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Atmospheric Corrosion Prediction of Steels

ABSTRACT The atmospheric corrosion data of steels after sixteen-year exposure at various sites in
China were obtained, and power function was used for regression of the corrosion mass loss. Parameters
of the power function derived from these exposure data were used as the variants for a multi-argument
linear stepwise regression, which was utilized to analyze the effects of various factors on the corrosion.
Both chemical compositions of steels and the environment factors were used as the arguments in the step
regression. Quantitative relation of the corrosion parameters with both environment factors and chemical
compositions of steels was obtained. As a result, corrosion can be predicted for most carbon and low al-
loy steels in a variety of environments.

KEY WORDS  atmospheric corrosion, steel, corrosiveness, prediction

1 INTRODUCTION

For their excellent mechanical properties and relatively low price, carbon steels and
low alloy steels have become the main materials for structures in atmosphere. To im-
prove their corrosion resistance, atmospheric corrosion of steels has become one of the
main study subjects since the beginning of the 20™ century. Great efforts have been
made in the past thirty years to get quantitative estimation or prediction of atmospheric
corrosion of steels in terms of the chemical compositions of the steels and the environ-
ment factors,

Quantitative relation between corrosion weight loss and the compositions of steels
was obtained by Legault and Leckie!'’ in 1974 from the data of 273 steels exposed at 3
sites for 15. 5 years by Larrabee and Coburn'?, In their study, stepwise multiple regres-
sions were used in obtaining the equation, and based on this equation a standard guide
was made by ASTM for estimating the atmospheric corrosion resistancel®?,

Quantitative relation between atmospheric corrosion of steels and environment fac-
tors was pursued by Feliu ez al in 1993, Rosales ez al in 199657 and Mendoza et al'®! in
1999, respectively. ISO-DIS9223 standard!” stipulated to determine corrosiveness of

olo
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three environment factors — humidity hours, sulphur dioxide pollution and sodium
chloride pollution. It also stipulated to determine corrosiveness by one-year exposure da-
ta of carbon steels.

All the works mentioned above took corrosion weight loss as the corrosion parame-
ter in their regressions. Their results can be used for comparison of the corrosion resist-
ance of steels or the corrosiveness of environments, This is helpful in the production of
steels with better atmospheric corrosion resistance or in preventing us from using low
atmospheric corrosion resistant steel for outdoor structures. However, these results
cannot be used for corrosion predictions. Studies have shown that atmospheric corrosion
development in long-term exposure is completely different from that in short-term corro-
sion exposure. This phenomenon is demonstrated by Fig. 1, which shows the corrosion
curves of a mild steel exposed at seven different sites. [¥ If the corrosiveness of the steel
was determined by the corrosion of one-year exposure, according to 1809223, Wanning
will be one of the least corrosive sites. To the contrary, it is the most corrosive one af-
ter four-year exposure. Therefore, it is not appropriate to compare the corrosiveness of
steels by corrosion weight loss in a fixed period, not to say by one-year exposure weight
loss data.

Many studies have shown that the development of atmospheric corrosion of steels
follows the widely used power function:

D=Ar". @)

In which, D is the corrosion depth in mm, ¢ is the exposure time in years, and A
and 7 are two parameters.

Fig. 1 and 2 show the good agreement of the corrosion data with the power function
regression curves'®, Corrosion behaviors can be predicted if the parameters A and n of
the power function are determined.

A different quantitative relation between corrosion and the chemical compositions of
steels was obtained by Liang and Hou ™ in 1995. Parameters of the power function,
which were derived from the corrosion weight loss of steels exposed for 8 years at differ-
ent sites, were used for the regression. Corrosion can be predicted by this relation for
steels in typical environments as far as the chemical compositions of the steel are given.
In 2001, Townsend"" used similar method and obtained quantitative equations for steels
in industrial environment. These methods are a big step forward for corrosion resistance
determination of steels. It allows us to predict the corrosion behavior of a steel in certain
environment. However, the words “typical”, “industrial”, “rural” and “marine” for en-
vironment are quite ambiguous. It will be a breakthrough, if in addition to chemical
compositions, environment factors are also taken into consideration in the regression e-
quation. Then theoretically it will be possible to predict corrosion for any steel in any

environments,
L] 2 L]
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Fig.1 Atmospheric corresion of a mild steel Fig. 2 Atmospheric corrosion of various steels
at seven different exposure sites at Wanning, China (the symbols indicate
(the symbols indicate the actual data, and the lines the actual data, and the lines are
are the power function regression curves) the power function regression curves)

In this paper, stepwise regression program was used to our data of steels after six-
teen-year exposure at various sites in China for the analysis of the effects of different
factors on the atmospheric corrosion of steels. A quantitative relation of corrosion with
both environment factors and chemical compositions of steels was obtained. And corro-
sion can be predicted by this relation for low carbon and alloy steels in certain environ-

ments as far as the chemical compositions of the steels and the environment factors are

given,

2 EXPOSURE TESTS AND RESULTS

Seventeen industrially manufactured steels were exposed since October 20,1984 for
sixteen years at typical exposure sites in China. The details of the exposure and the cor-
rosion data of 4-year and 8-year exposure have been published previously 8. Here only
the chemical compositions of the tested steels and the environment data at the exposure
sites are listed in Table 1 and Table 2.

