence of different climatic
conditions.

Results and Discussion
Characteristic Results for Periods of Rain, Snow, Dew, and Hoarfrost

Figure 4 presents typical data collected for a period of rainfall that oc-
curred on 14 Sept. 1979. The ambient and sensor surface temperatures were
very similar, the relative humidity was 100 percent during most of the period,
and the potential recorded by the Zn/Au cell was steady at about 0.8 V and
that by the Cu/Au cell was initially about 0.05 V and tended to decrease with
the time-of-wetness, a characteristic of this type of cell. The increase in volt-
age is more rapid than the decay at the termination of rain because of the
persistence of surface moisture.

Figure 5, showing a typical record of snowfall, has some similarity to Fig.
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4 for rainfall in having essentially equal ambient and surface temperatures.
The ambient relative humidity was about 90 percent, but the surface relative
humidity was assumed to be 100 percent because snow lay on its surface,
probably creating a local condition of saturation under the snow cover.
When the temperature rose, the snow melted and surface relative humidity
was definitely 100 percent. The potentials on both Zn/Au and Cu/Au cells
reached initially high values and remained fairly steady, in agreement with
the assumed condition of saturation, although there was again a tendency
for potential from Cu/Au cells to decrease.

Figure 6 is a typical record for a period of dew formation when the am-
bient temperature was falling slowly and the surface temperature continu-
ously about 2 deg lower, in contrast with conditions during rainfall or snow-
fall. Consequently, the surface relative humidity was 100 percent, while the
ambient relative humidity varied between 90 and 97.5 percent. Under these
conditions the surface temperature is below the dew-point temperature and
water vapor condenses on the surface. This represents a nonequilibrium
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state. Under these conditions the potential generated by the Zn/Au cell was
fairly steady at about 0.8 V. The Cu/Au cell reached a high value of 0.085 V
at the beginning but decreased with time to 0.04 V. In the period of dew for-
mation a potential was recorded during most of the interval.

The results obtained for a period of hoarfrost formation are similar to
those for dew formation, as shown in Fig. 7. The surface temperature was
generally 2 deg C lower than the ambient temperature, but the ambient
temperature decreased from —10 to —18°C. Under these conditions the rela-
tive humidity at the surface reaches 100 percent and water condenses (as
hoarfrost), although the ambient relative humidity is in the range of 85to 95
percent. During this interval, the potential recorded by the Zn/Au cell rose
rapidly to a value of 0.45 V, decreasing to a value of 0.1 Vin 14 h, and the
Cu/Au cell recorded initially 0.095 V, decreasing to 0.025 in the same period.
Under these conditions the Cu/Au cell started at nearly its highest possible
potential (roughly one tenth of that produced by the Zn/Au cell). This is in
contrast with what appears to happen at temperatures above freezing when
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dew is forming and the Zn/Au cell is relatively more sensitive (Fig. 6). This,
however, has no significant effect on the measured time-of-wetness, as will
be shown.

The results in Fig. 7 and those shown in Table 1 confirm that both Zn/Au
and Cu/Au cells will develop a potential whether their temperature is above
or below freezing, that is, 0°C. In Table 1 it is evident that for the winter
months in Ottawa over 80 percent of the time-of-wetness occurred at
temperatures below 0°C. For the month of February 1979 about 5 percent of
the recorded time-of-wetness occurred at or below a temperature of ~30°C.
These observations confirm earlier findings [15] that films of water or solu-
tion on the surface do not freeze as bulk water does, but continue to serve as
an electrolyte for the galvanic cell.

In general, the surface temperature is lower than the ambient temperature
for an average of 83 percent of the time, but for plastic panels this value is 95
percent (Table 1). The temperature of the surface of metal panels was 2 to 4
deg C lower than the ambient temperature for an average of 13.2 percent of
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TABLE 2—Frequency distribution of levels of potential for individual sensors, July 1979,

Ottawa, Ont.
Zn/Au Sensors Cu/Au Sensors
Designation 0.1V 0.2V Designation 0.01V 0.02V
B4-1 18.64° 17.76 CA-1 21.86 20.66
B4-4 21.03 19.99 CA-2 21.40 20.47
B4-11 20.10 18.98 CN-2 22.25 20.42
B4-24 19.76 19.14 C C .
Avg 19.88 18.97 Avg 21.84 20.52

“Percent time when a given potential in volts is exceeded.

the time. The temperature of the surface of the plastic panels was 4 to 6 deg
C lower than ambient temperature for an average of 5.0 percent of the time.

Although there were variations in the time-of-wetness for any one month,
as recorded by a single Cu/Au or Zn/Au cell on metal, the annual time-of-
wetness for the period August 1978 to August 1979 was 21.92 percent for the
Cu/Au sensor and 21.89 percent for the Zn/Au sensor. For the same period,
the Cu/Au sensor on plastic gave a value of 28.93 percent. To illustrate the

TABLE 3—Monthly frequency distribution of levels of potential, using average values from
3 or 4 sensors (percent time when a given potential is exceeded).

Zn/Au Sensors Cu/Au Sensors
Month 0.1V 0.2V 0.01V 0.02V
1978
Aug. 19.07 18.12 19.50 18.25
Sept. 29.82 29.13 27.63 26.12
Oct. 20.81 19.84 20.43 18.41
Nov. 13.82 13.15 15.96 13.70
Dec. 35.60 23.06 19.77 13.96
1979
Jan. 25.12 18.27 21.05 14.36
Feb. 15.77 13.77 21.95 17.52
March 20.85 19.27 29.20 25.64
April 20.92 20.11 22.47 20.57
May 25.39 24.79 23.70 22.75
June 22.38 21.75 23.28 21.99
July 19.88 18.97 21.84 20.52
Aug. 2891 27.91 30.16 28.97
Sept. 25.56 24.86 26.32 25.16
Oct. 38.27 35.06 35.80 32.58
Nov. 33.60 31.00 34.16 26.17
Dec. 28.33 25.73 25.94 19.56

Avg 24.94 22.63 24.65 21.54
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reproducibility of individual sensors, data are presented from four sensors
using Zn/Au cells and three sensors using Cu/Au cells (Table 2). The varia-
tion between sensors was not large, and good agreement was obtained be-
tween the two sets even on a monthly basis.

Table 3 lists the average monthly values (as percent time a given potential
level is exceeded) from three or four sensors. These results show that poten-
tial levels of 0.1 or 0.2 V for Zn/Au cells and 0.01 or 0.02 V for Cu/Au cells
can be used to indicate the time-of-wetness with an agreement of better than
10 percent. The variation between the two types of cells at 0.1 and 0.01 V or
0.2 and 0.02 V is between 1 and 5 percent for a period of 17 months.

Distribution of Ambient Relative Humidity, Potentials Measured by Moisture
Sensors, and Resulting Correlation

The current program was designed to determine whether a simple relation
exists between the potential generated by the sensors and ambient relative
humidity. This assumes that the surface temperature is not too different
from the ambient temperature, and that a certain pseudo-equilibrium exists
between ambient and surface conditions. These assumptions are based on
previous work in which it was observed that the percent time during which
the potential from a platinum foil on zinc plate sensor exceeded 0.2 V cor-
responded to percent time during which the ambient relative humidity was
above a critical value depending on site (in the range of 80 to 89 percent)
[3-16].

Some results obtained from exposure sites in Ottawa, Ont., Thousand
Oaks, Calif., and Cleveland, Ohio, as part of the round-robin test, are pre-
sented in Figs. 8 to 12. Each figure comprises three graphs coordinated to
show the distribution of ambient relative humidity, distribution of measured
potential, and the resulting correlation of potential with relative humidity.
Figures 8 and 9 include data for both Zn/Au and Cu/Au cells. The charac-
teristic distribution curves for potential are somewhat different for condi-
tions above freezing (Fig. 8 for July) and conditions below freezing (Fig. 9
for January). These curves are also different for sensors mounted on plastic
panels and metal panels.

The correlation curves for potential versus relative humidity are different
for each month and for each type of panel. Attempts to obtain a single rela-
tion were not successful. The records from Thousand Oaks, Calif., for June
and August (Fig. 10) and for October, November, and December (Fig. 11)
and those from Cleveland, Ohio, for January, April, and June (Fig. 12) dem-
onstrate how the monthly changes in ambient relative humidity conditions
influence the distribution of potential generated by the Zn/Au sensor
mounted on metal panels. These are major changes that greatly influence the
apparent correlation of potential versus relative humidity. In Cleveland the
sensor indicated a potential for the month of June at an ambient relative
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humidity below 70 percent, whereas in January it indicated a potential only
when the ambient relative humidity was over 95 percent (Fig. 12). A similar
result was obtained for November in Thousand Oaks, Calif. (Fig. 11).
The explanation of these results can be found in the distribution of relative
humidity for each month. In January in Cleveland the relative humidity was
above 97 percent for 40 percent of the time, and in November in Thousand
Oaks it was above 95 percent for 30 percent of the time. Under such condi-
tions the surface temperature would be nearly the same as the ambient, as
shown in Figs. 4 and 5. Atmospheric conditions for the month of June in
Cleveland dictated that the ambient relative humidity was above 80 percent
only 5 percent of the time, as may be seen in Fig. 12. Under such dry condi-
tions it is expected that most of the potential recorded represented periods of
dew formation (Fig. 6), when the surface temperature is lower than ambient
by as much as 2 deg (this is often below the dew-point), representing non-
equilibrium conditions resulting in condensation. Thus a potential was re-
corded although the ambient relative humidity was below 70 percent. The
two correlations of potential versus relative humidity for the months of Jan-
uary and June in Cleveland represent the two extreme atmospheric condi-
tions encountered in this program. Otherwise, the conditions were inter-
mediate, with a mixture of periods of high ambient humidity (for example,
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during rainfall) and conditions of surface condensation during lower levels
of ambient relative humidity owing to surface temperatures lower than am-
bient temperatures.

Surface Temperature of Base Panel and That of Sensor

It is clear that surface temperature relative to ambient is a very important
parameter in determining time-of-wetness. Temperature differences between
sensor and base are given in Table 4. The temperature of the sensor was, on
the average, higher by 0 to 0.5 deg C for 13 percent of the time on a metal
base and lower by 0 to 0.5 deg C about 84 percent of the time. For this rea-
son, condensation usually occurs first on the sensor. The temperatures plot-
ted in Figs. 4 to 7 are those for the sensor since they are more directly related
to the recorded time-of-wetness. This could not be done for all the data given
in Table 1 because the thermocouples were installed on the sensors only dur-
ing the latter part of the program.

When a sensor was mounted on a plastic base, the sensor temperature was
lower by 0 to 0.5 deg C with respect to the temperature of the base for 57
percent of the time and higher for 43 percent of the time. This was so because
the thermal characteristics of the sensor are similar to those of the plastic
base on which it was mounted, and the net gain or loss of heat for the system
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was nearly equal. This is in contrast with the case where the sensor is
mounted on a metal plate, as discussed earlier. It is desirable that the sensor
not disturb the thermal regime of the surface, an objective that can be ap-
proached when the sensor is very thin. New sensors are now made only 0.1
mm thick and should respond quickly to surface temperature changes, de-
creasing to a minimum any temperature difference between sensor and base.

Conclusions

1. New miniature sensors provide a reasonable indication of surface wet-
ness; sensors using Zn/Au and those using Cu/Au cells are equally effective.

2. Temperature of an exposed surface may be different from that of air; if
it is lower, condensation can occur when the relative humidity of the air is
not at saturation. The temperature difference depends on the character of
the surface and the weather conditions.

3. The time-of-wetness of a surface will vary not only from one locality to
another and from one month or year to another, but also with type, size and
orientation of specimen exposed to a given atmosphere.

4. When sensors are used to indicate surface conditions, they must be
small and thin to minimize temperature difference.

5. There is no unique relation between the potential developed by these
sensors and ambient relative humidity.
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DISCUSSION

S. C. Byrne' (written discussion)—The time-of-wetness gage should be
drastically affected by hydroscopic or other properties of corrosion products
which, in turn, should be affected by atmospheric composition. Has any
work been planned to further define the role of atmospheric composition in
determining time-of-wetness?

P. J. Sereda (authors’ closure)—The time-of-wetness, as defined by a min-
imum level of potential (representing the current generated by the galvanic
cell) is affected by surface contaminants resulting from deposition of atmos-
pheric pollutants on the sensor. However, the surfaces where corrosion is
being monitored are also exposed to the same contaminants, which, in turn,
affect the deposition of films of moisture to foster the process of corrosion.
Work is needed to measure the microenvironment at corroding surfaces.

F. Mansfeld* (written discussion)—1. The difference in the response of your
sensor and our ACMs could be related to the different sensitivity of the de-
vice. You measure the voltage drop across a very large resistor which is due
to galvanic current flow. However, this voltage drop separates the two elec-
trodes and you cannot measure the maximum galvanic current which one
would measure with a zero resistance ammeter.

2. Another reason for different sensitivity is that the gold electrode in your
sensor does not form corrosion products which would condense moisture
and lead to current flow. The zinc electrode could be wet, while the noble
electrode (Pt/Au) is still dry.

3. Despite the fact that different designs of time-of-wetness i sensors
measure different tw-values at a given test site, do you think that one could
use a sensor of constant design to compare different test sites?

P. J. Sereda (authors’ closure)—1. The statement is true, but what is signif-
icant is to have adequate sensitivity to detect films of moisture which corre-
spond to or foster practical rates of corrosion.

2. This paper presents results showing that sensors detect condensing
films of water because the surface temperature is often below the ambient
and at or below the dew point. Under these conditions, corrosion products
are not required to condense water on any surface. Furthermore, it is not the
corrosion products only, but more likely the deposited contaminants from
the atmosphere (ions of CI”, SO, etc.) deposited on all surfaces which would
depress the vapor pressure of water and form solutions below 100 percent
relative humidity that contribute to galvanic current, and are detected as the
time-of-wetness.

! Alcoa Laboratories, Alcoa Center, Pa.
2 Rockwell International Science Center, Thousand Oaks, Calif.
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3. Conclusions 3 and § of the text are an answer to this question. Whatever
sensor is used, provided it is small enough to respond to ambient temperature
changes in the same way as a given specimen surface, it will give different
values for the time-of-wetness for different type, size, and orientation of
specimens exposed to a given atmosphere. In other words, there is not a unique
value of the time-of-wetness for a given site; thus comparison of the time-
of-wetness of different sites is valid only for identical specimens exposed in
the same way at the different sites. Recent work by our institute has shown
that two identical plastic specimens exposed side by side, one oriented verti-
cally and the other horizontally, recorded the time-of-wetness (using our min-
iature sensors described in the paper) in the ratio of 1:1.7.
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ABSTRACT: Analytical and statistical analyses of data obtained from a contracted
exposure study performed by Rockwell International in St. Louis, Mo. reveal that many
microclimate differences can account for observed differences in corrosion behavior
within a geographic region. Data from Mansfeld’s Atmospheric Corrosion Monitors
(ACM'’s) were evaluated with data from the Regional Air Monitoring System (RAMS).
Relative humidity, temperature, wind speed, and levels of total sulfur gases such as
sulfur dioxide and oxides of nitrogen were found to be statistically significant variables.
Problems of covariance were avoided by partitioning the large data set into subsets.

Relative humidity was found to be the most important but least accurate variable.
Because it is seldom measured at exposure sites, an equation was developed to relate
site-to-site relative humidity differences to temperature differences. With average rela-
tive humidity and another empirical equation, time-of-wetness can be estimated. The
results are in good agreement with time-of-wetness from the ACM’s.

KEY WORDS: atmospheric corrosion, climate, pollution, measurement, statistical
analysis, zinc, steel, wind speed, temperature, relative humidity, time-of-wetness, sulfur
dioxide, nitrogen oxide

In 1974 the Environmental Protection Agency (EPA), through Rockwell
International as a prime contractor, established a Regional Air Monitoring
System (RAMS) to develop and validate regional air quality simulation
models. This 25-station network in the St. Louis, Mo. area was one of the
most sophisticated of its type. Data from continuous gaseous air pollution
monitors and meteorological sensors were recorded in a central computer.
Considerable effort was devoted to assuring the quality of the data [/].2

Other types of studies were done in the St. Louis area to take advantage of
this unique system. Among them was a study of the effects of pollutants on
materials {2]. Materials were exposed for periods of from 3 to 30 months
and were evaluated for cumulative damage after exposure. The establishment

! Rockwell International Science Center, Creve Coeur, Mo.
2 The italic numbers in brackets refer to the list of references appended to this paper.
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of relationships between damage and environmental conditions was limited
to multiple regression of the damage values with long-term averages of the
RAMS data [2].

Although long-term averages of collected data have a much higher proba-
bility of being closer to a true mean than do individual values or short-term
averages, there are disadvantages in using them to analyze for functional re-
lationships. There can be bias in validation procedures that preclude certain
types of suspect data. More important, the number and range of values are
drastically reduced.

In 1976, continuous Atmospheric Corrosion Monitors (ACM’s) were
placed at four sites and the data from these devices were continuously re-
corded in the central computer. These monitors were galvanic cells of copper/
zinc and copper/steel as described by Mansfeld [ 3]. The output from the in-
strumentation to the computer was a voltage proportional to the logarithm
of the measured cell current. For the fall of 1976, a period when the RAMS
data were considered to be most valid, a data tape of hourly averages of the
ACM outputs was created. These values are proportional to the geometric
mean of the cell current. Hourly averages of the continuously monitored
RAMS data that have been subjected to several stages of validation are on
file. Combining these data creates a file of over 2000 sets having a much wider
range of values than do long-term averages.

This paper analyzes this set of data to associate corrosion behavior with
observed microclimate differences at the four sites and the changes in micro-
climates with time.

Validation and Treatment of Data Types

Multiple-regression analysis techniques are based on the assumptions that
“independent” variables are fixed and not covariant. In essence, the values
upon which the dependent variables are regressed are assumed to be error-free
and not related to each other. In the real world of meteorological and pollu-
tion data, neither of these assumptions is true. Thus, it is prudent to analyze
each data type independently to determine the relative magnitude and causes
of error, then analyze for covariance before multiple-regression analysis is
performed. Also, the recorded data for each type need to be converted to units
that make scientific as well as mathematical sense in a statistical relationship.

There are three basic types of data in this set: (1) ACM response, (2) me-
teorological data, and (3) gaseous pollution data. Each of these types will be
discussed separately.

ACM Response

ACM'’s consisting of galvanic cells of alternating plates of copper and zinc
separated by sheets of plastic insulators were exposed to the atmosphere at
Sites 103 and 106 within the urban area of St. Louis. When an electrolyte
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bridges the exposed plate edges, the galvanic potential between the copper
and zinc creates a current. The amount of current is a function of the amount
and type of electrolyte on the surface, as well as other factors.

Similar ACM’s of copper and steel were exposed at Sites 112 and 122. Site
112 is within the beltline of St. Louis but up prevailing wind from the center
of the city. Site 122 is approximately 40 km north of center city.

The instrumentation at each site was such that a logarithmic conversion of
the current produced a 1-V change in output for each decade change in cur-
rent. With a positive 2-V offset to prevent the recording of negative numbers,
the output of the instrumentation at uA current was 2 V (Fig. 1).

Figure 1 shows histograms of the recorded data for the four sites. At each
site there appears to be a bimodal distribution of values: one large mode at the
low end for a dry surface, and the other small one at the high end for a com-
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FIG. 1—Distributions of Atmospheric Corrosion Monitor response at four sites. (One volt equals
one decade of galvanic current—from 0.01 pA to 100 pA for 4 V.)
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pletely wet surface. The current measured when the surface of the ACM is
dry is due to the background current of the ACM amplifiers. The current at
the high end is the result of galvanic corrosion. In between the two modes,
the current measures corrosion related to the moisture on the ACM surface.

The background current has a much higher value at Site 112 than for the
other three sites. The values of the upper modes that are associated with cor-
rosion are more comparable between sites and types of ACM’s. Because cor-
rosion is the parameter to be studied, the background current must be sub-
tracted from the total current to get corrosion currents.

The most obvious response of the ACM’s is to changes in relative humidity.
When the ambient relative humidity is low and not changing, the measured
current should be the background current. The mass and geometry of the
ACM’s are such that the response may lead or lag ambient changes. For ex-
ample, moisture collected on the surface takes time to evaporate after there
has been a lowering of the ambient relative humidity. It is, thus, possible to
have the surface wet with a corrosion current being generated at the same
time that the ambient relative humidity is relatively low. In addition, as will
be discussed later, the determination of relative humidity is subject to con-
siderable error.

Three different techniques were used to calculate background current: (1)
average of values around the lower mode, (2) average of values occurring at
relative humidities below 40 percent, and (3) the zero intercept of a linear re-
gression of current on relative humidities below S0 percent. A conversion of
these data to equivalent corrosion rates for zinc and steel was made using the
following factors: (1) exposed areas of zinc and steel, respectively, of 4.3 and
3.5 cm?, and (2) respective conversion factors (from electrochemical equiva-
lence) of 14.96 and 11.62 um/year for each uA/cm® measured on zinc and
steel. The converted results are presented in Table 1.

With the exception of Site 112, all of the values are small and relatively
consistent. Even Site 112 is small when compared with upper-mode values.

The regression intercepts were taken as background.current to calculate a
baseline for zero corrosion. The measured current above these values was
converted to corrosion rates for each hour at each site. In Table 2, averages
of these data for the entire exposure period are compared with corrosion rates
calculated from weight loss data for weathering steel and galvanized steel

TABLE 1—Background current as corrosion rate, um/year.

Site Mode Avg Avg Below 40 RH RH Regression Intercept
103 0.073 0.077 0.056
106 0.087 0.097 0.080
112 1.084 1.403 1.518

122 0.082 0.082 0.051
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TABLE 2—Comparison of calculated corrosion rates.

Corrosion Rates, um/year

Weight Loss
Site Metal ACM Mean Standard Deviation
103 zinc 2.146 0.655 0.028
106 zinc 3.236 0.738 0.014
112 steel 10.992 3.607 0.541
122 steel 5.221 7.852 0.767

over the same period [2]. These values are consistent considering the differ-
ences between materials and geometry of specimens.

