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ABSTRACT: Atmospheric factors. namely, time of wetness of corroding 
metal panels, panel temperature, and atmospheric sulfur dioxide and  
atmospheric chloride contcni, were measured at four inlr~nd a n d  three 

coastal North American test sites while corrosion data for  steel, copper, 
a n d  zinc were being developed. Corrosion losses experienced by panels of 
these mctr~ls which were exposed at different times of the year for  similar 
periods of time showed considcrnhle variation a t  all sites. 

Statistical an;~lyses show conclusively that the atmospheric factors 
mcasured completely control the rates of corrosion at all sites for  at least 
the initial month. F o r  longer periods of time control of the corrosion 
process remains with the atniospheric factors in some crises, and in others 
i t  is gradually transferred to factors related to the changing surface condi- 
tions res~llting from accumulation of corrosion products and foreign 
agents. 

At the sites where the atmospheric factors control corrosion, the 
empirical equations developed enable one to predict the corrosion losses 
of steel, copper, and zinc from a knowledge of the atmospheric factors. 
They also now make it possible to account for  variations in observed 
corrosion losses experienced by panels exposed at different times of the 
year. 

KEY \VORDS: atniosphcric corrosion testing, steel, copper, zinc, time of 
panel wetness, sulfur dioxide, lead peroxide methods, atmospheric chlo- 
rides, wet-candle method 

The literature abounds with data on weathering of metals at geographic 

locations throughout the world. These data serve a very useful purpose 

and have been the basis for selection of engineering materials of construc- 

tion for many types of structures. The contributions to the fund of 

knowledge that has been developed over the years by the various ASTM 

' Research engineer, Product Research, Research and Corporate Development, 
Cominco Ltd., Sheridan Park,  Ont.. Canada,  personal member A S r M .  

'Head ,  Inorganic Materials Section, Division of Building Research. National 
Research Council, Canada,  Ottawa,  Ont., Canada. 
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technical committees, the British Non-Ferrous Metals Research Associa- 

tion, other societies and associations, and individuals are notable. 
Wide variations in corrosion rates have been observed not only from 

location to location, but from exposure date to exposure date at  any 
given location. Many investigators have attempted to measure the factors 

responsible for the variations and to define their effects on the corrosion 

of metals. I t  is recognized that atmospheric sulfur dioxide, atmospheric 

chlorides, and factors relating to the time of wetness of a corroding sur- 
face exert critical effects on the corrosivity of an atmosphere. 

Considerable work has been done on the measurement of sulfur diox- 

ide in the atmosphere. Volumetric methods have been developed [1,213 

which give instantaneous or  frequent periodic indications of the actual 

concentration of sulfur dioxide. These methods require fairly costly 

instrumentation. 
The lead peroxide method developed in the United Kingdom [3] and 

the Liesegang bell method developed in Germany and as discussed by 
Schikorr [4] present an integrated measure of the sulfur dioxide "activity" 

during a period of exposure. Both of these are well suited to measuring 

the relative levels of sulfur hioxide at corrosion test sites during the time 
when metals are under test. Correlations between the lead peroxide 

method and the volumetric methods have been established [5,6]. The 

results of work on steel and zinc carried out by Hudson and Stanners [7] 

and by the National Research Council in a Canadian program [8] indi- 
cate a close relationship between the severity of corrosion and the at- 
mospheric sulfur dioxide concentration. 

The most extensive work reported on the measurement of atmospheric 

chlorides is that by Ambler and Bain [9] as part of a study of the cor- 

rosion of metals in Nigeria. Their results show a relationship between 
corrosion and atmospheric salinity. Their "wet candle" technique and 

other methods of chloride measurement are discussed by Foran et a1 

[5].  Cornpton [ l o ]  reported on increased corrosion due to airborne chlo- 
rides in tropical and desert areas. 

Moisture plays an important, if not the most important role in the 

corrosion of metals and the deterioration of other materials. Copson 
[ I l l  postulated from his extensive work that. the corrosion rate of steel 

depends on the quality and quantity of water reaching the steel surfaces. 