Weight loss of the steel coupons at six different sites after sixteen-year exposure
was obtained in this study. Both 8-year and 16-year exposure data showed that the wide-
ly used power function, i. e. equation (1), was still the best to describe the corrosion
process. The results of the power function regression using the 16-year corrosion data
are listed in Table 3 and Table 4. (Low corrosion resistant steels coupons were perfora-

ted and collapsed after 16-year exposure at Wanning, the most corrosive exposure site,
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Also, some coupons were lost at some other sites. Therefore, some data were missing
in Table 3 and 4. )

Fig. 3 shows the corrosion of steel 14 (a typical mild steel) at different exposure
sites. Fig. 4 shows the corrosion of various steels at Wanning, the most corrosive one a-

mong the six sites,
Table 1 Chemical compositions of the tested steels( %;)

L
Steel C S P Mn Si C Ni Mo Cu Nb V Ti Al RE N B *
1 0.07 0.023 0.090 0.4 0.5 0.4 0.6 0.06 0.38
2 0.08 0.023 0.070 0.4 0.5 0.6 0.3 0. 41
3 0.11 0.019 0.080 0.4 0.3 0.4 0. 27
4 0.08 0.019 0.089 0.4 0.3 0.29 0.01 0.01
5 0.10 0.002 0.010 0.3 0.6 0.8 0.1 0.25 0. 05
6 0.09 0,002 0.012 0.5 0.4 1.0 0.3 0.09 0. 57
7 0.15 0.010 0.022 1.5 0.3 ' 0.6 0. 04 0. 004
8 0.19 0.004 0.026 1.5 0.4 0.5 0. 15 0.01
9 0.13 0.022 0,011 0.8 0.3 0.6 0. 20
10 0.14 0.018 0.022 1.4 0.4 0.05 0.03
11 0.17 0.023 0.030 1.4 0.3 0. 07
12 0.20 0.009 0.015 0.6 0.3
13 0.14 0.027 0.035 0.9 0.4 0. 08
14  0.25 0.027 0.013 0.5 0.3 0.4
15 - 0.10 0.024 0.027 1.2 0.2 0. 03
16 0.16 0.025 0.009 1.4 0.4
17 0.08 0.025 0.008 0.4 0.1 0. 05
Table 2 Environment factors of the exposure sites™
BJ QD JJ GZ QH WN
Temperature ( Average) Q)] 12 12.5 18.4 22.4 24.5 24.6
Humidity (Average) (%) 57 71 81 78 86 86
Humidity over 80% Hrs (Hrs/a) 2 358 4 049 5 304 5 048 6 314 6 736
Precipitation (mm/a) 552 643 939 1 494 1 881 1563
Sun shine Hrs (Hrs/a) 2 150 2 078 1312 1636 2116 2 043

Cl™ Deposition [mg/ (100 o + d)] 0. 049 0.25 0.006 0.024 0.199 0. 387
SO, Deposition [mg/(Q00 c? « )] 0.442  0.494  0.667  0.107 0.15 0. 06

NQO; Content (mg/m*) 0.022 0. 038 0. 007 0. 035 0. 008 0. 005
H; S Content (mg/m®) 0 0.013 0. 004 0. 007 0. 029 0
Rain pH 5.5 6.1 4.4 5.8 6.9 5
Cl™ Content in rain (mg/m®) 11 044 1994 353 1873 11 229
SO~ Content in rain (mg/m?®) 81 654 31 642 13 702 9 625 3 552
Distance to sea (m) 34 350

"™ Remarks: BJ—Beijing, QD—Qingdao, JJ—Jiangjin, GZ—Guangzhou, QH—Qionghai, WN—
Wanning
L] 4 L ]
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Multiple stepwise regression program was used to analyze the effects of various fac-
tors on the corrosion of the steels. The parameters in the power function, A and n,
were used as the variants in the stepwise regression. Environment factors and chemical
compositions were used as the arguments in the program. A and n values in Table 3 and

Table 4 were fitted to the following equations:

Table 3 Coefficient A obtained from 16-year expeosure data

Steel BJ QD 1] GZ QH WN
1 0. 030 0. 057 0.074 0. 056 0.022 —
2 0. 030 0. 055 0. 062 0. 053 0.023 —
3 0. 033 0. 065 0. 086 0. 054 0. 026 0. 035
4 0. 035 0. 109 0.133 0. 068 — —
5 0. 032 0. 055 0. 083 0. 059 0.023 —
6 0. 029 0. 051 0. 061 0. 046 0. 022 0. 025
7 0. 030 0. 051 0. 062 0.053 0. 021 0. 022
8 0. 028 0. 045 0. 045 0.019 0.021
9 0. 032 0. 047 0. 066 0. 048 0. 021 0. 021
10 0. 029 0. 057 0. 069 0. 052 0. 022 —
11 0. 027 0. 050 0. 054 0. 041 0. 019 —
12 0. 031 0. 047 0. 059 0. 048 0.019 0.023
13 0. 027 0. 048 0. 053 0. 044 0. 020 0. 021
14 0. 032 0. 050 0. 065 0. 055 0. 023 0.033
15 0. 027 0. 047 0. 056 0.042 0. 021 0. 025
16 0. 022 0. 049 0. 054 0. 044 0. 020 0. 033
17 0. 032 0. 047 0. 053 0. 042 0. 019 0. 028