ACM response has been used to estimate time-of-wetness. Because the re-
sponse is a continuum of values between two modes rather than two values,
time-of-wetness must be defined with respect to some value in between the
two modes. The surface is considered wet when the selected value is exceeded.
The value should be high enough so as not to be influenced by error in the
background or leakage current, yet low enough to account for most of the
corrosion. Table 3 shows how percentages of corrosion and time above a
stated value of corrosion rate vary with that value for the four sites. At Site
103, for example, 91.1 percent of the corrosion occurs when the corrosion
rate exceeds 0.5 um/year. That corrosion rate is exceeded only 23.5 percent
of the time. Below a corrosion rate of 1.5 um/year the percentage of time in-
creases disproportional to the increases in percentages of corrosion. This is
an indication of the distribution of values around the background current
mode. Above a corrosion rate of 1.5 um/year, values are not appreciably af-
fected by variations in background current and the ACM’s are considered to
be wet. Based on regressions of data in Table 3, best estimates of the percent-
age of time the surfaces of the ACM’s were wet are presented in Table 4.

These data in Table 4 show that not only is the difference between steel and
zinc ACM’s highly significant, but also that the differences between sites are
statistically significant. These results are indicative of environmental differ-
ences_and differences in hygroscopicity of corrosion products on the surfaces
formed at different test sites.

Meteorological Data

Of several types of meteorological data recorded at each site, three are be-
lieved to significantly affect the corrosion rate at any given time. These three
are (1) wind speed, (2) temperature, and (3) dew point.

Wind Speed—Wind speed was measured at the top of 30-m towers at each
of the four sites. The materials including the ACM’s were exposed at approx-
imately 3 m from the ground. The flux of reactants to the ACM surface is
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TABLE 4—Percent of time when wet.

Site ACM Best Estimate Standard Deviation
103 cu/zn 18.42 0.29
106 cu/zn 20.69 0.40
112 cu/steel 28.21 0.54
122 cu/steel 25.33 0.61

controlled by turbulent diffusion. The magnitude of eddy diffusion is related
to the wind shear at the ACM surface. The wind shear at the ACM is a func-
tion of the wind speed at the level of the ACM, which in turn is a function of
the wind speed at 30 m.

From theoretical considerations [4] it is assumed that wind velocity varia-
tion with height from the ground and distance from the ACM obeys the
relationship

1
+ . __l +
v 38+3.6 nS (1)
where
*
vi=—and $* = )
* v
and

v = wind velocity,
v* = “friction velocity” = \/7/p,
S = height,
v = kinematic viscosity,
7 = shear, and
p = density.

Based on an analogy between mass and momentum transfer in turbulent
flow [5], the deposition velocity may be expressed as

v*’

u=-— 2
U

where

u = deposition velocity,
v = wind speed near ACM, and
v* = friction velocity near ACM.

With Eq 1, the wind velocity at a height of 30 m, and a kinematic viscosity
for air of 0.15 cm?/s, the friction velocity can be determined and subsequently
the wind speed near the ACM. Assuming a distance of 10 cm from the ACM,
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the friction velocity near the specimen and the deposition velocity can be
calculated.

The form of the equation requires a trial-and-error solution. This was done
for a range of wind speed values and the results were fitted to the following
empirical equation

u = 0.3025 [v — 0.18750°%275 07 -

where u is the deposition velocity in centimetres per second and v the wind
speed at a height of 30 m in metres per second. Deposition velocity () is pos-
sibly an important factor affecting corrosion rate because pollutant flux is
equal to the deposition velocity times the pollutant concentration.

Calculated values of # using Eq 3 and the RAMS data for wind speed
range between 0.12 and 1.4 cm/s with most values between 0.3 and 1.0 cm/s.
The averages of deposition velocity ranged from 0.504 cm/s at Site 122 to
0.787 cm/s at Site 103. These theoretically calculated values are consistent
with experimentally determined values for gaseous pollutants [6].

Temperature—The ambient temperature data were most likely the most
reliable of any of the measured variables. The instrumentation accuracy was
£0.05 deg C and, based on comparisons of the number of missing hourly aver-
ages after validation, the temperature instruments were the most reliable of
all the instruments used at the RAMS sites. The fraction of valid hourly av-
erages ranged from 0.9848 at Site 122 to 0.9995 at Site 103.

The data consist of minute averages of 120 half-second data readings.
These minute averages were transmitted to the central computer for valida-
tion, storage, and hourly averaging.

Temperature affects corrosion rate through changes in kinetics and through
changes in relative humidity which alter time-of-wetness. The effect on kinet-
ics is expected to have an Arrhenius behavior and for that reason the
temperature values were inverted using the relationship

1000

= 4
T+ 273.16 @

where E is desired temperature parameter and 7 the hourly average tempera-
ture in degrees Celsius. The logarithm of the corrosion rate is expected to be
linearly related to the negative of this parameter.

Dew Point—While the temperature data were the best of the RAMS data,
the dew-point data were probably the worst. The claimed accuracy of the in-
strument was +1 deg C. The instruments were very unreliable because of the
accumulation of contaminants and moisture on the mirror used to sense dew
formation. An attempt was made to eliminate this problem by drastically re-
ducing the operating and sampling time. The instruments were operated for
5 min out of each 1/2 h. Thus, hourly averages consist of no more than aver-
ages of two sets of 5-min averages.

The validation procedure, although conceptually sound, created a highly
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undesirable bias in the hourly averages. Data were rejected if the dew point
exceeded the temperature by more than 1 deg C. This behavior is most likely
to occur when the relative humidity is near its maximum. Thus, rejecting these
data unrealistically lowers the average dew point. The percent of hourly av-
erage data thus validated is 85, 87, 85, and 98, for Sites 103, 106, 112, and
122, respectively.

Relative humidity as a proxy for time-of-wetness is the most important
variable affecting atmospheric corrosion. In order to properly evaluate the
effects of any other variables, the effects of relative humidity must be
understood.

An empirical relationship for relative humidity as a function of tempera-
ture and dew point was obtained by curve-fitting table data [7]. The rela-
tionship is

RH = 100 e—[6.32(T—D)/(80+T)] (5)
where

RH = relative humidity,
T = temperature, °C, and
D = dew point, °C.

Over the range of values observed in this study, Eq 5 gives the relative hu-
midity within X1 percent, which is probably lost in the error caused by the
use of inaccurate dew-point data.

This equation and the hourly average data for temperature and dew point
were used to calculate hourly average relative humidity. If the dew point ex-
ceeded the temperature or data were missing, the relative humidity was as-
sumed to be 100 and flagged. For flagged relative humidities, the averages of
relative humidities at the other three sites were calculated. If the average was
equal to or greater than 85, the value was kept at 100. If the average was less
than 85, the average replaced the 100. This procedure (1) gives values for
missing data, (2) counteracts bias from the validation process, and (3) tends
to normalize the data. It probably creates a lot of hourly averages of 100
which actually are within the range of 95 to 100.

Figure 2 is a comparison of the results between sites and with data from the
National Weather Service Office at the St. Louis International Airport dur-
ing the same period of exposure. The airport data are single observations at
3-h intervals. The number of observations is multiplied by three for compari-
son. Also shown is the number of hours at RH = 100 percent.

The behavior below 60 percent is relatively consistent. With the exception
of Site 122 the hours at 100 percent are consistent. Site 122 had the least
missing data and the highest number of values within the range of 95 to 100
percent. Other variations from site to site may be real or caused by dew-point
error.

An analysis of variance of the relative humidity data showed that the vari-
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ables of site, day, and hour were all highly significant in increasing order.
This type of behavior is expected and tends to validate the data.

In estimating time-of-wetness it is useful to know the fraction of time that
some critical relative humidity is exceeded. Table S presents this type of data
for the four sites and the airport. Also given are linear regression coefficients
for each set of data.

These results and the percent-of-time-when-wet values from Table 4 can
be used to estimate critical relative humidities. The respective critical relative
humidities thus calculated for Sites 103, 106, 112, and 122, are 90, 91, 89, and
85. The overall best estimate of the standard deviation on each value is 0.8.
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TABLE 5— Percent of time stated relative humidity was equaled or exceeded.

Site
RH Airport 103 106 112 122
100 15.6 12.2 11.6 16.2 37
95 19.0 14.6 15.8 20.9 10.7
90 24.1 18.0 20.4 26.5 17.3
85 30.1 21.8 26.8 32,6 25.4
80 35.6 27.2 334 40.7 31.6

Intercept 116.86 + 5.05 85.72 +5.72 119.88 + 5.94 136.64 + 6.58 144.64 + 2.61
Siope ~102+0.06 —074+0.06 —1.09+0.07 —121+0.07 —141=%0.03

The only site that is significantly different from the others is Site 122. The
critical relative humidities for the copper/steel ACM’s at Sites 112 and 122
should be the same. This observed behavior and the significant difference in
the number of hours at 100 percent relative humidity indicate that the upper
end of the distribution at Site 122 is biased low.

The data in Tables 4 and 5§ have a common variable, which is the percent
of time a stated value is equaled or exceeded. Thus, any selected critical cor-
rosion rate can be related to a critical relative humidity. Linear regressions
were obtained for each site and comparisons were made for statistical differ-
ences. Sites 103, 106, and 112 were not statistically different but Site 122 was
different from the others. This is demonstrated in Fig. 3, which shows that
the 95 percent confidence limits on the true means of critical relative humidi-
ties mutually exclude the two re‘gression lines. It appears that calculated rela-
tive humidities in the critical range at Site 122 are biased low by more than 5
percent.

Over 99 percent of the variability in the relative humidity frequency distri-
butions for all sites shown in Fig. 2 can be explained by the empirical
relationship

_— 3
f=e 4.6[100-RHavg/RHavgl(RH/100] (6)

where f is the fraction of time that relative humidity equals or exceeds the
stated value and RHav; is the average relative humidity.

This equation can be used to estimate the fraction of time a surface is wet
if the critical relative humidity and the average relative humidity are known.
Conversely, the average relative humidity can be estimated if the fraction of
time when wet and critical relative humidity, as represented by RH in Eq 6,
are known. Table 6 is a comparison of values calculated from data in Table 4
assuming a critical relative humidity of 90 percent with average of calculated
data shown in Fig. 2.

Within the same air mass, one would expect the average relative humidity
to be inversely related to average temperature from site to site in a functional
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relationship similar to Eq 5. Some moisture may be gained or lost as the
temperature changes, so the change in dew point will not be as large as the
temperature change. Thus, the change in the temperature/dew-point spread
will only be a fraction of the temperature difference.

Based on the airport average values of relative humidity (68.38), tempera-
ture (9.52°C), and dew point (2.92°C), the constant in Eq 5 is —5.05 rather
than —6.32 as it is for the point-in-time relationship. As an approximation,
the change in the average temperature/dew-point difference from site to site
is assumed to be one third of the average temperature change from site to site.
The average temperatures at Sites 103, 106, 112, and 122 were, respectively,
10.45, 10.89, 10.67, and 8.31°C. These values, the airport data, and the fol-

TABLE 6—Comparison of average relative humidities using different methods.

Site From Dew-Point Data From Fraction of Time When Wet”
Airport 68.38 coe

103 65.38 66.47

106 68.78 68.04

112 71.76 72.60

122 67.65 70.95

? Assumed to be wet when corrosion rate of 1.5 um/year was exceeded.



298 ATMOSPHERIC CORROSION OF METALS

lowing expression derived from Eq 5 can be used to estimate average relative
humidities at each site

RH - RHoe——S.OS[BO—ZTo+3Do][T:—Tb]/3(80+7'.)(80+To) (7)
i
where
RH; = average relative humidity at site with missing dew-point data,
RHo = average relative humidity at site with dew-point data,

T; = average temperature at site with missing dew-point data,
To = average temperature at site with dew-point data, and
Dy = average dew point.

The average relative humidities thus estimated for Sites 103, 106, 112, and
122 are, respectively; 67.46, 67.04, 67.25, and 69.62. From Eq 6 the respective
fractions of time when wet are 0.198, 0.192, 0.195, and 0.231. With the excep-
tion of Site 112, these estimates are in good agreement with the data from
Table 4. The respective percentage errors are 7.7, 7.2, 30.9, and 8.8 with a
median of 7.7. This compares favorably with an average two-standard devia-
tions on the data in Table 4 of 3.9 percent.

Pollution Data

With the exception of Site 112, the following gaseous pollutants were con-
tinually measured and recorded: O;, NO, NO,, CO, CH,, SO, H;S, total
nitrogen oxides, total hydrocarbons, and total sulfur-containing gases. Site
112 did not measure SO; and H,S but did measure the others. All of the data
were expressed in parts per million. Details on instrument accuracy, calibra-
tion procedures, and data validation are given in Ref I

Among several validation procedures was a correction for data with values
below the lower detectable limit for each instrument. The measured value
was replaced by one half of the lower detectable limit. Values were quite often
in this range. This procedure excludes many values caused by low-side in-
strument error while keeping the high-side values, thus tending to bias long-
term low-level averages toward the high side.

From the results of previous experiments and theoretical considerations,
there is no reason to believe that hydrocarbons significantly affect corrosion
rate. With both hydrocarbons and oxides of nitrogen primarily emissions
from mobile sources, they are expected to be highly covariant. Other groups
of pollutants are covariant, for example, NO, NO;, and total oxides of nitro-
gen. Three of the pollutant measurements were selected for detailed analysis:
O3, total nitrogen oxides, and total sulfur. The last two can serve as proxies
for their related compounds.

The hourly average ppm-values for these gases were converted to micro-
grams per cubic metre (ug/m’) using the perfect gas law, assuming one at-
mosphere pressure and the average temperature during each measurement.
Total nitrogen oxides were expressed as nitrogen dioxide and total sulfur as
sulfur dioxide. '
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The lower detectable limit for each of these instruments was 0.005 ppm.
Many hourly average values were recorded as 0.0025 ppm, especially for
ozone and total sulfur. This converts to less than 10 ug/m*. When long-term
averages are around 30 pg/m’, however, these low-level values become a
significant part of the average.

The ACM’s can respond only to the pollutants that reach their surfaces.
For that reason pollutant flux should be a more important factor than pollu-
tant concentration. Each of the pollutant concentration values was multiplied
by the deposition velocity calculated from wind speed to give values for flux.
The resulting averages for the total exposure time are given in Table 7.

Both NO; and SO; can react with zinc to form soluble products. The flux
values in Table 7 can be multiplied by 0.0314 and 0.045 for NO; and SO,
stoichiometric reactions, respectively, to calculate equivalent zinc eorrosion
rates that can possibly be caused by these pollutants. For NO; at Sites 103
and 106 the rates are 2.25 and 2.53 um/year, respectively. Similarly for SO,
the respective values are 1.26 and 1.23 um/year. In total these corrosion
rates exceed the average corrosion rates calculated from weight loss data or
from the ACM responses. This suggests that not all of the pollutants that can
reach the zinc surface react to form a soluble product. The formation of a
sulfate is thermodynamically favored over the formation of a nitrate. When
the SO; level is low and the NO; level high, however, the less-favored reaction
can occur.

For a subset of data where relative humidity was equal to or greater than
95 and the ACM’s corrosion rate was equal to or greater than 3 um/year
(surfaces most probably wet), the average flux of SO, was considerably lower
than for the total time. The total possible contribution of SO, was consider-
ably lower than for the total time. The total possible contribution of SO, and
NO; pollutants during the periods of wetness was 2.95 um/year for zinc.
This value is considerably smaller than the average corrosion rate of 13.83
pm/year that was measured with the ACM’s during the same periods. It is
possible, thus, that some of the pollutant that is absorbed during dry periods
reacts with the surface when it is wet.

Analysis of Relationships

The obvious relationship between ACM response and relative humidity is
evidenced by Fig. 4. Both the timing of peaks and their magnitudes are
shown to be related. This strong effect and the magnitude of error in the rela-
tive humidity make analysis for the possible effects of other variables diffi-
cult. The technique of multiple-regression analysis assumes that the inde-
pendent variables are fixed (error-free) and are independent of each other
(not covariant). Relative humidity was the least accurate of the “independent”
variables. Thus, its error can mask the possible effects of other variables.

The use of a correlation matrix can reveal the problem of covariance be-
tween “‘independent” variables. A matrix for data at the four sites is given in
Table 8.
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FIG. 4—Atmospheric Corrosion Monitor response at Site 106.

Only the temperature factor (£) and SO; concentration correlation coeffi-
cient were not included at this level of significance. As expected, relative hu-
midity is the variable most significantly correlated with the logarithm of cor-
rosion rate. It in turn is significantly correlated with all the other variables.
Multiple-regression analysis of such data can produce equations with statis-
tically significant coefficients. The magnitudes of those coefficients, however,
may have little relationship to cause and effect.

Table 9 gives the results of multiple-regression analysis of zinc and steel
ACM sets of data.

TABLE 8—Correlation matrix of variables for four sites.

Correlation Coefficients for Variable Pairs Which Exceed 0.999

Variable Probability of Significance
RH E u SO, NO; 0,
LnC 0.72 0.07 —0.21 ~0.10 0.12 —0.23
RH N 0.36 —0.20 ~0.06 0.16 —0.36
E RN .. —0.12 N 0.07 —0.40
U RN R B ~0.10 —0.27 0.34
SO, Ce Ce RN R 0.08 —0.05
NO; —0.28

NoTe: C = corrosion rate, um/year; other terms defined in text.
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TABLE 9—Multiple-regression analysis results for logarithm of corrosion rate.

Independent
Variable RH E u-S0O; u-NO;  Constant
Zinc coefficient 0.1000 —5.460 —0.00150 0.00493. 9.9242
N =2974
standard
R? = 0.560 deviation 0.0017 0.323 0.00056 0.00051
F =943.7 F 3462.2 286.0 7.0 93.5
Steel coefficient 0.0951 —6.299 —0.01307 15.3703
N =2074
standard
R? = 0.606 deviation  0.0018 0.364 0.00203
F = 1061.8 F 2736.6 299.3 41.4

With the exception of the SO; flux, the signs for the coefficients are as ex-
pected. The negative covariance between relative humidity and SO concen-
tration may be causing the negatively significant coefficient for the SO flux.
The actual values for the coefficients for relative humidity and E are probably
higher than the foregoing results because of their counteracting nature and
their strong covariance.

When the surface of the ACM is completely wet, the ambient relative hu-
midity should have no effect on the corrosion rate. It was assumed that when
the corrosion rate was equal to or greater than 3.0 um/year and the ambient
relative humidity was equal to or greater than 95 percent, the surfaces should
be completely wet. Table 10 gives the correlation matrices and results:of
multiple-regression analysis of these subsets of data.

The signs for the temperature factor coefficients and the NO, flux are as
expected. The unexpected negative sign for the deposition velocity (u) effect
and the negative correlation between u and NO; for the zinc ACM data indi-
cate that the deposition velocity is acting as a proxy for the NO,. Comparing
the magnitudes of the temperature factor coefficients with those of Table 9
shows that for zinc the value is lower and for steel it is higher. It was expected
to be higher in both cases because the effect of relative humidity was not
present to counteract it.

The correlation between temperature factor and SO; in the case of the zinc
data could explain the observed lack of statistical significance for pollutants.
The temperature factor has a negative effect, which may be partially offset
by a positive SO, effect and a positive NO; effect. For the steel data the co-
variance between the temperature factor and NO; can reduce the magnitude
of both coefficients.

The data were further restricted to the range of temperature factors where
3.46 < E < 3.50 to see if the pollutant effects were significant. Corrosion rate
rather than the logarithm of the corrosion rate was taken as the dependent
variable. Even with this restriction there was still a strong correlation between
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the temperature factor and O; for the steel data, with a positive correlation
between Os; and SO,. This resulted in significant negative coefficients for SO,
and O; flux. Table 11 is a correlation matrix for the zinc ACM subset. The
zinc corrosion rate is significantly correlated with SO, and NO; concentra-
tions and fluxes. The coefficients for fluxes are higher than for concentrations.
The temperature factor correlates only with NO, concentration and not with
NO; flux.

Regression analysis results are given in Table 12. Both of the coefficients in
Table 12 are higher but not significantly different from coefficients predicted
from stoichiometric reactions: 0.045 for # - SO; and 0.0314 for u* NO,. This is
possibly caused by the absorption of some of the pollutants reaching the sur-
face when it is dry and then reacting when it is wet. Another possibility is
that the total concentration of these pollutants in the atmosphere was higher
than was measured by the instruments that measure only gases.

From Table 7, the average fluxes at the zinc ACM sites during the total
exposure

7.7 L8 61 450, and 76.2 < £ for 4-NOy)
s m s m

are considerably higher than the mean fluxes (Table 12) during the periods of
wetness and restricted range of temperatures. The pollutants don’t just dis-
appear during periods of high relative humidity. They are absorbed into
condensed moisture in the atmosphere as well as on surfaces. Some may be
catalyzed in solution to sulfuric and nitric acid. The pollutants, though still
in the atmosphere, can no longer be measured as a gas. The unmeasured pol-
lutants still can contribute to corrosion by being delivered to the surfaces by
the flux of moisture particles.

If it is assumed that the actual fluxes of pollutants during periods of wet-
ness were higher than measured by the ratio of the total time average to the
average during periods of wetness, the calculated damage coefficients are
lower: 0.052 for u+SO; and 0.054 for u+ NO:. These values are quite close to
the theoretically predicted coefficients for stoichiometric reactions.

While a previous study [5] provided evidence for the stoichiometric reac-

TABLE 11—Correlation matrix for zinc ACM’s within restricted temperature range when wet.

Correlation Coefficient®”/Numbeér of Sets

E u SOz NOz 03 u- SOz u- NOz u- 03
C R ... 0.18/98 0.28799 0.27/98 0.37
E ... ... 0.21/99
u . —0.46/97 R
u-NO, Ce —0.27/87

“Significant at 0.95 probability level; fluxes include u in term.
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TABLE 12—Regression analysis of zinc ACM subset of data.

Variable Constant u-SO, u*NO, N=T71
Mean um/year 10.6 f_"l_“_gs_ 60.3 i:_rll_u_g3
! s m s m 5
Coefficient 14.14 0.13 0.06 R* = 0.1766
Standard
deviation L. 10.076 10.02 F =17.936
F C. 3.2 12.3

tion of SO; with zinc, this is the first evidence for NO; in the atmosphere
reacting with zinc. Previous data sets were too small to partition into mean-
ingful-size subsets that eliminate covariance of “independent” variables.
Even with this large data set it was not possible to eliminate the covariance
between temperature and pollutants at the steel ASM sites. Thus, the coeffi-
cient for the temperature effect includes by proxy the effects of pollutants.