Dearden [I21 attempted to correlate the corrosion of steel with the hours 
of rainfall registered by a recording rain gage. Ellis [I31 determined the 

wetness factor by means of a device that recorded the presence of mdis- 
ture on a glass plate exposed during his zinc exposure program. Larrabee 

[I41 showed the effect of rain in washing contaminants such as sulfur 

T h e  italic numbers in brackets refer to the list of references appended to this 
paper. 
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compounds from the skyward surface of an exposed steel specimen and 

the effect of precipitation such as dew on the groundward side. These 
programs made valuable contributions in the area of the effects of mois- 

ture on corrosion, but they were not successful in developing methods of 

detecting and recording the time when a corroding specimen is wet. 
I n  a recent program, Oma et a1 [I51 investigated the effects of tempera- 

ture, relative humidity, precipitation, sulfur dioxide, chlorides, and several 
types of particulate pollutants on the corrosion of steel specimens ex- 

posed for one month periods in an industrial area of Tokyo. l 'hey de- 

veloped an empirical equation which accounts for practically all of the 

month-to-month variations in corrosion rate which were observed. As a 
matter of interest, the observed rates varied from a low of less than 5 

milligrams per square decimeter per day (mdd) to a high of approximately 

100 mdd. 
A Task Group on Measurement of Atmospheric Factors (of Subcom- 

mittee VII) of ASTM Committee B-3 on Corrosion of Non-Ferrous 

Metals and Alloys was formed in 1956, and at its first meeting decided to 
study the effects of surface moisture on the corrosion of metals. An in- 

strument capable of measuring and recording the time of wetness of ex- 
posed metal specimens was developed and proven to be effective by 
extensive studies carried out in Ottawa [16-181. The operation of the 

so-called "dew-detector" involves the measurement of a potential de- 
veloped between a corroding metal specimen and a platinum electrode 

placed in its immediate vicinity. Surface moisture due either to precipita- 
tion o r  condensation serves as the cell electrolyte. Studies of relative hu- 

midity data extracted from meteorological records for several Canadian 

cities and time of wetness values measured by the dew-detector indicate 
that it should be possible to estimate wetness time from meteorological 

records. This is based on the fact that the measured time of wetness at 
two inland sites and two marine sites corresponds to the time that the 

relative humidity is in excess of 83  and 87 per cent, respectively. 
In  1959 the Task Group decided to undertake an exposure program to 

measure atmospheric factors that affect the corrosion of metals at a num- 
ber of test sites and to correlate metal weight losses due to corrosion with 

those factors. This program was transferred to Subcommittee I V  of 
Committee G-1 upon its organization. Pertinent details and findings are 

dealt with in this report. 

Experimental Procedure 

The program was carried out in two phases, Phase 1 during the period 

January 1961 to March 1963, and Phase 2 during the period December 
1963 to March 1966. Participating test sites at Cleveland, Ohio, the 80- 

and 800-ft sites at Kure Beach, N. C., Ottawa, Ont., the Fort Sherman 

field site in the Panama Canal Zone (Phase 2 only), South Bend, Pa., and 
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Trail, B. C. (Phase I only), wcrc ccl~~ipped to measure the following fac- 

tors of interest: 
1 .  Timc of pancl wctncss on skyward ant1 groundward surfaccs using 

the "clcw-dctcctor" dcvclopcd by thc Task Group-all sites. 
2. Panel tenlpcraturc and ambient temperature during time of pancl 

wetness-all sites. 
3. Atmosphcric sulfur dioxide activity as determined by the lead 

peroxide candle method during time of panel wetness and during total 

exposure period-all sites, excepting those at Kure Beach and the Panama 

Canal Zonc. Instrumentation for exposing the lead peroxide cylinder 

during time of wetness has been discusscd elsewhere [17]. 

4. Atmospheric sulfur dioxide activity during total exposure period- 

Kurc Bcach 800-ft and Panama Canal Zonc sites. 
5. Atmosphcric chloridc contcnt as determined by the wet-candle 

method-the Kure Beach sitcs during the latter stages of Phase 1; Kure 

Beach and Panama Canal Zonc sites during Phase 2. 
Monthly records of these factors were developed for each site. 