Table 4 Coefficient n obtained from 16-year exposure data

Steels BJ QD 1 GZ QH WN
1 0.42 0. 61 0. 41 0. 41 1. 05 —
2 0. 45 0. 61 0.43 0. 40 1.01 —_—
3 0.41 0. 65 0. 42 0.51 1.10 1. 48
4 0. 45 0.81 0.53 0. 51 — E—
5 0.44 0. 65 0. 44 0. 49 1.13 —
6 0. 44 0. 60 0.43 0.52 0.93 1.44
7 0. 42 0.61 0. 42 0. 43 1.03 1.44
8 0.39 0.51 — 0. 48 0. 90 1. 17
9 0. 39 0. 54 0.43 0. 56 0. 85 1.13
10 0.48 0. 62 0. 42 0. 50 1.07 _—
11 0.39 0.53 0. 37 0.45 0. 80 —
12 0.26 0.39 0. 60 0.52 0.77 0.91
13 0.29 0.45 0. 49 0.42 0.70 0. 90
14 0. 38 0. 56 0. 45 0. 45 0. 89 0.78
15 0.33 0. 46 0. 40 0.41 0. 66 0.72
16 0. 40 0.51 0.41 0. 38 0.75 0. 58
17 0. 25 0. 44 0. 40 0. 38 0. 70 0. 68
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Fig.3 Atmospheric corrosion of a mild steel Fig. 4 Atmospheric corrosion of 5 different steels

after 16-year exposure at six different sites after 16-year exposure at Wanning, China
(the symbols indicate the actual data, (the symbols indicate the actual data,
and the lines are the regression curves) and the lines are the regression curves)
A=A+ DJAMDXG) (2)
n=n(0)+ > n()X() (3)

Here, A(0) and n(0) are constants, A(:) and n(i) are coefficients for factor i, and
X(@) is the quantity of the factor i. X (i) is the concentration of the chemical elements
of the steels when the factor is a chemical element of the steel, and X(i) is the amount
of the environmental factor if the factor i is an environment factor, such as temperature.

Various factors and their combinations were tried to be taken into the equation to
make the error less. The best regression results so far are given in Table 5. The multi-
relation coefficient value is 0. 82 for A and is 0. 90 for n, >

The measurements of the arguments in the table have been adjusted, such that the
adjustment put all the quantities of the arguments at the same order. This does not af-
fect the regression results but make the comparison of the coefficients, i. e. the effect of
various arguments, more visual.

The coefficients in table 5 were used to calculate the A and n values with Equation
(2), (3) and then the 16-year corrosion depth with Equation (1) for the steels used in
regression. The comparison of calculated and the actual corrosion depth after 16-year
exposure at the six sites is given in Fig. 5, which shows a good correlation, Comparison
was also made for the calculated and the actual corrosion depth after 1-, 2-, 4-, 8- and
16-year exposure at each site. The plots are given in Fié. 6-11. The correlation is very

o« 6 o
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good for data obtained in Qingdao - the site with mild climate but with marine pollution,

and in Qionghai - sub tropic site without much pollution. It is only not satisfactory for

Beijing, the least corrosive site with mild and dry whether.

Table 5 Coefficients and constants for calculating A and n by
environment factors and chemical compositions of steel

Stepwise regression result with the model of A=A(0)+ 2 AD X @) yn=n(0)+ Z n(1) X(i)

Arguments Measurement n A(mm/a) Remarks

Constant —0.079 0.031

Relative Humidity (%)/100 0. 216 — Annual average
Temperature C)/100 — 0.367  Annual average
Ccl- [mg/(100 cm?® « d)] 1. 022 0.016  Deposition rate
SO, [mg/(100 cm? » d)] 0.195 0.028  Deposition rate
Precipitation * Sun shine hour  (mm/a) * (Hrs/a)/10° 0. 145 —0.021 Total of a year
Cu % —0. 452 — Content in steel
Mn (%) —_— —0.013 Content in steel
Si %) 0. 052 —0.022 Content in steel
P (%) =10 —0, 069 —0.024 Content in steel
S (%) * 10 0. 375 0.036  Content in steel
Cr 2] —0, 025 —0.012 Content in steel
Ni %) — — Content in steel
Mo %)  — — Content in steel
C %) — — Content in steel
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Fig. 5 Comparison of the calculated and
the actual corrosion depths of 17 steels after

16-year exposure at 6 sites in China
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Fig. 6 Comparison of the calculated and
the actual corrosion depths of 17 steels after
1-,2-,4~,8-,16-year exposure at Qingdao,China
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