A technique of fixing the coefficients as determined in the absence of co-
variance, and calculating the coefficient for the remaining variable for data
sets where that variable was covariant with the others, was used to determine
an overall relationship for the zinc/copper ACM’s. This was a two-step proc-
ess involving increasingly larger data sets. First, a temperature factor coeffi-
cient and intercept were calculated on those data where the corrosion rate
equaled or exceeded 3 um/year and the relative humidity equaled or exceeded
95 percent. Second, a coefficient for the effect of relative humidity was calcu-
lated using the complete data set. It was assumed that the maximum amount
of corrosion occurs at 100 percent relative humidity and follows the func-
tional form

C=Cm e—B(lOQ‘RH)/RH (8)

where C is the corrosion rate and Cm the maximum corrosion rate (function
of temperature and pollution level). Based on the results of this technique
and stoichiometric reactions with pollutants, the best estimates of coefficients
produce the relationship

Co =[0.045 u-SO4 + 0.0314 u+NO; + "3+ 2UMRAL — (g)

where Co is the best estimate of the corrosion rate um/year for specific condi-
tions of pollutants, temperature, and relative humidity.

This equation can explain approximately 43 percent of the observed vari-
ability in the zinc corrosion response. Relative humidity accounts for 35.1
percent, temperature 6.6 percent, and the pollutants only 1.3 percent of the
total variability. The standard deviation on Co is 5.5 um/year. Because con-
ditions at the surface of the ACM lead or lag ambient conditions and the
ambient relative humidity values have considerable error, a much better fit is
not expected. For example, at average levels of pollutants and temperature,
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an error of § percent relative humidity can cause an error in Co of around
+2.8 um/year. At the higher observed temperatures the same error in rela-
tive humidity can cause a +7.9-um/year error in the estimated corrosion rate.

Coupling the zinc to copper accelerates the corrosion of the zinc. Only the
constant (17.133) in the temperature exponential term is involved in this ef-
fect. From the data in Tables 2 and 4 the constant for uncoupled zinc was
calculated to be 12.897. Thus, an equation for the instantaneus corrosion
rate of zinc as a function of pollutants, relative humidity, and temperature is

Co = [0.045 u+ SOz + 0.0314 u-NO;, + 74375} S HIMRIRE (10)

When the surface is fully wet at a temperature of 11°C and an NO; flux of 36
(ecm/s« ug/m®), the equation simplifies to

Co = 1.264 + 0.045 u- SO, (11

This equation is very close to the results of a regression of weight loss data
for small galvanized specimens exposed at the average conditions of 11°C
and 36 (cm/s - ug/m?) for NO, flux [5]

C:
P 2.32 4+ 0.049 u-SO; (12)

where C:; is the corrosion in micrometres and tw the time-of-wetness in years.

The covariance between the pollutants and the temperature factor makes
it impossible to calculate meaningful pollution coefficients for the steel/
copper ACM’s exposed at Sites 112 and 122. The temperature factor effect
includes by proxy the effects of the pollutants. The best estimate of a rela-
tionship for the steel ACM’s is

.585—8.778E—~6.89(100-RH)/RH
Cos = eaa 5. 9( ) ( 1 3)

TABLE 13—Mean and standard deviations of pollutant variables.®

Variable Units Mean Standard Deviation
Deposition Velocity u cm 0.5399 0.1968
S0, g 36.61 33.29

3
NO; e 61.44 121.53
‘m’
0s ug 44.01 38.25
‘m
u- S0, cm  pug 18.90 19.13
=. £
s m
u+-NO, cm pg 29.23 51.23
s m
u+0; om | pg 25.54 25.65
s m

“Based on 2074 sets of data from Sites 112 and 122.
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where Cos is the best estimate of the instantaneous corrosion rate for steel in
wm/year at particular values of E and relative humidity.

The constants 33.585 and —8.778 include the effects of pollutants as well
as temperature at these two sites. The equation is not applicable to other lo-
cations if the pollution levels are not similar. As a point of reference, Table 13
gives the means and standard deviations for the variables that could be af-
fecting the corrosion rate.

Summary and Conclusions

The Atmospheric Corrosion Monitors developed and used by Mansfeld
and co-workers can be used to indicate the magnitude of corrosivity as well
as time-of-wetness. The response of the ACM’s to changes in ambient condi-
tions, however, is affected by their geometry. Couples mounted on a very
thin substrate should respond faster to such changes. Over long averaging
times the errors caused by leads and lags in response will tend to compensate
each other and reduce the total error. Total time-of-wetness measured by this
device should be representative of the time-of-wetness on most metal surfaces.

A galvanic current equivalent to a corrosion rate equal to or greater than
1.5 wm/year appears to be a good criterion for assuming that the ACM surface
is wet. This value corresponds to a critical relative humidity of approxi-
mately 90 percent. From 88 to 99 percent of the corrosion measured at the
four sites occurred when values met this criterion.

Corrosion rates are strongly dependent on relative humidity; however,
relative humidity is one of the least accurate environmental measurements. It
is seldom measured where materials are exposed, yet microclimate differ-
ences can be significant between sites that are within a few hundred metres
from each other. Because temperature and relative humidity are related to
each other within the same air mass, an unknown relative humidity can be
estimated from temperature differences and a relative humidity at a different
site. With average relative humidity, time-of-wetness can be estimated.

In the real world, environmental factors are strongly covariant and subject
to error. The unquestioned use of multiple-regression analysis of such data
to explain corrosion behavior can be misleading. A large data set collected in
St. Louis allowed partitioning into subsets that eliminated covariance.
Through this process it was determined that the flux to the surface of total
oxides of nitrogen (expressed as NO;) as well as the flux to the surface of
total sulfur (as SO;) contributed significantly to the corrosion response of
zinc/copper ACM’s. This is the first time an NO; effect has been observed in
a field experiment.

Covariance of pollutant fluxes with temperature made it impossible to de-
lineate pollutant effects on the steel/zinc ACM’s. For both the zinc and the
steel ACM’s, temperature and relative humidity affected corrosion rate in
increasing order of significance. With relative humidity the most important



308 ATMOSPHERIC CORROSION OF METALS

factor, and being most in error, the empirical expressions relating corrosion
rate to environmental factors are as good as one can expect. The resuiting
expression for zinc corrosion agrees well with expressions derived from other
data.
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ABSTRACT: A brief discussion is given of recent efforts to use electrochemical tech-
niques for monitoring of atmospheric corrosion phenomena. Problems existing with
the interpretation of time-of-wetness measurements are identified, and the finding that
electrochemical sensors in their present design and application determine only fractions
of the true corrosion rate is discussed. In order to resolve some of these difficulties, a
statistically designed experiment is being carried out to evaluate the reproducibility of
electrochemical measurements of atmospheric corrosion phenomena and to determine
the effects of sensor design on time-of-wetness and cell efficiency. Results are presented
for the first phase of this project, in which 15 atmospheric corrosion monitors (ACM)
of the copper/steel and 15 ACM’s of the steel/steel type, have been fabricated with steel
and copper from three different heats. These ACM’s have been tested in triplicate runs
by exposure to aqueous 1-mM sodium chloride at a relative humidity of 45 percent until
the surface had dried out, followed by additional exposure to either a moist air envi-
ronment at three levels of relative humidity (65, 80 and 95 percent) or a sodium dioxide
(SO3) test at three levels of SOz = 0, 0.2, and 1.1 ppm. During each test, steel plates
from each heat were exposed to determine weight loss data. At present, only the drying-
out data have been analyzed by statistical methods. It has been found both from electro-
chemical and weight loss data that the heat of the steel plays an important role, with
one heat corroding at a higher rate than the other two which have equal corrosion
rates. No differences were found between the five sensors of one heat. Additional fac-
tors that influence the measurement are day-to-day variations of the environment in
the test chamber and to some extent the position of the ACM’s in the test chamber. By
comparing the electrochemical and weight loss data, a cell efficiency of about 20 percent
was found for copper/steel and about 7 percent for steel/steel. This low cell factor is
considered to be due mainly to local cell action on individual plates and to uncompen-
sated ohmic drop in the electrolyte.

The copper/steel and steel/steel ACM’s are being exposed on the Rockwell Interna-
tional Science Center roof for an aging period of three months, after which another
series of laboratory tests will be conducted.
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time-of-wetness, cell efficiency, weight loss data

Atmospheric corrosion behavior has traditionally been evaluated by
weight loss measurements in exposure tests over long time periods with the
purpose of comparing the corrosion resistance of different materials at-a
given test site or evaluating the relative corrosivity of different test sites, or
both. Electrochemical methods have found wider use only more recently in
studies designed to determine parameters such as the time-of-wetness, tw, or
instantaneous corrosion rates. For mechanistic studies of atmospheric cor-
rosion, electrochemical measurements are extremely important because they
provide continuous records of corrosion behavior which can be compared
with continuous records of air quality parameters taken at the same test site.
Using an appropriate model for the atmospheric corrosion process and sta-
tistical procedures, attempts can be made to establish correlations between
material properties and environmental factors that describe the observed
corrosion behavior. Electrochemical corrosion monitoring devices (ECMD’s)
used for these purposes include Sereda’s sensors for #w measurements [/],’
galvanic types such as copper/steel or copper/zinc as used by Kucera [2],
Voigt [3], Mansfeld [4-6], and others, and the two-electrode type which is
used with an applied electromotive force (emf) [2,7,8]. A review of the differ-
ent approaches and the results obtained with ECMD’s has been given else-
where [9]. Generally speaking, it can be stated that Sereda’s sensors can be
used for tw determinations only, and that there is only an arbitrary criterion
for determining when the sensor surface is wet. The galvanic sensors record
the corrosion rate of the anodic material (steel, zinc, etc.) in the couple since
for diffusion control of the cathodic process the measured galvanic current Iy
is equal to the corrosion current Ieore™ of the freely corroding anode [5]. De-
spite the fact that the dissolution rate of the anodic material is accelerated by
coupling to the cathode, the unique property of the galvanic current meas-
urements remains that

Iy = Lo 0))

The corrections which are normally necessary to convert the measured I
data into dissolution rates are not necessary, since one is interested only in
the corrosion rate of the anode material.

Two-electrode-type ECMD’s can be used on the basis of the polarization
resistance technique. A constant emf AE applied to two electrodes of the
same material causes a current flow, Al, which determines ZJeorr [10]

2B
Lory = — = I 2
AE Al = kA )

3 The italic numbers in brackets refer to the list of referencer ppended to this paper.
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where B depends on the Tafel slopes. It has to be considered that AE has to
be kept small enough to ensure that the basic assumptions of the Stern-Geary
method are met. In Kucera’s approach [2,7], where AE = 100 mV, Eq 2 does
not apply for calculation of Zeorr. The principal problem with the use of Eq 2
is that the Tafel slopes usually cannot be measured at the same time as Al
This introduces a certain error in the constant, k, as discussed elsewhere [10].
Additional errors can be introduced by experimental problems. An important
source of error is the occurrence of uncompensated ohmic drop due to low-
conductivity surface electrolytes, which reduces the value of AE “seen” by
the ECMD and causes a lower current flow A7 than corresponds to the ap-
plied AE.

While the application of electrochemical techniques to atmospheric corro-
sion studies in recent years has led to a better understanding of some basic
phenomena and has provided additional tools for corrosion monitoring and
control, a few problems with the use of ECMD’s have been noted recently
[7-9]. The present interpretation of ¢, measurements is unsatisfactory, since
no sound definition seems to exist on which #w can be based. As an example,
Fig. 1 shows ty data taken on the Rockwell International Science Center roof
over a 3-year period using copper/steel atmospheric corrosion monitors
(ACM’s). For most of the time, 1w was taken as the time for which.J; exceeded
the background current of the ACM amplifier (0.02 4A). Starting in June
1978, tw was redefined as the time for which fg = 0.05 uA (=0.01 pA/cm?) (1%
in Fig. 1). Also shown in Fig. 1 for the same location is the time t3 for which
relative humidity exceeded 80 percent. This is considered the “critical rela-

100

L S O T I A o o
SCIENCE CENTER ROOF Q

Q) tw
-ty

o ] t'w FOR Xg>0.05 KA

75

te tgo ()
3
1
~
t,» tao (HOURS PER DAY)

0
F M AM I I ASOND U FHANI JASONDJI FHANJI I ASOND
l 1976 ] 1977 [ 1978

FIG. 1—Time-of-wetness t. and time for RH = 80 percent (tso) for a 3-year period on the
Science Center roof.
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tive humidity” for steel. In most cases, tw > t30, which suggests that tw, in its
present definition, relates to a relative humidity value that is lower than 80
percent. The £y, data correspond more closely to #3 data except for June 1978.
Further discussion is necessary concerning the definition of #y. Since the cor-
rosion current can have wide fluctuations during the wetness periods, it might
be necessary to define ¢y as the time for which a certain corrosion rate, for
example, 1 um/year, is exceeded, which would correspond to about 0.09
pA/cm? for steel and 0.07 uA/cm? for zinc. This approach would reduce the
tw data in Fig. 1 considerably, but also illustrates that a problem exists at
present with the definition of #y.

The observations by Kucera [7] in outdoor exposure and by Mansfeld and
Tsai [8] in laboratory experiments, which have shown that ECMD’s measure
only fractions of the true corrosion rate of a metal under atmospheric corro-
sion conditions, suggest that a more serious problem exists. Table 1 gives the
data obtained by Mansfeld and Tsai, who carried out weight loss experiments
and electrochemical measurements with copper/steel and steel/steel ACM’s
under identical conditions [8]. Steel plates (5 by 5 cm) and ACM’s were cov-
ered with a 0.5-mm-thick layer of 0.01 N aqueous solution of sodium suifate
(Na,S0;) and allowed to dry at fixed relative humidities (RH). The weight
loss data have been converted into charge density data, Q@ (Cb/cm?), for
comparison with the integrated galvanic current data, Qg, for copper/steel
and the corresponding data for steel/steel sensors at AE = 30 mV (Qs0). For
the latter ACM'’s, it has been assumed that the cathodic reaction is under dif-
fusion control (b, — °) and that b, = 60 mV, which for AF = 30 mV leads
to k = 1.75 (Eq. 2). It can be seen that the electrochemical measurements
underestimate the corrosion loss since Q:/Qwr, < 1 (i = g or 30). However,
close agreement is found for the two types of sensors with average ratios,
Qz/QwrL = 0.20 and Q30/Qwr = 0.175, which can be considered to represent
the ACM efficiency or cell factor. Kucera [7] has reported similar values of
the cell factor from exposure tests in Sweden.

TABLE 1-—Comparison of weight loss and ACM data obtained
in 0.01-N NaSO4/air (Q in Cb/cm?).

Test
Condition OwL O O/ QWL’ O’ @30/ OwL
RH, % Steel
30 1.90 0.320 0.17 0.366 0.19
45 2.75 0.433 0.16 0.483 0.18
60 3.62 0.954 0.26 0.604 0.17
75 6.49 1.254 0.19 1.027 0.16
90 nd. 3.252 I 1.306

0.20 0.175

“For k = 1.75 (Eq 2).
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In order to evaluate in more detail the factors that determine the reproduc-
ibility of electrochemical corrosion sensors, the cell efficiency and the time-
of-wetness, a statistically designed experiment is being carried out. Prelimi-
nary results are reported in the following.

Experimental Approach

The purpose of the experiment is to evaluate whether electrochemical sen-
sors can provide statistically consistent measurements which can be correlated
with weight loss data. For this purpose sensors were fabricated from different
heats of the same material and tested under different conditions of humidity
and pollution. In this context it was not so important that test conditions
were chosen which duplicate exactly conditions in outdoor exposure as long
as all sensors were tested exactly in the same manner.

Fifteen ACM’s, each of the copper/steel and steel/steel types, have been
constructed as described earlier [4-6,8,9], using three different heats of 4130
steel and OFHC copper (for details see Table 2). In this way, for each type of
ACM there are three groups of five sensors, each prepared from identical
materials (same heats of steel and copper, respectively). In order to evaluate
the reproducibility of the electrochemical measurements, a test sequence has
been defined arbitrarily which includes the drying-out phase, the importance
of which has been demonstrated earlier [6,8,9], and variations of relative
humidity or sulfur dioxide (SO:) levels. The ACM surfaces were precondi-

TABLE 2—Materials used in fabrication of ACM's.

Group Steel Copper
B. Manufacturer/
supplier Jones & Laughlin Anaconda
Type E-4130A OFHC
Specification MIL-S-18729C
Heat 31994
Thickness (in.) 0.025 0.020
C. Manufacturer/
supplier Interlake MacKellar Materials Co.
(Mill No. 1)
Type E-4130A CDA Alloy 101
Specification MIL-S-18729C R
Heat B-1851
Thickness (in.) 0.025 0.020
D. Manufacturer/ )
supplier Interlake Citco, New Haven
Operations
Type E-4130A CDA Alloy 101
Specification MIL-S-18729C o
Heat B-2928
Thickness (in.) 0.025 0.020

NoTE: 1 in. = 25.4 mm.
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tioned after polishing by drying under a layer of 1-mM aqueous solution of
sodium chloride. This solution was chosen because it had been found in pre-
liminary experiments that ACM surfaces pretreated in this manner gave a re-
sponse to RH = 65 percent which was in a range which could be reliably
measured with the existing equipment. Weight loss specimens which were
pretreated in the same manner were exposed in each test for correlation with
the electrochemical data. Each test was repeated three times, starting with
freshly polished ACM’s. After this first round of testing, the 30 ACM’s were
placed on the Science Center roof for a 3-month period. After this time a
second round of tests will be carried out in order to evaluate the effects of
corrosion product formation and aging on the reproducibility of ACM data.
After another 6-month exposure period, the reproducibility of the ACM data
will be tested again. Some of the results obtained to date are discussed in the
following.

Preparation of ACM’s and Weight Loss Specimens

The ACM’s were wet-polished with 600-grit silicon carbide paper and
dried quickly under a nitrogen stream. This procedure has been found to
produce the least amount of organic contamination. The ACM’s were then
checked by measuring the electrical resistance between the two pairs of
plates. If the resistance was below 10 M), the surface was wiped with a clean
paper towel to remove metallic particles or the surface was repolished.

In order to obtain weight loss data for determination of the “cell factor”
and evaluation of the reproducibility of weight loss measurements, plates (5
by 5 cm) of 4130 steel were polished as described earlier and one side was
coated with Turco Mask. Two plates each of the three heats of steel are used

for each experiment, using the same pretreatment in 1-mM sodium chloride
(NaCl).

Measurement System

The electrochemical measurements are performed in a glass tube (1.2 m
long, 15 cm inside diameter) which is closed at both ends, under controlled
conditions of relative humidity and SO, concentration. The 15 ACM’s are
mounted on a support plate and connected to their individual amplifier sys-
tem, which is directly below the support plate. The ACM’s are arranged in
statistical distributions of heat (B, C, D) and sensor number (1-5). Figure 2
is a photograph of the ACM arrangement in the glass tube. At both ends of
the support plate, three weight loss specimens each were positioned. Wet air
is fed into the tube from both ends at a flow rate of 4 litres/min, using a plas-
tic tube that has holes drilled into it at intervals which were considered to
produce a uniform relative humidity distribution in the tube. The desired
relative humidity value and SO, concentration are produced in a mixing sys-
tem which has been described earlier [¢-6]. The air exits at both ends of the
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(a) (b)

“ @
FIG. 2—Experimental arrangement: (a,b) glass tube with ACM’s and weight loss specimens; (c)

gas mixing system and end plate of tube; (d) computer, multiprogrammer, function generator for
AE = 130 mV, and digital voltmeter.

tube and is fed into a test chamber for monitoring of the flow rate, relative
humidity, and SO, concentration.

After checking the performance of the 15 amplifier systems and the ACM’s
by applying a fixed voltage and measuring the corresponding current flow, a
0.5-mm layer of aqueous 1-mM NaCl was placed on the ACM’s and the
weight loss specimens. After checking the initial current flow, the support
plate was placed in the tube and both ends were closed. After setting relative
humidity to 45 percent, the run was started.

The details of the measuring process for ACM data are given in the Ap-
pendix. Current measurements were taken every 50 s. The galvanic current
for copper/steel cells or the current flow at +30-mV applied voltage for
steel/steel cells is recorded sequentially for each of the 15 cells (five times per
cell in a 5-s period) using a Hewlett-Packard (HP) multiprogrammer HP
6940B. Control and timing is provided by an HP computer 9825S on which
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the data are stored for futher processing and analysis. After each run, the
data are plotted using an HP plotter 9872B for a first evaluation followed by
integration for the different test intervals using a computer program written
for this purpose.

Test Sequence

Drying Tests—In all experiments, the ACM surfaces were conditioned by
drying under a layer of 1-mM NaCl to provide an identical corrosion prod-
uct layer for the subsequent relative humidity or SO; tests. Drying is carried
out in an ambient air atmosphere at RH = 45 percent and usually occurred
within 3 to 6 h. The current-time curve is measured continuously for all
ACM’s during this period. The run was usually started in the late afternoon.
The ACM’s and weight loss specimens were exposed in the tube at RH = 45
percent until the following morning. After drying, all amplifiers were rezeroed
and the next phase of the run was initiated.

Relative Humidity Tests—Following drying at RH = 45 percent, relative
humidity was increased to 65, 80 and 95 percent for 2 h each. A YS191 dew-
point hygrometer monitored the relative humidity of the air coming out of
the test tube to determine the actual relative humidity value in the tube dur-
ing the test. After this 6-h period, the experiment was terminated. Weight
loss data were measured for the steel plates and statistical analyses were per-
formed for the ACM data.

S0O;-Tests—Following drying at RH = 45 percent, relative humidity was
set to 95 percent for 2 h. After this time, 0.2-ppm SO, was added to the wet
air for 2 h followed by 2 h at 1.1-ppm SO,. These concentrations have been
measured at the outlet of the test tube, using a Meloy Labs Sulfur Gas Ana-
lyzer, since it was observed that a large amount of the SO, which was intro-
duced into the test tube was lost by reaction, adsorption, etc. After the 6-h
test, weight loss data were measured and statistical analyses performed for
the ACM data.

Experimental Results
Time Dependence of ACM Response

Typical.examples for the experimental results in the form of current-time
curves are shown for copper/steel and steel/steel drying at RH = 45 percent
(Figs. 3 and 4), exposed to increasing relative humidity (Figs. 5 and 6), or in-
creasing SO» concentration (Figs. 7 and 8).

The drying data for the four copper/steel ACM’s (Fig. 3) show a steady
increase of the galvanic current while the electrolyte layers become thinner.
This increase becomes more pronounced when the electrolyte is almost com-
pletely dried. A sharp drop to very low currents occurs during the final stages
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of evaporation, indicating that the corrosion reaction has stopped or become
very slow due to a lack of electrolyte. For the four ACM’s in Fig. 3, very
close agreement is found for the current-time traces. Drying occurred be-
tween 4.0 and 4.3 h. The maximum current, Imax, was between 300 and 350 uA.