During Phase 1 of the program, sets of 4 by 6-in. panels of steel, 

copper, and zinc were exposed for one- and twclvc-month periods accord- 

ing to thc schedule shown in Tnblc 1 .  There were some cxccptions to this, 

and these will bccome apparent on examination of the data tables to be 

presented later. 
During Phase 2, similar scts of pancls were exposed for 3, 6, 9, and 

18-month periods, according to tlic scl~cdulc shown in Table 2. The only 

exception to this schedule was at thc Panama Canal Zone site. 
Thc con?position of thc metals tested arc givcn in Table 3. 

In all cases, the panels were degreascd and weighed beforc exposure. 

On withdrawal they were cheniically cleaned to remove corrosion prod- 

ucts and re-weighed. Thc stecl pancls were clcancd in a sodium hydride- 

sodium hydroxidc solution, the copper panels in sulfuric acid, and the 

zinc pancls in anlnlonium hydroxide. 

Phase 1 Results 

Thc atmospheric factor and corrosion data dcveloped for the one and 

twclvc-month exposurc periods at cach site are appended as Appendix 

I, Tables 16 to 21.' Comments rcgarding these tabulations are as follows: 

1 .  The total time of wetness is the average of the skyward and ground- 
ward timcs of wetness. The unit shown (days) is defined as the average 

time of wetness (hours) divided by 24. 

2. The average panel temperatures shown arc the averages during the 
time the panels were wet. 

'Tables 16, 22, 23, 24, 25, and 26 have bcen sclected from the Appendices to 
indicate the nature of the contained material. Complete scts of the tabulated data 
are available from Univcrsity Microfilms, Inc., 300 N. Zeeb Road, Ann Arbor, 
Mich., 48106, at $3.00 per copy. 
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3.  The average sulfur dioxide concentration is that during the time 

of panel wetness. The sulfur dioxide activity values have been converted 
to parts per million using an autometer-lead peroxide cylinder relation- 

ship2 which is a modification of that previously reported [5]. 

TABLE I--Plro.s~, I tlspo.srrrtJ triltl ~vitlrdrr~\~~trl scl~rl l~rlr .  

- 

Espos~rres:  
I-month panels .x x x x x x x x x x  x x 

12-month panels. . x  x x x x x x x x x x x 
WitI~r / r t t~~~lr l s :  

I-month panels. .-  x x x x x x x x x x x 
12-month panels. . -  - - - - - - - - - -- - 

X X X X X X X X X X X X  X X X -  

x x x - - - - - - - - -  - - - -  

X X X X X X X X X X X X  X X X X  

X X X X X X X X X X X X  X X X X  

TABLE 2-- Plrrrsr 2 ~~.\.po.srtrt, orrtl ~~~itlrrlrtr\vtrl sclretl~rlr. 

1963 1961 1965 
-- 

Dee hlar J u n e  Sept Ilec >far June Sept Dcc 

Esposlrres: 
3-month panels. . . 

6-month panels. . . 
9-month panels. . . . 

IS-month panels. . . 

Wit lrdrtrn~trl.~: 

3-month panels 
6-month panels. 
9-month panels. . . 

18-nionth panels. 

X X X X X X X X -  

X X X X X X X -  - 

X X X X X X -  - - 
X X X -  - - - - - 

NOTE - -Program commencecl in  March 1964 and terminated in  March 1966 a t  
Panama Canal Zone site. 

TABLE 3-Ai1trlj~.si.s o / ' ~ , r e t ( ~ l . s  tt~.stt~tl,  per C L ~ I I I .  

4. The  corrosion losses shown are the averages of three panels in the 

case of the one-month exposures, and of two panels in the case of the 

twelve-month exposures. 
The  atmospheric factor data show that the sites vary significantly from 

one another in atmospheric sulfur dioxide concentration, panel tempera- 

- - 

hln 31 o C i  ' x i 1  

s 
,- - - 

Steel . .  . . . . . . . 

Copper. 

Zinc . . . . . . . 

0.024 
C u 

99.940 
Cu 

0.003 

0.34 
S 

0.003 
Fe 

0.006 

0.012 

Mg 
<0.001 

0.031 / 0.039 0.007 0.02 0.018 

Pb 
0.10 

Cd 
0.005 

Zn 1 
99.89 
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ture and panel time of wetness. These differences become apparent when 
twelve-month data are considered as shown in Fig. I .  I t  is important to 

note that the average sulfur dioxide and total time of wetness values for 

twelve-month periods beginning with different months vary significantly 

at all of the sites. The average temperatures at any specific site do not 

show the same degree of variation. The fact that the panels were wet for 

approximately 35 per cent of the time at Ottawa and approximately 70 

per cent of the time at the Kure Beach 80-ft site is of interest. Values for 

the other sites lie between these extremes. 