The relative humidity at the output of the tube stayed very high, despite
setting the relative humidity control to 45 percent at a flow rate of 4 litres/min,
which is probably due to the relatively large amount of electrolyte (about 15
ml) on the ACM’s and weight loss specimens. For the example in Fig. 3, rela-
tive humidity reached a maximum of 88 percent after 2} h and was at 65 per-
cent after 6 h when, according to the electrochemical data, the ACM surfaces
were dry.

The current-time behavior during drying of the steel/steel ACM’s is
shown in Fig. 4. A potential of £30 mV was applied to the ACMs with polar-
ity reversal after 50 s, which leads to alternating negative and positive cur-
rents as shown in Fig. 4. In general, an increase of current with time was ob-
served and was more pronounced toward the end of the experiment. Close
agreement in the times at which the specimens dried is found for three of the
four ACM’s in Fig. 4 which represent the first four specimens on one end of
the support plate.

Relative humidity stayed close to 80 percent during the time that a current
flow was observed; it then decreased to about 65 percent and was still 63 per-
cent after 6 h. A steady value of RH = 45 percent was reached only after 14 h.

The response of four copper/steel ACMs, coated with the corrosion-
produced layer which was formed during the drying test, is shown in Fig. §
for the relative humidity sequence of 65-80-95 percent for 2 h each. When
relative humidity was increased from 45 to 65 percent, the current increased
immediately and then slowly decreased. When relative humidity was in-
creased again to 80 and to 95 percent, the ACM’s behaved similarly. The
spread of the current for the four ACM’s at the end of the test reached a fac-
tor close to two.

The relative humidity took about 1 h to reach the desired values. For all
three relative humidity levels, the final values were a few percent too low. It
is not entirely clear whether this result is real or an instrumental artifact.

The response of four steel/steel ACM’s to varying levels of relative humid-
ity is shown in Fig. 6. The current follows rapidly a relative humidity change.
It takes about 1/2 h at RH = 65 percent and 1 h at 80 and 95 percent until the
relative humidity at the output of the tube reaches the value that was set at
the flowmeter of the mixing system. As shown in Fig. 6, fairly large differ-
ences of the current between the ACM’s are observed.

As shown in Fig. 7 for copper/steel there was an initial increase of the cur-
rent when relative humidity was increased from 45 to 95 percent followed by
a slow decrease. When 0.2-ppm SO, was added to the wet air, this decrease
slowed down or stopped in most cases. The SO, concentration at the output
of the tube (Fig. 7) increased slowly and reached about 0.18 ppm at the end



324 ATMOSPHERIC CORROSION OF METALS

of 2 h. An increase to 1.1 ppm produced an immediate increase of the cur-
rent, showing that there is a definite effect of SO; at higher concentrations
(and high relative humidity) on corrosion of steel. The ambient SO, concen-
tration reached 1.09 ppm after 1 h and 1.13 ppm after 2 h. When the SO, was
turned off, an immediate decrease of the current was observed; however, in
most cases, the current measured when the SO, level returned to 0.2 ppm
again remained higher than after 4 h at the initial SO, level of 0.2 ppm.
The corresponding data for steel/steel ACM’s are given in Fig. 8, which
also shows the SO, concentration at the exit of the tube. In some cases, a
slight increase of the ACM current can be observed when the SO; concentra-
tion was increased to 0.2 ppm. A larger effect was observed for 1.1 ppm. It is
interesting to note that significant scatter occurred for most steel/steel
ACM’s at 1.1 ppm which was not observed at the lower SOz concentration.

Summary of Experimental Data

A detailed statistical analysis of the experimental data will be performed in
the final phases of this project. For the first evaluation of the results ob-
tained until now, a summary is given in the following figures which contain
the time, t4ry, at which the current dropped to very low values and the surface
was assumed to be dry, and the maximum current, Imax, recorded during the
experiment. For the relative humidity and SO tests, the current I, after each
2-h period is recorded. For the statistical analysis the tary data and the
amount of electricity Q flowing in each time segment wili be used.

An example of data obtained during drying of copper/steel is given in Fig.
9. The data are plotted for the 15 positions along the axis of the tube. It was
sometimes observed that the t4ry data were somewhat higher at the ends of

6 T T T T T T 600

Cu/STEEL Al2
DRYING OUT, RH = 45%
4 1y = 37 min

Lmax WA}

POSITION #

F1G. 9~Time to drying t4, and maximum current 1., for copper/steel.
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the tube, perhaps because the local humidity at these locations was higher
due to the presence of the weight loss specimens (see Fig. 2). These were cov-
ered with more electrolyte (1.3 ml/specimen) than the ACM’s (0.5 ml/ACM)
because of their larger area. The average tary was about 4 h. The Imax data
seem to show more scatter than the z4-y-values. The amplifier for the ACM at
Position 15 stopped functioning during the test, but was repaired before the
following relative humidity test.

A certain time elapses between application of the electrolyte and start of
the experiment when the ACM'’s are placed in the test tube and all connec-
tions are made. This time is designated as #, and has to be added to tary.

The corresponding results for steel/steel are given in Fig. 10, which con-
tains tary and the maximum values for I* and I” corresponding to the applied
voltage of 30 mV. The average value of tary was about 3.3 h. For the statis-
tical analysis, the average values Imax = 1/72(I* + |I'|) are used for each ACM.

Examples for the relative humidity tests are given in Fig. 11 (copper/steel)
and Fig. 12 (steel/steel). An increase from RH = 65 to 80 percent produced
only a small effect on I, because of the gradual decay of the current during
the 2-h test (Figs. 3 and 4). A much larger effect was observed when relative
humidity was set to 95 percent. These results confirm the earlier results [4-6]
which suggested an exponential increase of Iz with relative humidity. The re-
sults for the SO, tests are given in Fig. 13 (copper/steel) and Fig. 14
(steel/steel). Due to the tendency for a gradual current decay at RH =95
percent in the absence of SO,, which continues more or less at 0.2-ppm SO,,
most data points for 0.2 ppm are below those determined in the absence of
SO;. As discussed in the preceding, a much larger effect is observed for
1.1 ppm.

5 T T T T T T 100

STEEL/STEEL BI1
DRYING OUT, RH = 45%
to =27 min

tgey ()
Imax (WA}

1 1 1 L | | 1 20
4] 3 5 7 9 1" 13 15

POSITION #

FIG. 10—Time to drying ta, and maximum current l,..x for steel/steel.
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FIG. 11—Current at the end of each 2-h period at RH = 65, 80, and 95 percent (copper/steel).
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FIG. 12——Current at the end of each 2-h period at RH = 65, 80, and 95 percent (copper/steel).
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FIG. 13—Current at the end of each 2-h period at =0, 0.2, and 1.1-ppm SO, (copper/steel).
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FIG. 14—Current at the end of each 2-h period at =0, 0.2, and 1.1 ppm SO, (steel/steel).
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TABLE 3-—Average values of tary, Imax and Q for drying of
copper/steel ACM’s. (Asieat = 4.30 cm?).

Code tary, h Inax, pA Q, mCb
All 5.58 &+ 0.44 570 & 82 3798 £ 460
Al2 4.56 1+ 0.59 421 % 52 3015 1 298
Al4 4.64 + 0.49 305 & 46 2302 k- 264
AlS 4.19 £ 0.45 296 1 48 2422 1 341
All3 4.80 1 0.47 334 1+ 57 2606 X 167
All4 5.70 £ 0.42 337 1 34 3641 X 246
AllS 4.56 £ 0.31 308 4 S8 2333 & 294
Mean 4.97 367 2874

SD 0.48 98 627

\% 0.20 8354 336848

Discussion

Until now, integration of the current-time curves and statistical analysis of
these data in terms of the effects of heat, sensor, position, and time has been
done only for the drying data. A summary of the experimental data is given
in Tables 3-9, followed by the results of the statistical analysis.

In Tables 3 and 4, average values are given for t4ry, Imax, and Q for each set
of measurements with copper/steel (Table 3) and steel/steel (Table 4)
ACM’s, Also listed in these two tables are the mean (M), standard deviation
(SD) and variance (V) for all measurements carried out for copper/steel and
steel/steel ACM’s. The drying time, t4ry, is longer for copper/steel than for
steel/steel. This effect, which could be due to the larger amount of NaCl so-
lution on the larger surface area of the copper/steel ACM’s (Table 3, 4), is
being studied at present for ACM’s with varying numbers and thicknesses of
plates. The Q-values for steel/steel have to be multiplied by the k-factor in
Eq 2 in order to obtain the amount of electricity corresponding to the corro-
sion loss during the drying-out period.

TABLE 4—Average values of ta, and Q for drying of steel/steel ACM’S (Asieet = 2.15 em® X 2).

Code tary, h @, mCb
BIl 3.74 1 0.36 350 £ 60
BI2 3.39 + 0.31 294 + 64
BI3 3.17 £ 0.24 265 + 39
BII1 3.69 £ 0.29 327+ 42
BII2 3.44 1 0.29 273 86
BII3 3.40 £ 0.23 295 % 37
Mean 3.47 301

SD 0.21 32

\' 0.037 874
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TABLE 6—Average values of tay and Quvg for drying of steel/steel ACM's.

Heat B Heat C Heat D

Code fary, h 0, mCb tary, h Q, mCb fary, h 0, mCb

BII 3.50 = 0.45 395 +85 3.12+029 328+26 3.26+028 327 +27
BI2 3.00 * 0.46 322+95 2731025 279148 289+ 0.12 280 + 40
BI3 279 £ 0.17 298+ 34 264%017 255+13 2591+034 243143
BII1 346 % 0.16 365+ 38 3.05+027 293+22 3361030 303+26
BII2 3.18 £ 0.25 324 +£35 3211039 287146 3.12%+032 264+ 19
BII3 2.93 +0.20 321+36 274+022 272122 2941024 292 + 38

Mean 3.14 338 2.92 286 3.03 285
SD 0.29 36 0.24 25 0.28 30
v 0.07 1052 0.05 503 0.07 728

In Tables 5 and 6 the average values for each test have been listed again,
but have been calculated separately for each heat. Imax and Q are higher for
Heat B than for the other two heats which appear equal. The 7ary results, on
the other hand, are similar for all three heats. The weight loss data in Tables
7 and 8 are listed separately for the relative humidity and the SO, tests.
However, an analysis of the electrochemical data shows that by far the high-
est corrosion occurs in the preceding drying phase and, as can be seen from
the two tables, the weight loss data for the two tests are very similar. Heats C
and D behave very similarly, while Heat B corrodes at a higher rate. The rea-
son for this result is not known; however, it is an important result that the
small differences in corrosion rate were detected at a statistically significant
level.

A summary of the mean 74,y and charge density Q’ data for the three heats
of copper/steel and steel/steel ACM’s is given in Table 9. Although the data

TABLE 7—Weight loss data for 4130 steel, RH tests (Am in mg).

Code Heat B Heat C Heat D
All 25.3 24.0 23.0
39.7 25.2 26.5
Al2 29.3 29.8 27.6
23.7 23.3 25.7
Al4 37.0 26.2 24.4
41.0 20.8 29.4
BI1 29.9 26.7 18.2
24.7 23.8 25.6
BI2 37.2 28.8 25.8
22.8 26.7 28.3
BI3 28.2 18.9 23.9
Mean 30.6 25.0 25.3

SD 6.4 31 2.9
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TABLE 8—Weight loss data for 4130 steel, SO, tests (Am in mg).

Code Heat B Heat C Heat D
All3 344 24.1 28.1
39.9 31.4 30.7
All4 37.1 28.7 27.3
25.7 30.2 25.7
All5 37.2 25.3 26.6
33.8 24.7 26.3
BIl11 40.2 26.5 23.7
37.9 20.0 22.6
BI12 26.5 229 21.5
28.8 29.5 21.1
BI13 31.5 224 23.7
346 194 262
Mean 34.0 25.4 25.3
SD 4.9 3.9 28

are consistent between heats for t4ary, there is an indication that the electro-
lyte layer dries faster for steel/steel than for copper/steel ACM’s. This is
probably due to the presence of more electrolyte on the copper/steel ACM,
which has a total of 20 plates compared with 10 plates for steel/steel. Exper-
iments are now being carried out with ACM’s that have different numbers of
plates and different plate thicknesses in order to determine the effect of
ACM design on reproducibility of ACM data, time-of-wetness, and the cell
factor.

Since the relative humidity and SO, tests add only very little to the Q’-
values, a cell factor can be calculated from the data in Table 9 after convert-
ing the weight loss per unit area into charge densities, using Faraday’s law.
For copper/steel a cell factor of about 18 percent is found, which is in re-

TABLE 9—Summary of drying data for copper/steel and steel/steel sensors.

Heat B Heat C Heat D

tary, h Qavg, me/cmZ lary, h Qavg, mCb/cm? tary, h Q:wc, mCb/cm’

Copper/steel 4.6 742 44 638 44 625
Steel/steel 3.1 157 29 133 3.0 133
(275)° (233) (233)
Weight loss
(mg/cm?)
RH test 1.8 (4070)° 0.96 (3310) 0.97 (3345)
SO; test 1.31 (4520) 0.98 (3380) 0.97 (3345)

;2B
Q= ZE Qavg = 1.75 Qavg.

1 mg/cm? = 3.45 Cb/cm?,
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markable agreement with the value of 20 percent determined earlier for dry-
ing under 0.01-N Na,SO, at relative humidity values between 30 and 75 per-
cent (Table 1). On the other hand, the cell factor for steel/steel is only about
7 percent which is much lower than the average value in Table 1. One reason
for this much lower cell factor might be the lower conductivity of the 1-mM
NaCl used in the present experiments. This would lead to a lower effective
AEes = AE — ma, where nq is the uncompensated ohmic drop in the solu-
tion. Alternating current impedance measurements are being carried out to
determine whether this source of error is important. The most likely explana-
tion for the low cell factor is corrosion on individual plates without electro-
lytic connection to neighboring plates and consequently without current
flow in the measuring circuit.

Statistical Analysis

The experiments were designed to test the null hypothesis that the sensing
devices provide statistically consistent measurements. This will imply that
the comparison of corrosion data obtained at several different sites will not
be statistically confounded with the differences among the sensors used at
the sites. In order to test this hypothesis, factorial designs consisting of four
factors were used. These factors were steel distributor or heat, days during
which the experiments were run, position or relative location of the sensors
in the test chamber, and sensors. The steel used in the fabrication of the sen-
sors was bought from three different distributors, which were not selected
“at random” but were selected so that the steel used would be representative
of three different sources. Hence, distributor or heat was a fixed effect in the
model for the design. Similarly, the days during which the experiments were
run were not selected at random, but were consecutive. The relative locations
of the sensors in the test chamber were selected and rotated each day, so that
every sensor occupied all of the positions that were expected to affect the re-
sults of the experiment. Therefore, days and relative position were consid-
ered fixed effects in the model. Finally, the sensors were considered to be a
random sample from the total population of all possible sensors that might
have been fabricated from the heats of steel and copper that were used in the
experiment.

Since it is physically very unlikely that either the effect of relative position
or sensor interacts with the day-to-day effect, the measure of these interac-
tions was considered experimental error. Replications were impossible be-
cause of the nature of an observation, and hence a direct estimate of the error
could not be made.

Five sensors were fabricated from the material from each distributor. This
required sensors to be analyzed as ““nested” factors within distributor. Since
only one position could be represented by any one sensor on a given day, it
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was possible to measure either the effect of relative position or sensor, but
not both, for a given analysis configuration. Therefore two different models
were hypothesized and tested. The first model can be expressed as

v = pt o+ B + aBy + v + By T €nien €)]
where

Yy = observation on the jth day using the kth sensor fabricated from
the steel of the ith distributor,
u = an overall mean effect,
a; = effect of different heats,
B; = day-to-day effect,
af;; = interaction effect of heat with day,
vy = effect of different sensors fabricated from the same heat,
By = interaction effect of day with sensor, the measure of which is con-
sidered due only to experimental error, and
ek = independent experimental error that is, for every observation,
normally distributed with mean zero and common variance. As
explained in the preceding, it is not directly measurable.

The hypotheses tested were

HA =all o =0
Hy=all =0
HAB = all aB,-,- =0
Hc = all Yty = 0

Hpc = all By = 0

To test, in other words, if the different levels of each of the main factors (heat,
days, and sensors) and interaction factors have the same effect. Using analy-
sis of variances for nested factorial designs, Hypotheses H,4 and Hp were
both rejected with well over 99 percent confidence, which means that there is
a significant heat and day-to-day effect. The day-to-day effect cannot be the
result of different surface activities after polishing since there was no differ-
ence between the five sensors in one heat. It is more likely that the local hu-
midity changed from day to day, causing the observed effect. The hypotheses
H,p, Hc, and Hpc could not be rejectéd even for a significance level of 0.25.
These results were found for both the copper/steel and steel/steel ACM’s.

Since the sensors were not found to be significantly different, the second
model was hypothesized in order to test the null hypothesis of no effect due
to the relative position of the sensors in the test chamber. The model

Vijkl = 14 + a; + Bj + aBij + Nk + anik + B'f)jk + aB'r)ijk + €itijk)

is the same as the first model except that the relative position effect, n, is not
nested within the distributor and, hence, its interaction with the other two
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main effects can be estimated. Specifically, ik, u, ai, Bj, aBij, and eyijx) are
the same as in the previous model, whereas

m = effect of different positions in the test chamber,
anix = interaction effect of heat with position,
Bnix = interaction effect of day with position, and
ofni = interaction effect of heat, day, and position. The measure of this
interaction is considered due to experimental error only.

The mean sums of squares for the interaction effects B4y in the first model
and afni in the second model were found to be nearly equal, thus providing
support for the assumption that both are estimates of experimental error.
The hypotheses tested were

Hp: all m =0
HADZ all anie = 0
Hgp: all Bn =0

Again, using analysis of variances of the hypothesis, Hp was rejected with
well over 99 percent confidence, which means that the position of the sensor
in the tube affects its output. This is probably due to higher local humidity
because of the presence of the larger amounts of electrolyte on the weight
loss specimens at the ends of the tube. The interaction effects could not be
rejected at a significance level of 0.25. These results were exactly the same for
the copper/steel and the steel/steel ACM’s.

In conjunction with each experiment to test sensor homogeneity, a factorial
experiment was designed and conducted simultaneously to measure actual
weight loss due to corrosion in the test chamber. These weight loss experi-
ments included the three factors of steel heat, chamber position (left- or right-
hand side of the test chamber), and day. Analyses of variance for each of
these experiments were in agreement with the electrochemical experiments
discussed earlier which showed that the difference between heats is statistically
significant with more than 99 percent confidence. However, the data from
these experiments did not provide sufficient evidence to indicate a significant
difference between the right- and left-hand positions, or among the days dur-
ing which the experiments were run.

These results clearly indicate that the heat of the steel from which these
sensors are fabricated is quite important. Any further testing must also in-
clude day-to-day variation and chamber location as significant factors.
However, given that the sensors are fabricated with steel from a single uniform
heat, they can be expected to provide statistically consistent measurements.

Summary

1. Problems with present definitions of the time-of-wetness have been
discussed. Results obtained in the authors’ laboratory and by other investi-
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gators have shown that electrochemical sensors measure only a fraction of
the atmospheric corrosion rate.

2. In order to evaluate the factors which determine the reproducibility of
electrochemical corrosion sensors, the cell factor, and the time-of-wetness, a
statistically designed experiment is being carried out. Preliminary results are
being reported.

3. Fifteen sensors of the copper/steel and steel/steel type, respectively,
have been assembled using three different heats of 4130 steel and copper.
These sensors are being tested in triplicate runs by exposing all 15 sensors at
the same time in a test tube in a fixed test sequence which includes variations
of relative humidity and SO, concentrations. Weight loss specimens are ex-
posed at the same time under identical conditions for correlation with the
electrochemical data.

4. The results of a statistical analysis of the current-time curves during
the initial drying period under a thin layer of an aqueous 1-mM NaCl solution
show that the heat of the steel plays an important role. No differences in cor-
rosion behavior were found for the five sensors of a given heat. Day-to-day
variations due to differences of the local environment in the test chamber
and to some extent the position of the sensor in the chamber can also affect
the results.

5. By comparing the electrochemical and the weight loss data, a cell effi-
ciency of about 20 percent was found for copper/steel and about 7 percent
for steel/steel. These low cell factors are considered to be due to local cell ac-
tion on the individual plate of a sensor without current flow in the external
measuring circuit, and to the low conductivity of the test electrolyte.

6. The sensors will be tested again after a 3-month and a 6-month aging
period in outdoor exposure.
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APPENDIX

Design of Measurement System for Reproducibility Studies

A measurement system has been designed which uses a multiprogrammer and a
minicomputer to perform these tests as shown in Figs. 15 and 16. The current meas-
urement is somewhat different for copper/steel and steel/stecl ACM’s.

For copper/steel ACM’s the galvanic current flowing between the dissimilar plates
in the presence of electrolyte is measured as shown in Fig. 15. A current follower
keeps the dissimilar metals at the same potential and measures the current continu-
ously (zero resistance ammeter). This current is recorded sequentially for each of the
15 cells by closure of the relay R; using the analog-to-digital (A/D) converter of the
Hewlett-Packard 6940B multiprogrammer. The mean of five measurements taken in
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F1G. 15—Galvanic current measurement of copper/steel ACM.

a 5-s period is recorded every 50 s for each sensor. Control and timing are provided
by the HP98258 computer on which the data are stored for further processing and
display.

For steel/steel ACM’s the polarization resistance is determined by applying an emf
of £30 mV, the polarity of which is changed every 50 s. A PAR 175 universal pro-
grammer is used to apply the potential square wave (Fig. 16). Switching and meas-
urement of the current are performed as discussed for the copper/steel ACM’s except
that the five current measurements which are averaged are always taken between 38
and 43 s of each 50-s potential pulse.
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DISCUSSION

S. C. Byrne' (written discussion)—The time-of-wetness gage should be
drastically affected by the hydroscopic or other properties of corrosion prod-
ucts which, in turn, should be affected by atmospheric composition. Has any
work been planned to further define the role of atmospheric composition in
determining time-of-wetness?

F. Mansfeld et al (authors’ closure)—The question of the effects of the
chemical nature of corrosion products on atmospheric corrosion behavior
has been addressed in an earlier paper (Ref 5 of text). Different chlorides and
sulfates were added to synthetic rust and it was shown that the response of
an ACM depended strongly on the nature of the additives. It was pointed out
that the strong involvement of the corrosion products, the chemical nature
of which is determined by the composition of the atmosphere, is one of the
characteristic features of atmospheric corrosion.

! Alcoa Laboratories, Alcoa Center, Pa.
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ABSTRACT: Two experimental laws expressing the relationship between the weight
losses and the time of exposure allow a fair assessment of the corrosion evolution of
steels in numerous sites. The simultaneous existence of these two laws implies inter-
correlation between the coefficients of the empirical equations.

The effects of the climatic and pollution factors on these coefficients are discussed.

It is suggested to represent the corrosiveness of a test site toward a steel grade by the
one-year weight loss and the further evolution of corrosion as a function of this weight
loss and the relative humidity of the site.

KEY WORDS: structural steels, atmospheric corrosion field tests, weather factors,
corrosion site calibration, corrosion laws, long-term predictions

Results of numerous exposure programs in atmospheric test sites to study
the uniform corrosion of steels have been reported. Unfortunately, most of
the reports do not provide information on the climatic and pollution condi-
tions during the exposure period. Very often, local atmospheric conditions
are described in general terms or even are related to a rough classification of
typical environments such as rural, urban, industrial, or marine.

A few studies, however, have attempted to correlate the factors which in-
fluence atmospheric corrosion with the performance of steels. Although per-
tinent information has been drawn from the data collected, it appears that
the many factors involved need to be better defined. Indeed, to the best of
our knowledge, there is no relationship between the corrosion of a given steel

* Research sponsored by the Commission of the European Communities (ECSC) and the In-
stitut pour I’encouragement de la Recherche Scientifique dans I'Industrie et I’Agriculture
(I.LR.S.I.A), Belgium.

! Head and chemical engineer, respectively, “Utilization of Steel”” Department, Centre de Re-
cherches Metallurgiques (C.R.M.) Liége, Belgium.
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grade and the environmental conditions accurate enough to reliably predict
the behavior of the same steel in Jocations other than those where it was ac-
tually exposed, on the basis of the climatic and pollution factors only.

Studies of this type do provide, however, useful information on the ways
of characterizing the exposure sites, on the corrosion behavior of steels, and
on the prediction of long-term behavior from short-term data.

The purpose of this paper is to present the method available and the con-
clusions that can be drawn in this field.

Evolution of Corrosion

The need to establish relationships between corrosion weight losses and
exposure time is obvious, not only in order to predict the performance of a
steel from field data, but also to assess the effects of environmental factors
on materials.

It is generally observed that the atmospheric corrosion of steel follows a
power formula of the type

p=kt
where

p = weight loss, g/dm?,
t = exposure time, years, and
k and n = constants.

The values of both k and n vary with steel grade and with site of exposure.

This law, proposed previously by several authors, gives a fair representa-
tion of the corrosion phenomena in many sites. Using this law it is theoreti-
cally possible to predict long-term behavior of a steel from short-term experi-
mental data. The degree of confidence that can be placed in the extrapolation
will depend upon the validity of the law for the steel considered.

To illustrate the reliability of the prediction by means of this method, we
will use data from a long-term program carried out at three sites in Belgium.
These are located at

1. Liege: This site is open on the roof of a six-story building. The prevail-
ing winds come from the direction of a large steel plant.

2. Ostende I: This site is on a dike at the seashore. Prevailing winds are
from offshore and often there is considerable salt mist and fog.

3. Ostende II: This site is close to Ostende I, and located 250 m from the
seaside. It is protected from the sea by a 15-m-high dune.

The atmosphere of Liege is polluted by sulfur dioxide (SO:), but chiorides
are absent. Ostende I and II are typical marine sites. The airborne sulfur pol-
lution at both sites is lower than that of Liege, although not negligible. The
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chloride pollution is quite important and shows a marked seasonal variation
in levels. A typical example of the reduction in monthly airborne chloride
levels (wet-candle determination) with distance from the sea in the Ostende
district is plotted on a log-linear scale in Fig. 1. There is a marked month-
to-month variation in levels, mainly near the coast.

From a joint program with the aim to ‘“‘calibrate” the different levels of
corrosiveness of steels that could be observed at a network of 18 European
sites, it appeared that the corrosion at Ostende I was always the greatest
(three steels; 1, 2, 3, 4, and 5 years’ exposure), and that Liege could be consid-
ered as an industrial site situated in the average of the corrosivity scale [1].2

A total of 24 different steels was exposed at each site for a period of 10
years. The chemical analyses are given in Table 1.

For each steel, values of k and n were calculated from the data of weight
losses at 1, 2, 3, and 4 years’ exposure. The two parameters were then used to
predict the weight loss at 10 years. The predicted and actual 10-year values
for weight losses are given in Table 2.

For Liege and Ostende II, the calculated values are generally underesti-
mated. For Liege, however, the predicted and actual values are very close,
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FIG. 1—Salinity versus distance, Ostende district (year 1975).

?The italic numbers in brackets refer to the list of references appended to this paper.
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while for Ostende I the agreement is poorer. For Ostende I, the calculated
values are nearly always misleading.

Similar attempts made for other sites show that the law p = k¢"is valid in
numerous cases, as far as deviations of +10 percent or even 120 percent are
allowed. Consequently, although data at long terms obtained by extrapola-
tion should be used with caution, it is tempting to use the law to provide
some information on further performance.

Another experimental relationship has been observed between the weight
losses of several steels in a given site, for example, between the weight losses
at, say, | year and weight losses at longer terms.

Examples of the relationship at Liege are given in Fig. 2 for the 24 steels of
Table 1. A straight-line graph is obtained in each case.

For the sake of generalization and in order to make easier the interpreta-
tion of this law, it is best to express the relationship in the logarithmic form

logp, =alogp.+ b
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FIG. 2—Relationship between short-term and long-term exposure periods (linear-linear), Liege.
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where p, is the weight loss after y years and p, the weight loss after x years.
The dimensionless coefficients a and b depend upon the site and the periods
x and y.

Figure 3 presents the data of Fig. 2 in bilogarithmic coordinates. The best
fit is again a straight line.

A survey of the data reported in the literature suggests that similar rela-
tionships do exist in various locations. We have selected some of them. In
May 1941, test specimens from a large group of low-alloy steels were exposed
at three locations in the United States [2], namely

1. Kure Beach, N, C.—marine site at 240 m from the ocean, up to 15.5
years (Fig. 4).

2. Block Island, R. I.—marine site on a bluff overlooking the ocean, up
to 17.1 years (Fig. 5).

3. Bayonne, N. J.—industrial location, up to 18.1 years (Fig. 6).
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FIG. 3—Relationship between short-term and long-term exposure periods (log-log), Liege.
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In Japan, exposure tests of eight structural steels were carried out over a
period of five years, starting in April 1961, at seven locations [3]. The sites
were chosen as follows:

industrial area: Tokyo, Kawasaki
subtropical zone: Makurazaki

high-humidity area: Wajima

inland national standard weather: Takayama
cold weather district: Obihiro

seashore area: Omaezaki

Figure 7 shows the relationship between 1 and 5 years. Although the five last
sites have quite different atmospheres, a single relationship is observed.
At Panama, a study of 10 structural steels was started in the late 1950’s at
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FIG. 5—Relationship between short-term and long-term exposure periods, Block Island.

two sites and lasted 16 years [4]. The two sites were located on opposite sides
of the Isthmus of Panama:

1. A marine site on the Caribbean seashore, 17 m above sea level. Pre-
vailing winds were from the sea.

2. Aninland site, 8 km from the Pacific Ocean. The prevailing wind was
from the land.

Figure 8 shows the relationships that can be drawn for the two sites.

Figure 9 is quite interesting because it is related to three steel grades (nor-
mal steel, copper steel, weathering steel) that were exposed in the United
States at or near seven city areas and in seven rural sites within each area,
during 64 months [5].

Plotting the available data (New Orleans city and San Francisco rural ex-
posures were discontinued), we have found that the straight-line graphs of
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eight sites (including rural and urban sites) are gathered in quite a narrow
band (Fig. 94). For the remaining 4 sites, the straight lines are situated on
either side of the aforementioned band (Fig. 95).

All the plots of Figs. 2 to 9 show definitely that empirical relationships can
be developed between the corrosion losses at different exposure times.

In order to compare the sites among themselves, we have established for
each of them the relationship (4 years—10 years). We have first verified that
all the data obey the law p = k:" for the exposure period. The weight losses
at 4 years were then obtained by interpolation. Those at 10 years were inter-
polated or extrapolated, as the case may be. Extrapolation was needed for
the Japanese sites and the 8 U. S. sites of the narrow band of Fig. 9a.

A plot of the results is given in Fig. 10. It is noteworthy that the slopes of
the lines for the various sites are the very same.

It must be stressed that the steels of the different tests were not strictly the



BRAGARD AND BONNARENS ON STRUCTURAL STEELS 349

50
0 /
Q
<
N ‘7
- v
> o
S )
S /
2 Lr.-h
0 ’e
0
2 1 i/
- v /7
b~
I xx
© %P‘
u§| X x JAPAN
5 — | INDUSTRIAL| ® KAWASAKI
SITES + TOKW
TR _ X OMAEZAKI
- RURAL 0 MAKURAZAKI
— LL SITES ¥* WAJI(;;AA 4
—_— - TAKAYAMA
| 0BIHIRO
-
1
! 5 10 20
WEIGHT LOSS (g /dm*)
1 YEAR

FIG. 7—Relationship between short-term and long~term exposure periods, Japan.

same, and that the specimen dimensions varied from country to country.
Earlier studies have indicated that the specimen size may influence the as-
sessment of the corrosion rates. In addition, at a given site, the conditions in
the early stages of exposure have an influence on the subsequent corrosion
rate. Indeed, in several European sites, including Liege, the weight losses of
specimen put out initially in winter were always higher than those put out in
summer. The differences could still exist after some years.

To get an idea of the influence of specimen size and of season, at the start-
ing date we have compared, in Fig. 11, the corrosion losses of specimen of
two different sizes, exposed either in winter or in summer. This comparison
is limited to four steel grades (two weathering steels, a mild steel, and a mi-
croalloyed steel) exposed at Liege. It can be seen in Fig. 11 that the straight
lines are sliding in a parallel direction, and that a single relationship could be
considered, despite the differences in conditions of each series of data.
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FIG. 8—Relationship between short-term and long-term exposure periods, Panama.

It may be concluded that where empirical relationships log p, = alogpx + b
are fair enough, we have a mean to predict reliably the corrosion losses of a
new steel at long terms, provided the weight loss after one or a few years is
experimentally determined.

Assessment of the Corrosiveness of Exposure Sites

The simultaneous existence of the two laws we have just discussed—the
first one describing the corrosion behavior of a particular steel over a period
of time and the second one characterizing the site and the exposure periods—
implies that the coefficients of these laws are interrelated. Indeed, for a given
steel in a particular site, it can be stated that

1.

n

px=kx" and p,=ky"

or

log p=logk +nlogx and logp, =logk +nlogy
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FIG. 11—Influence of specimen size and season of exposure on weight losses.

B

logp,=alogp.+ b
It follows that

n(alogx —logy)+b
l1~a

log k =

This relationship must be simultaneously satisfied for different periods x
and y and for different steels. Consequently we must have

logk=nA+B

where the coefficients 4 and B are dependent only on the site.

According to this last equation, 4 and B would allow us to characterize the
corrosion agressivity of the site for a large group of steel grades, while k and
n would not be independent. Hence, in order to assess the influence of the
environmental conditions, two ways are open—using, on the one hand, 4
and B, and on the other hand, k£ and n.
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The first way, using 4 and B, implies first that the behavior of a suffi-
ciently large number of steel grades should be known in a wide range of en-
vironments in order to calculate 4. and B for each site. Besides, the climatic
and pollution factors should be measured at each site, using the same proce-
dure, for a sufficiently long period. Finally, relationships between these fac-
tors and the parameters A and B should be sought.

Due to the paucity of the published data available, it is not possible to in-
vestigate the capabilities of this method.

Thanks to the results of a collective program that was jointly carried out
by six European laboratories, we will now show that the second way, that is,
based on k and n, can actually be used successfully. For this research, four of
the usual structural steels, namely, Fe 37, Fe 52, Fe 37, Fe 52,” (microalloy
steel),’ and two weathering steels,” were exposed at 12 sites throughout the
European Community [6]. Specimen were removed after 1, 2, 3, and 4 years’
exposure, respectively. During the whole program, climatic and pollution
factors were monitored in the immediate vicinity of the specimen exposed.
Among them, the most significant factors that could be correlated to the
weight losses due to corrosion are:

1. Monthly average of daily maximum temperatures,

2. Number of hours per month in which the relative humidity exceeded
80 percent,

3. Monthly airborne sulfur pollution (determined by the ASTM Method
for Evaluation of Total Sulfation in Atmosphere by the Lead Peroxide Can-
dle [D 2010-65 (1967)].

4. Monthly airborne chloride pollution (determined by the wet-candle
method: wick dipping in a solution of glycerol water).

The use of candles for SO, an CI” determination is an easy and cheap way
for the simultaneous supervision of several sites during long periods of time.
Generally a cyclic variation of these factors is observed.

Special problems arose in the interpretation of some data collected in
marine sites and sometimes in continental sites where the airborne chloride
could be enhanced in case of stormy weather.

Indeed, it was observed that in exceptional climatic conditions, which oc-
curred one or three times during the 4 years of exposure, according to the
site, the chloride levels were some 7 to 20 times greater than the highest value
registered in the remaining period. In a particular site, a monthly amount ac-
counted for more than half the total that was measured during the four
years. In addition, when such extreme chloride levels were observed, abnor-
mal SOs levels were also found. It should be noted that in flat countries the
influence of a storm can persist to some extent quite far inland.

% According to Euronorm 25.
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The difficulty in the interpretation is that such deviations are not reflected
on the corrosion rate or on the rust analysis, at least for specimens having
been exposed for one year before the storm. If the protective action of the
rust layer is not yet sufficient, however, it means that if the storm occurs a
few months after the beginning of exposure, the corrosion rates could be af-
fected. Thus, it seems that some data have to be properly corrected in order
to avoid an excessive influence on the averages. Such corrections unavoid-
ably involve subjective decisions.

The climatic conditions during the first months of exposure also deserve
mention. It appeared that they have a strong influence on the weight losses
after one year, thus on the k-coefficient. This particular influence must be
taken into account when attempts are made to correlate k with the climatic
conditions.

This is clearly illustrated by Fig. 12, which shows data observed at two in-
dustrial sites (Diisseldorf and Liége) and one rural site (Eupen) where one-
year weight losses of two steel grades are plotted against the mean daily SO;-
values observed during the six first months of exposure. Specimens were
exposed yearly in summer and in winter.

One single relationship is found for Fe 37 steel. For the weathering steel,
there are two relationships according to the season at the time of exposure.
In this case, if we assume that the corrosion reactions are temperature-
dependent and follow the Arrhenius theory, one single relationship is also
obtained.

Now if we analyze the data of the 12 sites, the same trend is observed but
with an increased scatter even when taking into account the chloride pollu-
tion. The degrees of correlation are not improved when considering annual
averages instead of those of the six first months.

It may be concluded that it is difficult to predict reliably the corrosion be-
havior of a steel solely from the climatic and pollution factors.

A different approach was then adopted, based on the following two
observations:

1. The main factors affecting corrosion in a given site have a yearly evo-
lution which is reasonably similar from year to year except in marine sites,
where a few stormy months can affect the salinity measurements by giving
some odd levels.

2. The concentrations of CI” and SO, ™ in the rusts of the same specimen
vary little over time.

The rusting of a specimen during the first year is influenced by all the cli-
matic factors, and consequently the weight loss after the first year (which
corresponds to k) is a fair measurement of the corrosiveness of a site
atmosphere.

On the other hand, once the rust layer is formed, it may be assumed that
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TABLE 3—Computation of n as a function P, and humidity (H).

r Gr
Fe 37 n = —0.04361 P+ 0810 107 H+ 0.523 0.973 0.039
Fe 52 n = —0.00094 P+ 1.253 107 H + 0.085 0.967 0.034

Weathering 1 n=—0.09513 Py + 1294 107 H+0.241 0.975 0.041
Weathering 11 n = —0.07986 P+ 1.158 107 H+0.317 0.941 0.060

NoOTEs:
P, = one year’s weight loss.
H = number of hours per month in which the relative humidity exceeded 80%.

its further evolution (thus coefficient n) will be related mainly to its moisture
content and thus will be promoted by the action of high humidity. For this
reason an attempt was made to assess n as a function of the monthly number
of hours in which the relative humidity exceeded 80 percent (H).

For the four structural steels and from the results at the eight sites where
humidity of the atmosphere was monitored, empirical equations were devel-
oped. The best relationship had the formn = a Py + b H + ¢, thus also tak-
ing into account Py, the weight loss after one year. These equations are given
in Table 3, together with the correlation coefficients (r) and the residual
standard deviations (o).

The low values of o, indicate that the agreement between observed n-values
and those calculated from the empirical equations is generally good.

To visualize the influence of the discrepancies between calculated and ac-
tual values of n on the prediction of corrosion rates, weight losses at four
years were computed for the 32 cases (4 steels, 8 sites), using the formula
p = kt", with k taken as the one-year weight loss. The ratio between calcu-
lated and measured values of weight losses was never outside the range 1.10
to 0.90. It was in the range 1.05 to 0.95 twenty-five times.

Prospects for Long-Term Predictions of Atmospheric Corrosion Losses from
Short-Term Experimental Data

Analysis of the results examined in this study shows that the following
prospects are open for forecasting the durability of steels:

In a particular site where the behavior of several steels was assessed on long
periods, one wishes to predict the behavior of a new steel grade.

If for the measured steels the relationship log p, = a log px + b is ob-
served, it is sufficient to determine the weight loss of the new steel after x
years (x > 1) to predict its evolution after y years.

The behavior of a particular steel is known in several representative sites, and
one wishes to predict its behavior in a new site.

The steel is exposed in the new site during one year and the value of the
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weight loss obtained taken as k. In the new site, the humidity is measured
during the same period. On the other hand, using the data from the other
sites, one computes for the particular steel the equation giving » as a function
of k and humidity. This equation is used to calculate # in the new site.
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ABSTRACT: As part of a program to develop predictive methods to estimate the long-
term durability of aluminum parts,-a methodology was developed to calculate the
chemical composition of condensates formed on aluminum exposed to polluted air.

In this study, it is proposed that the maximum concentrations of ionic species in a
condensate must be limited by the equilibrium condition established between the dis-
solved ions and the gases from which they formed.
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Alcoa Laboratories has, over the years, collected a great deal of informa-
tion on atmospheric corrosion for the purpose of correlating these data with
data from laboratory corrosion tests. These studies as well as examinations
of failed parts from field service have indicated that improved methods to
predict field service life of aluminum alloys are necessary.

An illustration of this need is typified by the differences observed when
one compares stress-corrosion cracking (SCC) data, based on percent survi-
val versus stress, for 7XXX alloys exposed at Alcoa’s Vernon Works (near
Los Angeles) with data from exposures at the Point Judith, R. 1. seacoast
[1,2].%* The Vernon environment appears to be the more severe environment
for SCC of 7XXX alloys. On the other hand, when one compares the same
type of data for 2XXX alloys, the severity of environment is reversed; that is,
the Point Judith exposure is the more aggressive. Stress-corrosion data from
accelerated laboratory tests show similar reversals, especially when one tries

'Staff engineer and senior scientist, respectively, Alcoa Laboratories, Alcoa Center, Pa.
15069.

2 The italic numbers in brackets refer to the list of references appended to this paper.

*References I and 2 deal with variations in environment affecting SCC.
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to correlate these data with field exposures. It has long been known that
some accelerated tests correlate better with data from specific outdoor expo-
sure stations than do data from other tests, and, further, that the degree of
correlation is highly dependent on the alloy [3].

Clearly, a test method to predict the field service performance of a mate-
rial should take into account not only the specific material (composition,
structure, etc.) involved, but should consider the chemical environment and
the physical conditions (such as temperature or mechanical loading) to
which the material will be subjected during service. Because this requires a
very broad approach, an extensive study was designed to allow the develop-
ment of methods to predict service life under conditions of static or dynamic
loading and in the atmospheric conditions found in today’s major popula-
tion centers. In recent years, however, man-made pollutant gases such as sul-
fur dioxide (SO;), nitrogen oxides, hydrocarbons from incomplete combus-
tion, and ozone have been of increasing concern as to their effect on metallic
corrosion. Although many complex reactions can take place between these
gases and the natural atmospheric gases in the presence of sunlight, the
products of these reactions exist for a rather short time relative to the time
frame involved for most corrosion processes. Additionally, unpublished
work by Kozarek at Alcoa Laboratories has shown that various gas mixtures
of N2, Oz, water (H,0), SO3, hydrochloric acid (HCIl), and the nitrogen ox-
ides represented by NO; have the most corrosive effect on aluminum alloys.
In this program, the effect of soiling and accumulations of corrosion prod-
ucts were not considered, because such effects are difficult, if not impossi-
ble, to quantify at this time. It is possible, however, to determine the reaction
products formed from these gas mixtures and make quantitative estimates of
their relative amounts.

The purpose of the experimental part of this program was twofold:

1. todetermine if a laboratory-simulated atmosphere containing N, O,,
S0;, HCI, NO;, and H,0 produces the same corrosion on aluminum as out-
door atmospheric exposure, and

2. to determine if the chemical species produced by such gas mixtures are
those expected from thermodynamic considerations.

Procedure

To accomplish the first experimental objectives, some 99.99Al (annealed,
1.6-mm sheet) specimens were prepared by diamond polishing and ultra-
sonic cleaning in methanol (CP grade). Specimens then were exposed at Al-
coa’s Vernon Works near Los Angeles, at Alcoa Technical Center near Pitts-
burgh, Pa., and in the laboratory apparatus, shown in Fig. 1, designed to ex-
pose the specimen to gas mixtures producing a simulated polluted atmos-
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Thermometer
(About 50C)

Heater

FI1G. 1—Glass apparatus for exposing specimens to wet or dry atmospheres. The pollutant gases
were mixed with water-saturated air (about 50°C) and introduced into the specimen chamber
(about 30°C), producing a wet “fog’’ over the specimen.

phere. The apparatus was capable of producing dry or humid conditions.
The atmospheric exposures were 1 to 4 weeks; the laboratory exposures were
for 6 to 24 h because it was found, after some experimenting, that these ex-
posure times produced dense adherent corrosion product films ideal for sur-
face analysis. The compositions of the various gas mixtures used in the labo-
ratory experiments are given in Table 1.

After exposure, the surfaces of the specimens were analyzed by ion scatter-
ing spectroscopy (ISS) and secondary ion mass spectroscopy (SIMS). Auger
spectra were also obtained for some of the specimens.