% MONTH OF INITIAL EXPOSURE 

Average S O 2  Concenlration 

MONTH OF INITIAL EXPOSURE MONTH OF INITIAL EXPOSURE 

Average Temperature Time of Wetness 

c - - CLEVELAND, 0 TRAIL. B C 

0 0 OTTAWA, ONT + -- -----+ KURE BEACH, N C - 8 0 0 '  

x - - - - - - x  SOUTH BEND. PA KURE BEACH, N C - 8 0 '  

FIG. I-Pfiase I t~velve-rnor~th atrnosplzeric jactor data. 

The corrosion loss data for the three metals also show considerable 

variation from site to site and from specimen to specimen at any one site. 
When a 4 by 6-in. panel is exposed for a period of twelve months, a 1-g 

weight loss is equivalent to a corrosion rate of 0.155 mils per year 

(mpy) for steel, 0.136 mpy for copper, and 0.170 mpy for zinc. Table 

4 shows the minimum and maximum corrosion rates experienced by the 

twelve-month panels at each of the sites. The tabulation indicates the 

extremes in the variations encountered. As will become evident later, 

these variations can be accounted for in most cases by variations in the 

atmospheric factor data for twelve-month periods beginning with different 

months as shown in Fig. 1. 
I t  is not possible to sort out the effects of the various atmospheric fac- 
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tors on corrosion by cursory examination of the data. This fact is illus- 
trated in Table 5, which qualitatively ranks all sites except the Kure 

Beach 80-ft with respect to corrosivity (as determined from corrosion 

losses of the twelve-month specimens of steel, copper, and zinc), time of 
wetness, atmospheric sulfur dioxide and temperature. In the table, a rat- 
ing of 1 denotes the highest corrosivity, 5 the lowest; 1 the most time of 

wetness, 5 the least; and so on. 
The atmospheric factor and corrosion data for each metal were sub- 

jected to regression analyses using a quadratic equation in three variables. 
As a first approach data for the one-month and twelve-month exposures 

were included in the analyses. Agreement between observed corrosion 

losses and those calculated f o m  the empirical equations which were 
developed was fair for the monthly losses and poor for the twelve-month 

losses. The one-month data only were then subjected to analyses and 
equations were developed for each metal when considering each of the 

test sites separately and for each metal when considering Cleveland, 

Ottawa, South Bend, and Trail as one group. The equations were of the 
form: 

where: 

y = corrosion loss of steel, copper, or zinc in g/panel, 

bi = regression coefficients, 
A = (time of wetness, days - 14.3)/5.0, 

B = (temperature, "F - 5.25)/15.0, and 

C = (SO?, ppm - 0.0202)/0.024. 
The results of the analyses are given in Table 6. As an example of how 

this table is used, consider the case of steel at Ottawa. The equation 
developed is : 

y = -0.572 + 1.696B + 0.215C - 0.268B2 + 0.174AB. 

Figures 2, 3,  and 4 show the observed one and twelve-month weight 

losses experienced by the steel, copper, and zinc panels, respectively, and 
the estimated monthly losses as calculated from the correlation equations 
which were developed. Agreement between the observed and estimated 

losses is generally good, except in the cases where the four-site equations 
have been applied to the data from the Kure Beach sites. In other words, 

the equations account for most of the month-to-month weight loss varia- 

tions at any one site and most of the site-to-site variations when consider- 
ing Cleveland, Ottawa, South Bend, and Trail. 

The equations developed do not enable one to identify the atmospheric 
factor which exerts the most critical effect on corrosion, or to observe 

how the others modify this effect. Phase 2 of the program was designed 
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to investigate this matter more fully and, if possible, to develop correla- 
tions between the atmospheric factors and the longer term corrosion 

losses. 