The second objective, the experimental determination of what chemical
species would be present in the condensate formed from the gas mixtures,
was accomplished by collecting the condensed phase produced in the labora-
tory experiment. The dissolved ionic species were identified using ion
chromatography.

TABLE 1—Composition of gas mixtures used in surface analysis experiments: partial pressures,
atmospheres (50°C).

HCl1 NO: SO, 0, N H0
7.6 X 107 e Ce 0.18 0.70 0.12
7.6 X 107 Ce Ce 0.21 0.79 Ce

7.6 X 107 BN 0.18 0.70 0.12
7.6 X 107 0.21 0.79

7.6 X 10 0.18 0.70 0.12
7.6 X 107 0.21 0.79 ..
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Results
Surface Analysis

The surface analysis data indicated that the reaction products formed on
the aluminum surfaces were aluminum oxide and its hydrates. The thickness
of the atmospherically formed oxide-hydrates correlated with NOx levels
and these thicker oxides were more heavily hydrated; again, this appeared to
correlate with higher atmospheric NOx concentrations. Surface analyses of
specimens exposed in laboratory-simulated environments indicated that,
first, humid conditions were necessary to effect the surface changes noted on
the outdoor exposures and, second, thick highly hydrated films were pro-
duced by exposure to wet NO,.

The results of the surface analyses can be subdivided into three general
classifications: (1) surface composition, (2) oxide thickness, and (3) the de-
gree of hydration of the surface oxide.

Surface Composition—Data from all of the analytical techniques were
used to deduce the qualitative surface composition of the specimens. Aside
from oxygen and aluminum, the following elements were identified on the
surfaces of all the specimens: carbon, fluorine, sodium, magnesium, sulfur,
chlorine, potassium, calcium, and iron. Except for the cases noted in the fol-
lowing, the concentrations of the surface impurities were estimated to be less
than 1 atomic percent and were within the levels normally accepted as resid-
ual contamination from cleaning and handling. There was no systematic sur-
face enrichment of sulfur or chlorine on the surfaces exposed to either wet or
dry HCI and SO, gases, nor was there any evidence that stable nitrogen
compounds existed on the surface at the time of analysis. The surface com-
positions determined by each of the three methods were in excellent qualita-
tive agreement.

One of the exceptions to the low levels of surface contamination was that
quantities of sodium, potassium, and calcium were observed on the speci-
mens exposed to wet NO, gas. These impurities probably were leached from
the glass walls of the reaction vessel by the acidic atmosphere, which subse-
quently condensed on the specimen. This result is not surprising because it is
known that many glasses show surface segregation of alkaline and alkaline-
earth metals that can be removed by acid etching. The contaminant layer on
the specimens was about 1 nm thick and actually covered less than 25 per-
cent of the outer surface.

The specimens exposed at Alcoa’s Vernon Works in Los Angeles were
found to have surface concentrations of sodium and chlorine larger than
those found on the other specimens. The most likely source of these elements
is airborne salt particles that deposited on the surface. The quantity of salt
on the surface did not change appreciably between the 1-week and 3-week
exposure specimens.

Another element found on the surfaces of both the laboratory-prepared
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specimens and the atmospheric specimens was fluorine. Surface concentra-
tions have been observed to range from nearly undetectable quantities (by
Auger spectroscopy) to an estimated 20 to 40 percent surface coverage, in the
form of AlFs.

Three of the four atmospheric exposure specimens showed high and ap-
proximately equal levels of fluorine. Surprisingly, the 4-week Alcoa Techni-
cal Center (ATC) exposure showed several times less fluorine than the 1-week
ATC exposure specimen. There was also a large variation between the con-
centrations found on the laboratory-prepared specimens.

Examination of all of the surface analysis data, however, indicates that
there is no correlation between the overall characteristics of the surface films
and the quantity of surface fluorine. To a first approximation, it appears that
a fluoridated surface layer does not strongly affect the gas-solid or condensate-
solid reactions.

Oxide Thickness—The surface oxide thicknesses on the laboratory and
outdoor exposure specimens were obtained by depth probing with ISS; the
results are summarized in Fig. 2. From the chart, it can be noted that labora-
tory exposures with the dry gases and with wet HCI and wet SO, had little or
no effect on the oxide thickness. For the laboratory specimens, the exception
was wet NO;. After a 6-h exposure to wet NO;, the oxide layer had increased
in thickness by about 50 percent. After 24 h the oxide layer was about four
times thicker than the base oxide. These results seem to indicate that for the
three pollutant species tested, the condensate formed from wet NO; reacts
most actively with the aluminum surface.

The difference between the oxide thickness on the Vernon and ATC expo-
sure specimens was also evident. After one week’s exposure at ATC, there
was little change in oxide thickness from the base oxide; after one week at
Vernon, the oxide thickness had doubled. The difference in the rate of oxide
formation is corroborated by a comparison of the 4-week exposure at Alcoa
Center (ATC) with the 3-week exposure at Vernon. This agreement between
the wet NO, laboratory exposure and Vernon exposure is not surprising
when one considers the high NO, levels reported at Vernon [4]. The impor-
tant result is that wet NO; exposure correlates with increased oxide thickness
both in laboratory tests and outdoor exposure.

Further information about the oxide layers can be obtained from Fig. 3,
obtained from the ISS data. For a uniform layer, the ratio of the aluminum
signal to the oxygen signal (Al/O) remains quite constant. As the ion beam
sputters through the oxide and into the metal, the aluminum signal grows
and the oxygen signal decays, causing the Al/O ratio to increase as a func-
tion of sputter time. Thus, the peak height inflection in the Al/O peak height
ratio serves to indicate the location of the base of the oxide layer. In addi-
tion, the rate at which the Al/0O ratio grows is a measure of the “‘roughness”
of the oxide-metal interface. Well-defined surface layers yield sharp inflec-
tion points; diffuse interfaces yield the type of curve shown by the 24-h wet
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FIG. 2—Comparison of oxide thicknesses for laboratory and atmospheric exposure specimens.
Oxide thickness developed on the 99.99 percent aluminum specimens was determined by depth prob-
ing with the ISS. (ATC = Alcoa Technical Center, Alcoa Center, Pa., near Pittsburgh; Vernon =
Los Angeles.)
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FIG. 3-—ISS spectra for selected oxide films. The Al/O peak height ratio was used to deter-
mine the location of the base metal-oxide interface. Barrier oxides were formed by boric acid
anodizing.
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NO; exposure curve in Fig. 3. The wet NO,, ATC, and Vernon exposure
specimens showed a trend toward more poorly defined oxide-to-metal inter-
faces as the oxide layer thickened. This suggested that the oxide growth rate
was nonuniform, that the surface was becoming rougher, or that the profile
resulted from both of these factors, another similarity between the wet NO,
laboratory experiment and real-world atmospheric exposure.

Surface Hydration—Examination of the molecular fragments in the SIMS
spectra provides clues about the chemical nature of a surface. Two species of
particular interest in the study of aluminum oxides are the AlO and AIOH
mass fragments at Masses 43 and 44. Though not strictly quantitative, plots
of the ratios of the AIOH to AlO peak heights as a function of sputter time
are informative. In Fig. 4, the curves for Al (OH); and the barrier oxide rep-
resent the wet (as hydrated) and the dry extremes, respectively. It can be seen
from Fig. 4 that the wet NO, and the longer-term atmospheric exposure
specimens tended to have AIOH/AIO values that were greater than those for
aluminum hydroxide, implying those specimens were highly hydrated.
Though not shown, the same data were obtained for all the other specimens,
that is, the dry NO,, HCI, and SO, exposures. The AIOH/AIO curves for
these specimens tended to fall between the curves for the 1-week ATC expo-
sure and barrier oxide, which implies that these oxides were relatively dry.
Differences noted in the SIMS data at short sputter times reflect surface
moisture, which, in turn, is dependent on the conditions the specimen was

4t .
3 .
Vernon - 3 Wk.
o
g ATC - 4 Wk.
NO, - Wet - 24 hr.
o 2f 2 y
<
X
e
< Vernon - 1 Wk.
AI(OH),
1F u
ATC - 1 Wk.
Barrier Oxide
0

Sputter Time

FIG. 4—SIMS spectra for some oxide films. The more-hydrated oxides appeared to be formed in
the atmospheres containing nitrates.
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subjected to after exposure but before it was inserted in the vacuum chamber.
In addition, a high outgassing was noted for the heavily hydrated wet NO,
specimens, implying that the surfaces of these oxides are quite unstable and
desorb water easily.

Ion Chromatography

The ion chromatography data identified simple oxyacid anions and chlo-
rides as the principal dissolved anions. If the condensed phase was collected
from an aluminum surface, the ionic species were the anions CI', NO3;, NO, ",
SO,", and SO;". The cationic species were Al and H'. If no aluminum was
in the system, that is, if the condensate was collected from glass, the anions
were CI", NO;~, NO,", and SO4", and the cation was H*,

Thermodynamic Calculations

Because the experimental results showed that the pollutant gases consid-
ered in the laboratory produced the same oxide surface as that noted on
aluminum exposed to the outdoor atmosphere and that the reaction prod-
ucts of these gases were acid anions, it was necessary to consider, first, which
reactions, yielding these anions as products, are thermodynamically feasible,
and, second, if the relative amounts of the products of these reactions can be
calculated using thermodynamic data and gas solubilities, given the initial
concentrations of the atmospheric pollutants.

As a basis for the thermodynamic calculations, it was assumed that an
equilibrium between the atmospheric gases and the ionic species in the
condensed phase on the metal surface was a limiting condition. This assump-
tion was justified by an examination of data published by Mansfeld [5] and
by similar work done at Alcoa Laboratories.

Mansfeld [5] found that when a metal corrodes in the atmosphere, the
corrosion current varies with the time-of-wetness. Similar (unpublished)

“data, obtained at Alcoa Laboratories by Wagner and English, show that the
maximum corrosion rate is achieved at very select times during the wet-dry
cycle; in this instance, the maximum corrosion rate and, hence, the maxi-
mum concentrations of ionic species, occurs when moisture first begins to
condense on the metal surface. As condensation continues, the solution be-
comes more dilute because water condensation now occurs at a higher rate
than initially, producing a solution containing more water relative to dis-
solved gases. At some time later in the wet cycle, corrosion should proceed
very slowly indeed, because one would expect to reach a point where rapidly
condensing water is actually cleaning the metal surface. One can speculate
that the situation reached later in the wet cycle is rare for atmospheric expo-
sures, that is, actual cleaning of a metal surface by condensing water occurs a
relatively small number of hours during the year, while the initial stage of
moisture condensation, typified by “dew,” may be present for a substantial
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fraction of the year. Further, because metal exposed in the atmosphere usu-
ally accumulates a substantial soil layer, “washing’ would take a perhaps
unrealistically long period of condensation time to occur.

Wagner and English also observed that a second maximum in the current
versus time-of-wetness curve occurs during the ““dry’’ cycle. At the beginning
of this cycle, water on the metal begins to evaporate and the concentration of
the dissolved ionic species formed in the “wet” cycle increases. In this in-
stance, one would expect the maximum to occur at, or just before, the point
at which the last traces of moisture are removed. Again, the situation in the
atmosphere may be much more severe than in the laboratory because of the
hydroscopic nature of the soil deposit (the metal is probably never com-
pletely dry) and because, with time, the concentration of dissolved solids
formed by soil and corrosion products interacting with anions by solution of
atmospheric pollutants would tend to increase. In any case, the maximum
concentrations of ionic species in a condensate must be limited by the equilib-
rium condition established between the dissoived ions and the gases from which
they formed.

The argument used to select the particular most-probable chemical reac-
tions was an elementary thermodynamic one, based on the Gibb’s free-energy
change for chemical mass transfer. For a chemical reaction

ad+ BB+ -+-=yC+ 8D+ -~ (1)

where a moles of 4 react with 8 moles of B to produce ¥ moles of C and 8
moles of D
Yegpde--

AG=AG'+RTIn 2% "> @)
aaq aBB

where

AG = Gibb’s free-energy change,

AG® = standard free energy of formation,
R = ideal gas constant (1.987 cal/mol-°C),
T = absolute temperature (Kelvin), and
a = activity of a moles of reactant A4, etc.

Because the change in the Gibb’s free energy during a chemical reaction is
a measure of the total energy released or used up when the reaction is taking
place, the term *“chemical potential” denoted by the symbol u, is used when
referring to the Gibb’s free-energy change, AG, for a chemical reaction.

In order to Use Eq 2, two types of data must be located. First, AG® or °,
for the reaction in question must be calculated. For the purpose of this inves-
tigation, values of standard free energies of formation and solution were cal-
culated using data from the International Critical Tables [6] or from Oxida-
tion Potentials by Latimer [7].

The second type of data needed are activity coefficients for use in the cal-
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culations of the activity terms by the equation
a=+yC
where ¥’ is the activity coefficient in units consistent with C and C is the con-

centration (in molar or molal units). In the case of a gas the activity is called
the fugacity, £, and is given by
f=vP

where P is the pressure in atmospheres and %’ the activity coefficient in units
consistent with P.

By calculating u for various reactions, one can find out if a reaction is
thermodynamically possible or, if the reactants are in equilibrium with the
products, one can calculate the equilibrium constant, X, and from that calcu-

late the concentration of the products if the reactants and their concentra-
tions are known. For equilibrium, g = 0, so Eq 2 becomes

W’ =RTInK 3)

Table 2 gives the list of reactants, products, and intermediates found by
using the Chemical Equilibrium Package (CEP)* computer program [9].
Using these chemical species, the reactions in Table 3 were constructed and
the u’-values calculated. The data were then used to calculate equilibrium
constants for all of the possible reactions (also given in Table 3).

With knowledge of the equilibrium constants, equations relating the con-
centrations of ionic species in solution to the partial pressures of the pollu-

TABLE 2—Reactants, product, and intermediates considered.

H20 (1. V) 802 (g)
H* HSO,
NO;~ S04
NO» 0 (g)
NO (g) N: (g)
NO; (g) (or N;O,)
HNO: (ag)
HCIO (ag)
ClO~
Ch (aq)
HCI (g)
NoTEs:
g = gas.
! = liquid.

aq = dissolved in water.

* The Chemical Equilibrium Package is a series of computer programs and a large data base
of thermochemical data that permit interactive thermal calculations to be perfarmed on chemi-
cal systems. Of particular use in this program is the SOLGASMIX program, which permits cal-
culations on gas-aqueous solution equilibria.
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tant gases were derived using Eq 3. The equilibrium equations were then
solved simultaneously for the concentration of the product ion in question in
terms of the partial pressures of the reactant gases.

The procedure used to solve the equations took two factors into account.
First, reactions that go to completion are limited by the solubility of the gas
in water. For example, all of the SO, in water will become sulfuric acid;
therefore, the final concentration of SO,” in the condensed phase will depend
on the HSO4 /SO, equilibrium and on the solubility of SO:(g) in water
[10—13].s Second, the gases were allowed to inter-react; for example, NO;
was allowed to react with SO, to form N, and H,SOq as well as to react with
water and O; to form nitric and nitrous acids. An interactive computer pro-
gram was written to solve the equations.

Discussion

There are no reliable quantitative data with which to test the calculations
at this time. An attempt was made to calculate the condensate composition
on a glass plate for the nonequilibrium experiments performed in the atmos-
pheric test chamber previously used for the time-of-wetness studies con-
ducted by Wagner and English, because ion chromatography data were
available for condensates in these tests. Although there was considerable
scatter in the anion analyses of the condensed phase from these experiments,
the data on condensate composition calculated by the equilibrium equations
appeared to correlate suprisingly well (Table 4) for CI” and SO,” but poorly
for NO;™ and NO;". Because the nitrogen oxide anion calculations were con-
sistently several orders of magnitude higher than the analytical data, it was
thought that a reaction was taking place between the NO; and some material
in the chamber or that some of the NO; was being chemically adsorbed on
the chamber material. The same conclusion had been proposed by Wagner
and English because they could not find an empirical relationship between
the NO; pressure and the amounts of nitrates and nitrites in their condensates.

A second exercise, calculating the expected condensate composition for
several locations in the United States, produced some interesting results. En-
vironmental Protection Agency data for pollutant concentrations found in
these areas (Table 5) were used to determine if significant differences in con-
densate composition would be expected. The results, shown in Fig. 5, show
that Los Angeles data produced a condensate high in nitrates. In the three-
dimensional plot, Point Judith and ATC condensates lie on the side of a di-
viding plane where the equilibrium model predicts that no significant ni-
trates will appear in the condensate. On the other hand, the Los Angeles
condensate is well into the nitrate region and Chicago (not shown for clarity)
is on the nitrate side of the plane just in front of Point Judith.

5 References 10-13 were sources of information used to calculate fugacities and gas solubilities
for CEP and the interactive program.
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TABLE 4—Comparison of nonequilibrium measurements with equilibrium calculations for gas

mixtures in atmospheric chamber.

CI” Ion (moles/litre)

Run Measured Calculated PHCI, atm

1 43 % 10™ 46 X% 10™ 7.6 X 107°

2 99X 10° 10 X 10™ 41X 10"

3 22X 107 8.6 X 107 10.5 X 107

4 5% 10™ 18 X 10™ 154 X 107

SO4 Ion (moles/litre) PSO;, atm
1 40 X 10°° 6.8 X 107 7.6 X 107

2 9% 107 41 %10 41X 10°

3 20 X 107 8.8 10 10.5 X 107

4 14.6 X 107 12.4 X 10°° 159 X 107
NO;™ Ion (moles/litre) PNO,, atm
1 46X 107 2.7X 107 7.6 X 107

2 1Xx10* 1.5X 1072 4.1 X 10

3 7.0 X 10™ 4% 10? 10.5 X 107

4 9% 10 6 X 107 15.4 X 107
NO;" Ion (moles/litre) PNO;, atm
1 3% 107 8.8 X 107 7.6 X 10°°

2 2x10™ 48X 107 41X 10°

3 3X10° 13 X 10 10.5 X 107

4 48 X 107 20 X 107 15.4 X 10°®

By examining Fig. 5, one can visualize how the various locations can
change (with respect to nitrates) if the pollutant concentrations change. The
dividing plane is fixed by the stoichiometry of the reactions in Table 3; since
the value of chloride assumed for ATC is probably too high, a lower value
would probably shift the ATC point closer to the x-z plane, just into the ni-
trate region. Similarly, the Point Judith location may be shifted farther into
the no-nitrate region if the airborne chloride is increased. Note, however,
that while rather small changes in SO, or HCI content may shift locations
like ATC and Point Judith back and forth across the dividing plane, it would
take a very large increase in HCI and SO; to shift the Los Angeles point into

the no-nitrate region.

TABLE 5—Air pollutant concentrations for several locations.

Concentrations, ug/m’

Pollutant
Gas Point Judith ATC? Los Angeles Chicago
SO, 14 54 25 27
NO: 26 53 135 57
HCI" S0 S0 50 S0

“Data from Barton [13)].

® ATC = Alcoa Technical Center.
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FIG. 5—Expected condensate compositions for three locations. Point Judith and ATC (Pitts-

burgh) atmosphere points are located in a region in back of a dividing plane where condensates with
no nitrates form. Chicago is located on the nitrate side of the plane, just in front of Point Judith.

Conclusions

The equilibrium model for condensate compositions, that is, that the maxi-
mum concentrations of ionic species in a condensate must be limited by the
equilibrium condition established between the dissolved ions and the gases
from which they form, appears to delineate differences between condensates
formed in several polluted atmospheres. The major difference is the result of
a region where nitrates can coexist with other pollutants. The differences in
condensate composition found may help in explaining the reversal of corro-
sion test data noted at the beginning of the paper.

The model accurately predicts the ionic species present in acid-gas atmos-
pheres, namely, sulfuric, nitric, and hydrochloric acids. It is believed that the
methodology developed can be used to determine test electrolyte composi-
tion as a function of air composition so that further electrochemical and ki-
netic studies into the durability of aluminum alloys can be made.
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ABSTRACT: No accurate methods are known for accelerated testing of corrosion
which yield reliable results for predicting the service life of aircraft components and
materials which degrade or fail due to environmental attack. In an effort to provide
the basis for development of realistic accelerated corrosion tests, research is being
conducted in controlled atmospheres on the localized environmental enhancement of
crack-growth rates of aerospace alloys. Corrosion-fatigue and rising-load experiments
have been conducted using accelerating pollutants such as sulfur dioxide (SO;) and
ambient air to 100 percent relative humidity air in a specially designed atmospheric
chamber. Initial resuits indicate that realistic environmental enhancement of crack-
growth rates can be employed to develop accelerated tests which can be related to ac-
tual in-service degradation. For materials with high stress-corrosion susceptibility, the
threshold for crack growth (Kiscc) was estimated to be 45 to 46 MPa \/;l_for 4340 steel
at a 1440-MPa yield strength level, as compared to 49 to 52 MPa \/E as determined by
means of rising-load test and 44 to 46 MPa +/m by fracture analysis in 1000-ppm
SO; at 80 percent relative humidity. Thus, a rapid and reproducible method for Kiscc
determination appears feasible.

KEY WORDS: accelerated corrosion testing, realistic environments, crack growth, lo-
calized environmental enhancement, rising-load testing, low-cycle corrosion fatigue

Over the past four years a considerable number of studies have been con-
ducted within the Air Force and at the National Bureau of Standards (NBS)
regarding the total cost of corrosion prevention and control for aircraft. The
inescapable conclusion is that total corrosion costs in terms of life-cycle
management and maintenance of aircraft represent an intolerable burden to
the Air Force in maintaining force effectiveness at a reasonable cost to the
taxpayer. In a 1978 NBS report [ /]’ the total corrosion cost was calculated to
be $70 billion nationally. For the Air Force the direct cost of corrosion

! Systems Research Laboratories, Inc., 2800 Indian Ripple Road, Dayton, Ohio 45440. Co-
author Chang is now with the Army Materials and Mechanics Research Center, Watertown,
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2 Air Force Wright Aeronatical Laboratories, Wright-Patterson Air Force Base, Ohio 45433.

* The italic numbers in brackets refer to the list of references appended to this paper.
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maintenance in the field and at the depot level has been estimated to be $750
million, and the total corrosion cost including facilities is estimated to be in
excess of one billion dollars. During the 1975 and 1977 Air Force Office of
Scientific Research-Air Force Materials Laboratory (AFOSR-AFML) Cor-
rosion Workshops, improved accelerated tests were cited as being a major
area of need requiring further research [2,3]. One of the major problems in
effectively reducing aircraft-corrosion maintenance costs has been the inabil-
ity of the research community to develop realistic corrosion tests which give
meaningful results in a reasonable length of time. There are no accurate
methods for accelerated testing for corrosion which yield reliable results for
predicting the service life of aircraft components and materials which degrade
or fail due to environmental attack. Current alternatives involve the use of
gross tests such as saltwater immersion which yield relative corrosivity values
that have no quantitative relation to service life or outdoor atmospheric ex-
posure tests which require experiments of three to five years or longer and
are specific to one local environment.

A program has been initiated to provide the basis for the development of
realistic accelerated tests which can be used to predict the long-range corro-
sion behavior of materials under actual service conditions. Test environments
are based upon reasonable variations in the concentration of accelerating
pollutants, humidity, and temperature, using primary and secondary air-
quality standards to establish concentration base levels for accelerating pollu-
tants such as sulfur dioxide. Controlled atmospheric experiments are being
conducted for general corrosion and for localized environmental enhancement
of crack-growth rates. Crack-growth studies include low-cycle corrosion-
fatigue, rising-load, and constant-slow-strain-rate tests. Initial results are re-
ported in this paper for 4340 steel and 7075-T651 aluminum alloys under
rising-load and low-cycle fatigue. Results of several corrosion studies in a
controlled atmosphere will be compared later to results for general corrosion
of test panels at outdoor sites located in corrosive and relatively benign
atmospheres.

The state of the art in accelerated-corrosion testing methods as described
in the ASTM Book of Standards and approved by the National Association
of Corrosion Engineers (NACE) involves the aforementioned use of gross
tests such as salt fog and alternate salt-immersion tests with their lack of
quantitative values for corrosivity or relative corrosivity with respect to serv-
ice experience. Atmospheric outdoor tests where panels are exposed to var-
ious environments require a time scale which precludes rapid materials-selec-
tion decisions or paint-protection-measures evaluations. These tests are
specific to limited environments and seldom take into account stress factors
which may accelerate the localized corrosion and enhance crack growth,
leading to premature failure. Cyclic loading is, of course, also precluded. Es-
tablishing realistic test environments requires, at a minimum, a reasonable
selection of atmospheric environmental variables coupled with stress factors
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which aerospace components are expected to experience. The selection of
appropriate air-quality standards is difficult and should be based upon
knowledge of ambient-air pollutant levels and experimental work to deter-
mine the relative importance of these pollutants. The effects of sulfur dioxide
-(SO;) on high-strength steels (as discussed in this paper) and nitrogen dioxide
(NOy) on high-strength aluminum alloys (to be reported in a subsequent
paper) must be related to the interaction of these gases with water vapor and
airborne particulates and to causal factors. In this paper, the design and
layout of the experimental apparatus for simulating the environment and the
initial results obtained in environmentally acceleratd crack-growth studies
conducted on high-strength steels and aluminum alloys are given. Experi-
ments have been conducted in dry and humid air and then in more aggressive
environments containing a mixture of SO; and humid air. Rising-load tests
have been used to determine the apparent Kisce for 4340 steels in such an
environment. Fractographic analysis has been employed to correlate the re-
sults and the types of failure that have occurred. Initial results have been ob-
tained on 7075-T651 aluminum and 4340 steel.

Experimental

A 50.8-mm-thick plate of 4340 steel of aircraft quality was used. The high-
strength Al-7075-T651 alloy used was obtained from Rockwell International
in the form of 76.2-mm-thick plate. Research-grade SO; and NO; and reagent-
grade sodium chloride (NaCl) were employed. Distilled water was used
throughout the experiments. The critical stress-intensity factor, Kic, the
threshold stress intensity for stress-corrosion cracking, Kisee, and crack-
growth data were obtained using compact-tension plane-strain fracture-
toughness specimens as shown in Fig. 1. Both steel and aluminum specimens
were machined in the short-transverse (ST) orientation. The high-strength
4340 steel was heat-treated to yield strengths of 1275 and 1440 MPa.

Fracture-Toughness Testing

The compact-tension specimens were precracked to 2.54 mm by fatigue-
cracking the specimens according to ASTM specifications. Two specimens
from each heat treatment were loaded monotonically to failure (in ambient
air—average relative humidity (RH) = 50 percent in laboratory air) to de-
termine the stress intensity at fracture, Kie.

Accelerated K is.c Testing

The apparent threshold for sustained-load stress-corrosion cracking, Kisce,
in humid air and in different mixtures of humid air and SO, was estimated
using the accelerated rising-load procedure [ 4]. The testing technique utilized
was identical to the procedure used for Ki. fracture-toughness testing
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TABLE 1~Apparent K,s.~values obtained by rising-load tests.

Apparent
Loading Rate,  Kisce,._ Yield Strength,
Specimen No. Environment N/min MPafx; MPa
2B 1000-ppm SO: + 80% RH 22 55 1440
3B 1000-ppm SO; + 80% RH 88 49 1440
10A 1000-ppm SO; + 80% RH 22 72 1240
23A 1000-ppm SO: + 100% RH 22 70 1240
29A 80% RH 22 78 1240
15A 50% RH 22 78 1240

®These values are approximate.

[ASTM Test for Plane-Strain Fracture Toughness of Metallic Materials (E
399-72)], except that a slower rate of loading was employed and the specimen
was exposed to the environment while being loaded. These tests were con-
ducted with standard 19.05-mm-thick compact-tension specimens. The spec-
imens were precracked to crack lengths of 2.54 mm at stress intensities below
15 MPa v/m (R = 0.1 and f = 0.1 Hz). A special environmental chamber
(to be described in detail later) was used to maintain and control the constit-
uents of the specific environments required for the tests. The specimens were
loaded in air, in 80 percent relative humidity, in 1000-ppm SO, at RH = 80
percent, and in 1000-ppm SO; at RH = 100 percent, at fixed loading rates
corresponding to 22 and 88 N/min. ‘Kisce-values were estimated from the
load-displacement record, using the 5 percent secant offset procedure similar
to that used for the Ki. testing. The results are given in Table 1.

The Environmental Chamber

The environmental chamber and the gas-train assembly are shown in Fig. 2.
The chamber is made of 316 stainless steel while the grips, pull rods, and pins
are made of 17-4 PH steel, which exhibits good resistance to wet SO, and wet
NO; environments. It is a leakproof system with bellows and other attach-
ments to attain high vacuum. The temperature inside can be controlled from
0 to 538°C. The unit is installed in a closed-loop Materials Testing System
(MTS) machine for conducting mechanical tests in realistic environments.

The test atmospheres were supplied through the gas train, which consists
of a gas mixing and delivery system. High-purity bottled gases (SO; and dry
air in this case) were metered by Matheson Flowmeters 601 and 603 and then
mixed in the mixing tube. The concentration of SO; in the chamber is rou-
tinely measured by calibrated Gastec analyzer tubes. Special gas-sampling
outlets are provided in the chamber. The relative humidity inside the chamber
is controlled by means of a BMA dry and wet bulb hygrometer. The water
vapor is added in the form of steam by boiling distilled water in a flask main-
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tained at a constant temperature. The steam flow is controlled by the output
voltage of the BMA controller, which monitors the opening and closing of
the solenoid valve on the steam line. The steam is injected into the gas mix-
ture prior to its entry into the chamber in order to obtain the required mixture
of SO; and relative humidity air.

Gas pressures used in all the tests have been slightly above atmospheric to
provide positive flow through the environmental chamber. The gas inlet and
outlet are positioned specifically to minimize the channeling effect. The gas
is circulated inside the chamber by means of a circulating fan (placed inside
the chamber) to maintain a uniform environment throughout the chamber.
Negligible condensation occurred during these tests except in the case of
RH = 100 percent. The fatigue-crack-propagation data discussed in the next
section were obtained using compact-tension plane-strain fracture-toughness
specimens (Fig. 1). Tests were conducted in the controlled atmosphere inside
the environmental chamber as described. The inert dry nitrogen was used as
a control, while the RH = 80 percent air, 1000-ppm SO, and RH = 80 percent,
and 1000-ppm SO; and RH = 100 percent were used as representative aggres-
sive environments for stress corrosion and environmentally accelerated cor-
rosion fatigue.



380 ATMOSPHERIC CORROSION OF METALS

Corrosion-Fatigue Crack Growth

All tests were conducted at room temperature using a 100-kN Materials
Testing System (MTS) machine. The crack length was monitored through
crack-opening-displacement (COD) measurements during fatigue testing. To
determine the crack length from COD data, compliance measurements were
carried out for both high-strength steels and aluminum alloys. Tests were
conducted in air, and crack lengths were determined using optical and COD
measurements simultaneously on the MTS machine. The COD was measured
by a double-cantilever displacement gage prepared in accordance with the
ASTM Method E 399-72. The displacement gage was calibrated to measure
COD from 0 to 1.25 mm =+ 0.0125 mm using a System Research Laboratories
(SRL) developed strain-gage amplifier. The COD was recorded as a function
of cycles.

A sinusoidal tension-tension waveform was employed for all fatigue-crack-
growth-rate tests. Most of the tests were conducted at an R-ratio (Kmin/Kmax)
of 0.6 and a frequency of 0.1 Hz. The slow frequency and high R-ratio were
utilized to facilitate the observation of environmental effects. Limited tests
were conducted at frequencies of 0.25 and 0.5 Hz also. All specimens were in-
itially precracked according to ASTM E 399-72 on the same MTS machine
on which the corrosion-fatigue tests were conducted.

No significant differences were found in the COD/load and crack length/
load curves. The crack length, a, was calculated from the analyticai com-
pliance relationship [J]

a/W = 1.001 — 4.6695 U + 18.460 U?
— 236.82 U* + 121494 U* — 21436 U°

where
1
/EB(CODmax — CODuin)
Prax — Pumin

where E is the Young’s modulus and P the stress. W and B are the dimensions
indicated in Fig. 1. The stress-intensity values were calculated from [5]

+1

P
K=3wm
. 2 + a/w)0.886 + 4.64(a/w) — 13.32(a/w)* + 14.72(a/w)* — 5.6(a/w)*

(1 — a/w)"

where B and W are the dimensions indicated in Fig. 1 such that B and
a > 2.5 (Kic/YS)?, with Ki. being the fracture toughness and YS the tensile
yield strength. The crack-length-versus-number-of-cycles data were con-
verted to fatigue-crack-growth rates (da/dN) using a computer program [ 5].
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Seven to eleven data points were fitted to a second-order polynomial, and
the derivative (da/dN) was then obtained for the middle data point. This
process was then repeated over the range of data.

All fractured surfaces were examined visually and then by light microscopy.
The specimens were then ultrasonically cleaned in acetone, deionized water,
and methyl alcohol. The light-microscopic observation was followed by
scanning electron microscopy (SEM) for detailed examination of the fractured
surfaces.

Results and Discussion
Crack Propagation

The fatigue-crack-propagation behavior of many ferrous and nonferrous
alloys can be schematically represented as in Fig. 3 [6]. The rate of crack
growth depends strongly upon K at K-levels approaching K. or Ki. at the
high end and at levels approaching an apparent threshold at the low end,
with an intermediate region that depends upon some power of K or AK. The upper
end corresponds to the onset of unstable fracture, while the lower end cor-
responds to the fatigue ‘““threshold™ AKin [7,8] which appears to be related
to the metallurgical structure [9].

The environment-enhanced fatigue-crack-growth response of high-strength
metals may be broadly characterized in terms of three general patterns of
behavior [ 18], as illustrated schematically in Fig. 4. The first type of behavior
represents those material-environment systems where fatigue-crack-growth
rates are enhanced by the presence of an aggressive environment through a
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synergistic action of corrosion and cyclic loading. This is “below Kiscc” be-
havior [11-13] and applies to materials which are not susceptible to stress
corrosion where Kiscc > Kic. This behavior is classified as true corrosion fa-
tigue. The second type of behavior is representative of those systems where
there is a substantial environment-enhanced sustained-load crack-growth
component [ 14, 15], which occurs whenever the stress intensity in the cycle is
above Kiscc. This behavior is classified as stress-corrosion fatigue. The most
common type of behavior pertains to material/environment systems which
exhibit stress-corrosion fatigue above Kiscc and also true corrosion fatigue at
all stress-intensity levels. Such behavior lies between the two extremes and is
shown in Fig. 4c.

Crack-Growth Behavior of Al 7075-T651

The accelerated atmospheric effects resulting from the variation of the rel-
ative humidity upon observed crack-growth rates were investigated. The low-
cycle corrosion-fatigue data are expressed in terms of crack-growth rate
da/dN as a function of the stress-intensity-factor range AK. The dependence
of crack-growth rate upon the humidity level in air for Al 7075-T651 is
shown in Fig. 5. At high levels of humidity such as RH = 80 percent, the
crack-growth rates were substantially increased as compared to those in dry
air (= RH = 5 percent). The immersion results for crack growth in aqueous
solutions are shown for the sake of comparison. While increasing relative
humidity also increases the crack-growth rates, the change in crack-growth
rate from gaseous environment to total-immersion aqueous environment is
much more significant. This rate is also less realistic for estimating corrosion
reactions except where standing water is present. Similar results on several
aluminum alloys have been obtained by other workers [ 16-23]. The com-
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FIG. 5—Crack-growth-rate data obtained for Al 7075-T651, tested at various relative humidity
levels.

monly accepted explanation of crack-growth acceleration due to a high level
of humidity is the pressure mechanism of hydrogen embrittlement suggested
by Broom and Nicholson [ 19] which requires a water-metal surface reaction
and proposes that the increase in the rate of fatigue-crack growth results
from the synergistic action of a mechanical process—fatigue, which creates a
sufficient amount of fresh surface—and the chemical reaction of water vapor
with the resulting fresh surface.

Crack-Growth Behavior of 4340 Steel

Figure 6 represents the crack-growth-rate data on 4340 steel with a yield
strength of 1345 MPa obtained at three levels of humidity. In all these tests a
frequency of 0.1 Hz and a load ratio R of 0.1 were used. While the shapes of
the three curves are similar, noticeable differences exist in the crack-growth
rates at high K-levels. Note that although the differences in crack-growth
rates (at different humidity levels) are small, very definite differences are
present. The differences found are reproducible within an experimental error
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FIG. 6—Crack-growth-rate data obtained for 4340 steel (1345 MPa),
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TABLE 2—Specimen life in cycles.

tested at various relative

4340 Steel 1335 MPa
Specimen No. RH Ne(cycle)
1 dry air <5% 60 174
2 65% 40 593
3 100% 33 864
Al 7075-T651
Specimen No. RH Ny(cycle)
1 dry air <5% 40 347
80% 26 950
3 100% 41 005
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of da/dN less than the Ada/dN values. Similar differences in crack-growth
rates were observed for 7075-T651 aluminum. These differences become
more pronounced when one considers data on cycles to failure. These data
are shown in Table 2 for both Al 7075-T651 and 4340 steel. Similar increases
in crack-growth rates of high-strength 4340 steel due to water vapor were ob-
served under both sustained and cyclic loading by Lynch and other workers
[24-30]. Dahlberg [31] has demonstrated more distinct differences in the
crack-growth rates of 4340 steel tested at different humidity levels when an
R-ratio of 0.8 was used. However, the differences in crack-growth rates with
increasing humidity levels were similar to those obtained in the present in-
vestigation where smaller R ratios were used.

Although several mechanisms have been suggested for hydrogen embrittle-
ment [32-35] (such as the decohesion model [34] and the pressure model
[35]), no single theory gives a complete description of the problem. For high-
strength steels, however, in “hydrogen-producing’ atmospheres [for example,
hydrogen (H,), water (H,0), hydrogen sulfide (H,S)], decohesion theories
are widely accepted [ 15,35-38] (for monotonic and cyclic loading). Also, the
general concensus is that the presence of water vapor in the atmosphere en-
hances crack-growth rates for both high-strength aluminum and steel alloys.

Crack Propagation of 4340 Steel in Humid SO,

High-strength 4340 steel at yield strengths of 1240 and 1440 MPa were
tested at a load ratio of 0.6 and a frequency of 0.1 Hz. The atmospheres were
ambient air, dry nitrogen, air with RH = 80 percent, and 1000-ppm SO; in
air with RH = 80 percent air. The crack-growth results for 1240-MPa steel
are shown in Fig. 7, while Fig. 8 shows the da/dN-versus-AK plot for 1440-
MPa steel. A comparison of these two figures shows that there is a greater
enhancement in the crack-growth rates for 1440-MPa steel compared with
1240-MPa steel due to the SOz environment. These data indicate a “bump”
(abrupt change in the slope in the intermediate region) of the da/dN-versus-
AK plot obtained for 1440-MPa steel tested in the 1000 ppm SOz and RH = 80
percent environment. A similar “bump” is obtained for 1240-MPa in this
same environment. The ambient air and RH = 80 percent plots, however,
follow the normal trend [6]. This difference in the nature of the plot (or ap-
pearance of the ‘“‘bump’’) is expected when the K-level exceeds the Kigce-value
for the metal-environment system. In general, this follows the trend of Fig.
4c¢, which is most significant because the extrapolation from this slope
change to the abscissa of the plot produces the Kiscc-value as shown in Fig.
4c¢. Accordingly, the Kisce-values have been obtained from Figs. 7 and 8 and
are 55 and 46 MPa \/E for 1240- and 1440-MPa steels, respectively. The ac-
curacy of this estimate has been further verified by the rising-load method
and fractographic observations. The Kiscc-value obtained for 1440-MPa steel
by such extrapolation is in very close agreement with the Kiscc-values obtained
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FIG. 7—Crack-growth-rate data obtained for 4340 steel (1240 MPa), tested in 1000-ppm
SO, at RH = 80 percent environment.

from the other observations. The high value of K. obtained for 1240-MPa
steel could not be supported by either rising-load or fractographic observa-
tions. Such high values of Kiscc obtained by extrapolation of da/dN-versus-
AK curves have been reported previously [39]. However, the Kisec value ob-
tained by such extrapolation for 1440-MPa steel is quite consistent and
accurate. The validity of this extrapolation is supported by the results of
Austen and Walter [40] on high-strength 835M30 steel in a 3.5NaCl envi-
ronment and the results we have obtained on 4340 steel in 3.5NaCl solution.
However, the high value of Kiscc obtained for 1240-MPa steel requires further
studies in several environments. A more detailed investigation of the nature
of the da/dN-versus-AK plot is required when there is a very small difference
in Kisce and Kc-values for the metal-environment system. In this case 1240-
MPa steel is noi so susceptible as 1440-MPa steel to hydrogen-assisted stress-
corrosion cracking in the environment/conditions of the test, and the results
apparently are intermediate between the first two cases of the schematic
presentation of Fig. 4. In such a case, further detailed study of frequency/
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FIG. 8-~Crack-growth-rate data obtained for 4340 steel (1440 MPa), tested in 1000-ppm
SO, at RH = 80 percent environment.

load/R-ratio effects may be necessary to improve the determination of Kisec
by extrapolation.

Rising-Load K s Tests

The approximate values of Kiscc obtained for 1240- and 1440-MPa steels in
various environments are given in Table 1. Only two loading rates of 22 and
88 N/min were used. The values quoted in Table 1 must be taken as the higher-
limit estimates because of the rapid K-rates utilized and the limited nature of
the test procedure. More experiments at slower rates should improve the ap-
proximation of Kiscc-values.

Fractographic Analyses

Fractographic analyses of the fracture surfaces of the specimens were con-
ducted to provide further information concerning the crack-tip mechanism
in corrosion fatigue of 4340 steels at different K-levels in humid SO; envi-
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ronments. Figure 9 shows fractographs taken from the surface of a 1240-
MPa steel specimen tested in 1000-ppm SO; + RH = 80 percent. These frac-
tographs indicate that at low values of K, 40.5 MPa v/m, the surface features
are very ductile (Fig. 9a). At higher values of K, there is little evidence of
intergranular fracture. The fracture is mainly transgranular and ductile in
nature. No substantial component of intergranular fracture could be found,
even in the fracture zone corresponding to high values of K, =57.5 MPa Vvm
(near the fast fracture) (Fig. 9b). Different fracture-surface characteristics
were obtained for 1440-MPa steel corrosion fatigued in 1000-ppm SO, + RH
= 80 percent. Figure 10a shows the ductile nature of failure at low K-values
of 35 to 36 MPa \/E, while Fig. 10b shows the mixed mode of failure, cor-
responding to a K value of =40 MPa \/m.

Figure 10c is a typical fractograph obtained in the fracture zone corre-
sponding to a K-value of =46 MPa \/rF The entire fractured surface was
scanned several times, and a definite intergranular failure mechanism was
observed over the entire cross section when the K-value exceeded 45 to 46
MPa \/m. The value of Kisec was approximated by careful measurement of
the crack length and found to be =46 MPa \/m, which is in agreement with
the Kiscc-value obtained from the da/dN-versus-AK plot; this value falls
within good approximation of the value obtained by the rising-load method.

Figure 11 shows the fractographs obtained from the fractured surface of
1240-MPa steel tested in dry Na. The fractured surfaces (Fig. 11a) are charac-
teristic of ductile failure, containing dimple rupture. In Fig. 115 the dimples
can be more clearly seen at higher magnification.

Conclusions

The presence of water vapor in the atmosphere accelerates the crack-growth
rates of high-strength steel and aluminum alloys. Crack-growth rates increase
with increasing relative humidity, with the effect being more pronounced in
steel at a yield strength of 1440 MPa as compared to 1240 MPa.

There is a significant increase in crack-growth rates (and corresponding
decrease in cycles to failure) for high-strength alloys in full immersion in ag-
ueous solutions as compared to an air atmosphere of 100 percent relative
humidity.

Corrosion-fatigue crack-growth rates increase from ambient air to air with
RH = 80 percent to RH = 80 percent + 1000-ppm SO,. This is true for all
alloys with the effects being more pronounced in the 1440-MPa steel than in
the 1240-MPa steel.

The value of Kicc can be extrapolated from the corrosion-fatigue curve,
provided the conditions of load, frequency, and R-ratio are optimized. The
results of rising-load corrosion-fatigue extrapolation and fractography experi-
ments are in excellent agreement for the 1440-MPa steel. Thus, a rapid de-
termination of Kisce is provided for susceptible alloys.
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Summary

Atmospheric corrosion has been studied actively for more than 80 years
by materials scientists and engineers. In. spite of this extensive work, a
number of significant questions remain. The papers in this publication have
been divided into two general categories: (1) outdoor exposure results, and (2)
modeling, characterization and correlations. Although the classification of
papers into categories such as this is necessarily arbitrary, it is hoped that
this division will be helpful to readers in approaching the subject matter. The
summaries below are presented in the order they appear in the text.

Outdoor Corrosion Results

Knotkova, Vitkova, and Honzak have described the research program
carried out at the State Research Institute for Materials Protection in Czecho-
slovakia to develop weathering steels for structural applications. The first
part of their study provides detailed information on the corrosion behavior
of weathering steels as a function of pollution level. In this work standardized
exposure conditions were employed, and the results were presented in a gen-
eralized format. Then the atmospheric corrosion of weathering steels in actual
structural configurations including a demonstration building was studied.
They also presented a comparison of costs of weathering steels to painted
steels in structural applications. This paper is unique in that a wide range of
information from basic atmospheric corrosion rate data to engineering ap-
plication problems is presented.

Townsend and Zocolla have considered a specific but important atmos-
pheric corrosion problem: comparing the atmospheric corrosion resistance
of steels in order to comply with ASTM A 588, the weathering steel specifica-
tion. This specification defines the atmospheric corrosion resistance of
weathering steels as approximately twice that of carbon structural steel with
copper. The corrosion resistance of steels with copper is also defined as ap-
proximately twice that of carbon structural steel without copper. Since the
corrosion resistance of steel alloys varies strongly with exposure time, it is not
clear how to make the comparisons required by A 588. The first step in the
solution Townsend and Zocolla proposed was to generate quantitative ex-
pressions for the mass loss versus time behavior of the three steels by applying
the linear relationship

logC=Blog:t+log A

where C'is the corrosion mass loss, ¢ is the exposure time, and 4 and B are
constants. Secondly, for the purpose of complying with A 588, the authors
propose that the comparison of steel corrosion resistance be based on the
ratio of times required to achieve a particular loss of thickness, readily calcu-
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lated from the mass loss-time equations. Although the thickness loss is se-
lected arbitrarily, the proposed value of 250 um (0.01 in.) appears to be justi-
fied by a number of considerations.

Copper alloys are usually thought to have excellent atmospheric corrosion
resistance. However, newer alloys and more demanding applications have
required more detailed data and understanding of the atmospheric behavior
of these materials. Castillo and Popplewell have presented an interesting up-
date to earlier publications from their laboratory on the atmospheric corro-
sion resistance of copper alloys. Although most of the results cover only four
years of exposure, their approach is important and useful in terms of under-
standing the engineering performance of copper alloys. Their program in-
cluded 24 copper alloys with 8 new compositions. The emphasis of the pro-
gram on both mechanical properties and atmospheric stress corrosion
cracking resistance reflects the shift of use of copper alloys from architectural
and marine applications to electrical and electronic applications. Their results
on both long-term and short-term stress corrosion cracking susceptibility of
a variety of copper alloys indicate that high zinc levels are very detrimental
in industrial atmospheres and that ammonia may not be an important cause
in atmospheric stress cracking of brasses, that is, season cracking. Their re-
sults on the poor performance of manganese containing alloys and the indi-
cation of possible stress corrosion cracking problems of nickel silvers in ma-
rine atmospheres are also significant. This paper, together with the following
two papers on copper alloys in the atmospheres, constitutes an important
contribution to our understanding of the behavior of this alloy system.

Holm and Mattsson have reported the corrosion behavior of 36 copper al-
loys including coppers, brasses, and bronzes in either sheet or rod-form.
These materials were evaluated in rurai, marine, and urban atmospheres in
Sweden. The evaluations included appearance evaluation, corrosion product
analyses, mass loss measurement, depth of penetration, change in tensile
properties and in the higher zinc brasses, degree of dezincification. This paper
provides an excellent comprehensive study of the performance of copper al-
loys over a range of atmospheres and for significant time intervals.

A similar study of copper alloys behavior after extended atmospheric ex-
posure is provided by Costas. This paper was included in this compilation as
a conclusion of the ASTM 1957 B-3 Atmospheric Exposure Program. Sixteen
copper alloys completed this program and were evaluated for mass loss, pit-
ting, tensile properties, corrosion product analysis, and metallographic ex-
amination. The results were similar to previous studies in which these alloys
showed relatively low corrosion rates in the atmosphere (between 0.2 and 2.3
um per year) with the industrial site showing the most severe attack. Dezincifi-
cation was noted only in the 30 percent zinc alloy, and intergranular attack
was noted only in the aiuminum bronze alloy (CDA 642).

To evaluate dry cooling for use in electric power plants, Battelle’s Pacific
Northwest Laboratory has conducted a large-scale study of U.S. air-cooled
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industrial equipment and of European dry-cooled power stations. Aluminum
fins are used widely in air-cooled heat exchangers, and Wheeler, Johnson,
and May summarize the air-side aluminum corrosion data obtained from
surveys and laboratory studies. Aluminum fins were generally resistant to
corrosion in locations described as rural-dry, rural-wet, and also industrial-
dry. Instances of severe corrosion have occurred at a few humid, marine, and
industrial sites. At these sites, the principal factors influencing corrosion ap-
peared to be the presence of contaminants and the amount of time the
equipment was off line. Corrosion was minimized when the operating
temperatures were above the dew point. It was reported that galvanized steel
air-cooled equipment also operated without substantial corrosion at most
locations.

Showak and Dunbar also presented the results from the ASTM 1957 B-3
Atmospheric Exposure Program. Two zinc alloys, high grade and 1 percent
copper, were tested in four locations including rural, marine, and industrial
atmospheres for 20 years. The panels were evaluated for mass loss, pit depth,
and change in mechanical properties. In general, the results of this exposure
confirmed the earlier 1931 program results, that is, atmospheric rates between
1 and 3 um/year (0.05 and 0.1 mils per year). The copper bearing alloy had
slightly higher atmospheric corrosion rates in the most severe marine and in-
dustrial atmospheres. However, the copper bearing alloy was more prone to
pitting. Tensile test results were not useful because natural aging of the alloys
tended to obscure corrosion effects. This paper should be of particular interest
to those following the 1976 exposure program and those concerned with using
zinc as a reference material in atmospheric exposures.

Tonini has reported the results of a 1960 exposure test program carried out
on coated steel panels by ASTM Subcommittee A0Q5.14. The purpose of the
program was to document the equivalent performance of sheet from contin-
uous galvanizing lines and that from the older pot galvanizing process.
When the two coatings were compared on the basis of years to first rust per
ounce of coating, no significant differences were found. However, several
anomalies were found in the results which indicate that the atmospheric cor-
rosion of galvanized coatings is still not clearly understood. For example,
when coating life, defined in terms of years to first rust per ounce of coating,
was plotted against coating weight, coating life depended significantly on
coating weight except at the Newark/Kearney site. In addition, plots of time
to first rust versus coating weight did not pass through the origin; it is noted
that this behavior has been seen in other analyses of ASTM atmospheric data.

DiBari, Hawks, and Baker have sought to determine if the corrosion re-
sistance of electrodeposited nickel-iron alloy coatings could be increased
beyond that required for the usual decorative applications. The performance
of nickel and nickel-iron coatings, therefore, was compared at three thickness
levels in atmospheric exposures and also in the copper-accelérated acetic acid-
salt spray (CASS) test. The thinnest coatings (8 um) of both types appeared
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to be equally suitable for applications in mildly corrosive service. With 15
and 30 um coatings, the nickel coatings outperformed the nickel-iron alloy
coatings in both the marine and industrial atmospheres. Since the major de-
fect of the nickel-iron alloy coatings was rapid rust staining in the atmosphere,
it appeared that these coatings should continue to be used in only mild cor-
rosion service until a remedy was developed.

This view was opposed by Clauss to cited evidence indicating static test re-
sults could not be relied upon to predict actual service results for items such
as hubcaps. In particular, it was reported the staining of nickel-iron alloy
coatings which developed in static exposures was not found in mobile tests.

Modeling, Characterizations, and Correlations

It is often necessary to determine the behavior of materials in atmospheric
exposures when there is not sufficient time to carry out a long term exposure
program in a variety of different types of atmospheres. Accordingly, a
number of different approaches have been attempted to better understand
atmospheric corrosion. Knotkova and Barton of the State Research Institute
of Material Protection in Prague, Czechoslovakia, have reported their system
for classifying the corrosivity of atmospheres. Their system incorporates me-
teorological and climatic measurements and air pollution monitoring mea-
surements with standard panel test results. Their system includes boldly ex-
posed outdoor exposures with sheltered outdoor and interior exposures such
as warehouse or vessel applications. They have also identified problem at-
mospheres such as those associated with textile, metallurgical, and chemical
processing plants. The resulting system should be very helpful to designers
charged with specifying protective measures against atmospheric corrosion.

Several efforts have been made in the past to determine the relative corro-
siveness of atmospheric test site locations. Since then, much has been learned
about the role of pollutants and meteorological factors, but there is much still
to learn. Therefore, ASTM has established Task Group G01.04.01.01, entitled
Calibrating the Corrosiveness of Atmospheric Test Sites. The objective of
the task group is to develop a recommended practice by which tests can be
conducted to calibrate the corrosivity of an atmospheric corrosion test site
on a continuing basis. Baker and Lee have reviewed some of the factors which
are being considered in developing this standard, and they present some
rather interesting results which have been acquired over the years in related
studies.

The concept of time of wetness as a parameter of atmospheric corrosion
rate has been under study for many years. Earlier work indicated the impor-
tance of this factor, but problems with measuring devices have prevented the
widespread acceptance of this approach. Sereda organized a task group within
ASTM G-1 Subcommittee G01.04 on Atmospheric Corrosion to develop a
standard for measuring time of wetness. The paper on measurement of time
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of wetness by moisture sensors by Sereda, Croll, and Slade reports the results
of this effort. A new miniature sensor based on printed circuit technology
was developed for this study. A round robin test was set up with six labora-
tories participating initially, but only two were able to complete the program.
Based on this work, the authors concluded that the new miniature sensors
based on either zinc-gold or copper-gold were equally effective. These sensors
did not give a unique relationship between relative humidity and potential,
but they were effective at detecting condensed moisture on the surface in
question. The results of this study provide a basis for further work in stand-
ardizing the moisture sensor approach to measuring time of wetness.

Haynie has skillfuily analyzed data from an EPA corrosion study con-
ducted in the St. Louis area for an extended period. In this first-of-its-kind
study, air pollution, meteorological, and corrosion data were continuously
recorded at four exposure sites by a central computer. The corrosion data
were the galvanic currents from copper/zinc and copper/steel atmospheric
corrosion monitors (ACM’s as described by Mansfeid). Based on regressions
of the percent time corrosion rates exceeded minimum values, time of wetness
values were calculated. The values for the zinc and steel ACM’s were signifi-
cantly different, as were differences between the four sites. These data indi-
cated environmental differences within the geographic region. Relative hu-
midity, temperature, windspeed, and SO; and NO; levels were found to be
significant variables. Relative humidity was found to be the most important
variable affecting corrosion rates. Critical relative humidities calculated for
the four sites were 90, 91, 89, and 85; the latter value was believed to be too
low. Also a good criterion for defining the time when the ACM surface was
wet was a galvanic current equivalent to a corrosion rate equal to or greater
than 1.5 um/year. The need for such a definition is discussed by Mansfeld in
his following paper.

The application of electrochemical techniques to atmospheric corrosion
has increased in recent years, but Mansfeld et al have indicated certain prob-
lems with electrochemical monitoring devices. For example, the interpretation
of time of wetness measurements is not clear, since no sound definition exists
on which the time of wetness can be based. Also, a more serious problem is
that electrochemical monitoring devices measure only fractions of the true
corrosion rate. To evaluate in more detail the factors that determine the re-
producibility of electrochemical corrosion sensors, cell efficiencies, and the
time of wetness, a statistically designed experiment was carried out. Among
the more significant results reported were the low efficiencies found for
copper/steel and steel/steel cells, that is, about 20 percent and 7 percent, re-
spectively. These low efficiencies were attributed to local cell action and the
low conductivity of the electrolyte. Evaluation of the results of the completed
experiment will undoubtedly increase our understanding in this important
area.

Bragard and Bonnarens in their paper have contributed significantly to
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our knowledge of the mass loss versus time behavior of steels being tested in
the atmosphere. Initially, they use the data from 24 steels at three sites to test
the validity of the equation

p=kr"

where p is corrosion loss, ¢ is exposure time, and k and n are constants. It
should be noted that this expression is equivalent to that used by Townsend
and Zocolla. In this realistic test, more than 75 percent of the observed and
calculated values were within 20 percent. Another linear mass loss versus
time relationship for steels at a specific site was developed, that is, the
expression

logps=alogp, + b

where px and p, are the corrosion losses after x and y years and @ and b are
constants. When the four year and ten year weight losses of a large number
of steels from a wide variety of sites were plotted (Fig. 10), the surprising re-
sult was that the slopes, that is, “g” values, for all the sites were the same.
The reasons for this result are not clear, but the relationship offers another
means of predicting long-term losses from short-term ones. In assessing the
corrosiveness of test sites, the authors suggest that the first year weight loss is
a reasonable measure of test site corrosiveness toward a steel. Empirical ex-
pressions were developed for calculating n as a function of first year weight
loss and test site relative humidity; the results correlated well with observed
values. These results should be useful in reducing the work and time required
for the atmospheric testing of steels.

Byrne and Miller have attempted to develop a better understanding of the
atmospheric corrosion of aluminum alloys. They noted that the severity of
corrosion of aluminum alloys did'not always correspond to the level of pol-
lution in the atmosphere, and in particular there were some unusually corro-
sive conditions in the Los Angeles area. They carried out some laboratory
experiments in which high purity aluminum specimens were exposed to con-
trolled atmospheres in which either nitrogen oxides, NOX, sulfur oxides,
SOX, or hydrogen chloride was present. The resulting aluminum oxides were
measured for thickness and degree of hydration. They found that in particular
nitrogen oxides plus moisture cause accelerated corrosion of aluminum alloys.
In analyzing the results of the natural atmospheric exposures, they observed
that NOX would react with SOX to produce nitrogen and sulfuric acid.
Thus, atmospheres with excess SOX should be less corrosive to aluminum al-
loys than those with excess NOX. Some results from natural atmospheres
were provided to support this conclusion. This paper should be particularly
interesting to those concerned with the effects of pollutants on metals in the
atmosphere.

The development of accelerated corrosion tests is an important facet of
atmospheric corrosion research. Accelerated tests must reproduce faithfully
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the behavior of materials in natural atmospheres in order to be useful. Kho-
baib, Chang, Keppler, and Lynch have attempted to use modern fracture
analyses approaches in low-cycle fatigue and rising-load tests to estimate the
critical stress intensity to initiate stress corrosion cracking in high strength
aluminum (AA 7075-T651) and steel (AISI 4340) alloys. They have carried
out their tests in both dry and moist gaseous environments. In the case of the
4340 steels, tests were also carried out with specimens of different yield
strength and in moist atmospheres containing 1000-ppm SO;. Their results
indicate that these techniques reveal the tendency of high-strength alloys,
that is, 4340 at 1440 MPa yield stress, to stress corrosion crack whether tested
in cyclic loading or rising load. Confirmation of stress corrosion cracking
during the cyclic loading tests was obtained by fractography. In addition, it
was found that these techniques are sensitive to variations in atmospheric
conditions which increase susceptibility to stress corrosion cracking, such as
total immersion of the 7075 aluminum alloy in water. These results are par-
ticularly important to these studying the fracture susceptibility of high-
strength materials in aircraft and military applications.

Conclusion

This compilation of papers provides a good cross section of the state of the
art in atmospheric corrosion testing. There is an even balance between expo-
sure test results and attempts to develop models, correlations and accelerated
tests for atmospheric corrosion. This compilation is particularly interesting
because of the international scope of the papers and the wide range of mate-
rials and subjects covered. It is our hope that the decade of the 1980’s have as
much progress in atmospheric corrosion work as in previous decades.

S. W. Dean, Jr.

Air Products and Chemicals, Inc., Allentown,
Pa. 18105; editor.

E. C. Rhea
Reynolds Metals Co., Richmond, Va. 23261;
editor.
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Pittsburgh, Pa., 58, 360, 370-372
Plaster, 29
Point Judith, R.I., 359, 370-372
Point Reys, Calif., 106-115, 137-162,
167-185
Polarity reversal, 323
Polarization resistance, 310
Pollutants, 375
Pollution, 12, 13, 36, 37, 39, 162,
174-175, 298-399
Chlorine, 9
NOX, 298
SO., 16, 298
S0, 355, 356
Pollution control system, 142
Poltice, 121
Polyurethane, 30
Potential, 277
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Power station, 116, 133

Prague, 242

Precipitation, pH, 88
Preconditioning, 315

Primer, 30

Proprad, 242

Putty, 30, 40

R

Railway bridges, 37
Rain, 21
Reducing agent, 187
Reference specimen, 86
Regional Air Monitoring System, 286
Regression
Analysis, 47, 58
Intercepts, 289
Linear, 47, 181, 240
Multiple, 287
Relative
Corrosivity, 168, 310, 375
Humidity, 242-243, 267, 277, 289,
294-298, 302, 307, 313-335,
354, 357
Repainting, 42
Replication, 332
Research Institute of Ferrous Metal-
lurgy, 8
Research Institute of Steel Construc-
tion, 8
Resistin, 30
Response, lags and leads, 307
Richland, Wash., 118, 124
Roads, 37
Rotisserie oven, 188
Roughness, 363
Rubber, 30
Rugeley, UK., 121
Rust
Colloidial properties of, 26
Cracking, 15
Mechanism, 15
Protective, 12
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S

Saccharin, 188
St. Louis, Mo., 286-308
Salinar, Utah, 118, 124
Salt,
Deicing, 218
Spray, 142, 250
Sandblast, 233
Sand dunes, 263
San Francisco, Calif., 347, 351
Saylorsburg, 46, 48, 50, 52, 54, 57, 58
Scanning electron microscope (SEM),
90, 118
Screw head, 41
Sealant, 30
Secondary ion mass spectroscope
(SIMS), 361, 365-366
Self taping screws, 41
Sensors-moisture
Copper gold, 268-288
Thermal characteristics, 280
Zinc copper, 268-288
Service life, 234, 375
Shear, 292
Shed, 16-19
Sheltered exposure, 23, 230
Silica, 90
Silo, 41
Skylight, 21
Sliac, 242
Sodium chloride, NaCl, 20, 125, 238,
314, 328, 376
Sodium sulfate, 312, 332
Soiling, 360
Solar radiation, 252
Solder, 126, 131
Spacer collar, 119-121
Spalling, 15
Specimen size, 353
Specimens
Plane-strain fracture toughness,
376
Precracked, 378

ATMOSPHERIC CORROSION OF METALS

Spraying, 247
Stadiums, 16, 20
Stain suppressant, 217
Staining, 187
Standard deviation, 328, 357
Stands Novadur, 9
State College, Pa., 106-115, 137-162,
167-185
Statistical
Analysis, 324
Procedures, 310
Steel
Aluminum coated, 47, 163-185
Aluminum silicon coated, 163-185
Aluminum zinc alloy coated, 47,
163-185
Atmofix, 8-43
Carbon (plain), 15, 19, 23, 24, 46,
-263
Copper, 46-59
Corrosion, 238, 256, 265
Cor-Ten, 3, 234
Galvanized, 29, 117, 119, 121, 133,
289
High-strength, 376
High-strength low-alloy, 45, 263
IOCHN DPS, 8
Low-alloy, 38, 47, 247
Mayari R, 8, 46
Microalloy, 354
Reference, 15, 27
Stainless, 29, 35
Structural, 7, 33, 45, 46, 246, 339~
358
Terne metal coated, 163-184
Tubes, 116-134
Weathering, 7-43, 45-59, 289, 354
Zinc coated, 47
4130, 335
4340, 375, 383-391
Stern-Geary method, 311
Stevenson screen, 9, 16, 268
Stochastically changing environment,
227



Stockholm, 86, 88
Storage houses, 16
Strain gage amplifier, 380
Stress, 187
Corrosion, 61
Corrosion cracking, 359, 386-387
Structural
Bolted joint, 31-32
Elements, 27-42, 234
Girder model, 28
Joints, 27-42
Sulfate, SO3, 88, 355
Sulfate nests, 26, 27, 31-34, 40
Sulfation plates, 254
Sulfur compounds, 121, 126
Sulfur dioxide, SO:, 12, 39, 88, 142,
227, 233, 238, 245, 246, 253,
265, 298, 302, 313, 314, 321,
322, 340, 360, 370, 376-378,
385-387
Sulfuric acid, 121
Summary of papers, 397-403
Sunshine, 21
Surface
Analysis, 362-363
Electrolyte, 23
Finish, 43
Hydration, 365-366
Synergistic action, 383

T

Tafel slope, 310
Takayama, 346-349
Technically Economic Research In-
stitute, 8
Tensile strength, 100-104, 115, 149-
160
Terne plate, 174
Testing
Accelerated Kisee, 376
Alternate salt immersion, 375
Constant slow strain rate, 375
Fracture toughness, 376
Rising load, 375

INDEX 413

Salt fog, 375
Test station-atmospheric, 8
Tests
Accelerated, 27, 35, 60, 250, 359,
375
Laboratory, 27, 359
Textile, 20, 21, 234
Thermodynamic calculation, 366-370
Thousand Oaks, Calif., 277, 279
Threshold stress intensity for stress
corrosion cracking, Kisec, 376
Tiles, 29
Time of wetness, 40, 142, 227, 234,
241, 253, 265, 267-285, 290,
294-298, 310, 331
Time ratio, 55, 56
Toaster shells, 188
Tokyo, 346, 349
Towers, 36
Aluminum, 119
TV, 36
Tubes, 36
Turbulent
Diffusion, 290
Flow, 292
Transgranular fracture, 388

U

Ultrasonic test, 36, 37, 39, 40
Ultraviolet radiation, 252
Undercoat, 30, 217

Usti, 23, 34

A

Vernon works, 359
Vessels, 230

w
Wagons, 40
Wajima, 346, 349
Walkway, 37

Washington, 351
Water vapor, 376
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Weathering, 250

Weight loss measurements, 310-312

Corrosion, 340

Data, 330

Equation for, 340
Weldability, 45
Welding Research Institute, 8
Welds, 28, 31, 35
Wet candle, 244, 261
Wetness degree, 252
Wind, 21, 253

Roses, 253

Shear, 292

Speed, 290

Velocity, 292

Wyodak, Wyo., 119

4

Zero resistance ammeter, 335
Zinc, 250, 256, 299
Weight loss, 264
Zinc alloys
High grade, 136
Prime Western, 136
Special high grade, 136
1 percent copper, 136
Zinc corrosion, 238, 265
Zinc iron alloy, 168
Zinc sulfate, 90
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