Phase 2 Results 

Tables summarizing the monthly atmospheric data for the six partici- 

pating sites are appended as Appendix 11, Tables 22 to 25.4 Each table 

lists the values obtained for a specific factor at each of the test sites. Com- 
ments regarding these tabulations are as follows: 

TABLE 4-Corrosio~l roles experietlced by t iselve- t i io~~th potlels ( t i ipy) .  

Steel -- Copper Zinc 
Site 

hi in  bias 1Iin  hlar  hlin hlax 

Cleve land .  . . . . . . . . . . . .  1.349 2.333 0.046 0.067 0.076 0.133 
Ottawa . . . . . . . . . . . . . . . . .  1.270 1.711 0.034 0.065 0.091 0.129 
South  B e n d .  . . . . . . . . . .  1.253 1.654 0.056 0.082 0.050 0.114 
T r a i l .  . . . . . . . . . . . . . .  1.124 1.848 0.063 0.099 0.054 0.069 
K u r e  Beach 800..  . . .  1.253 1.558 0.099 0.128 0.077 0.140 
K u r e  Beach 80 . .  . . . . . .  3.349 5.525 0.092 0.153 0.178 0.266 

T A B L E  5-Corrosiv i~y aud ~ ~ ~ r i i o s p h e r i c  factor  rotzki~lgs. 

Corrosivity Atmosplleric Factors 

Site 
Fe Cu Zn Time of Wet- SO? Con- Tcmper- 

ncss ccntratlon nture  
-- 

Cleveland . . . . . . . . . . . . . . . .  1 4 3 4 2 2 
O t t a w a  . . . . . . . . . . . . . . . .  2 5 2 5 1 4 
T r a i l .  . . . . . . . . . . . . . .  3 2 5 3 3 5 

. . . . . . . . . . . .  South  Bend.  4 3 4 2 4 3 
K u r e  Beach 800..  . . . . . . . . .  5 1 1 1 5 1 

NOTE--Rankings a re  based on  the  averages of the  twelve-month exposure data.  

1. The time of wetness values are the averages of the skyward and 

groundward surface values. 

2. Temperatures were not measured at the Panama Canal Zone site. 

The value of 79 F shown is based on prior meteorological data. 
3. The lead peroxide candles used for measuring atmospheric sulfur 

dioxide activity were exposed each month during the times when panels 

were wet at Cleveland, Ottawa, and South Bend. At  the other sites they 
were exposed for full calendar months. 

Time of wetness values for the skyward and groundward surfaces as 

such are not shown. Some comment regarding these is warranted. Studies 

during the developinent stages of the dew-detector [16,17] and experience 

during the first year of Phase 1 indicated that the groundward surface is 

wet more often and for longer periods of time than the skyward, particu- 

larly at the inland sites. This was not necessarily the case during Phase 2. 
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Table 7 briefly summarizes the situation. Shown are the monthly averages 

of the values for the skyward and groundward times of wetness, the 
number of readings considered in calculating the averages, and the num- 

ber of cases where the skyward readings were greater than the ground- 

ward. 
Tables 26 to 31, Appendix 11, show totals or averages of the atmos- 

pheric factor data for periods of time corresponding in length to those 

periods during which corrosion specimens were exposed, and the cor- 

TABLE 7-Motztlzly averages titne o f  prrtzel wettzess duritzg Phase 2. 

Site - 
Average T of W, Days No. of 

No. of Reading 

Sky (S) Ground (G) Readings Where 
S >  G 

Kure Beach 80 ft . . . . . . . . . .  23.6 21.7 25 2 1 
Kure Beach 800 ft . . . . . . . . . .  17.5 15.4 25 18 
Panama. . . . . . . . . . . . . . . . . . . . . .  16.8 15.2 2 1 14 
South Bend. . . . . . . . . . . . . . . . .  13.2 - 13.8 24 4 
Cleveland. . . . . . . . . . . . . . . . . . .  10.5 11.1 18 9 
Ot tawa . .  . . . . . . . . . . . . . . . . . .  8 .8  10.1 24 12 

9 months 

TABLE 8-Corrosiot~ rates experietzced b y  9- atzd 18-t?1otzt11 patzels ( m p y ) .  

18 months 

hfonths Site 

Cleveland 
Ottawa 
South Bend 
Panama 
Kure Beach 800 ft 
Kure Beach 80 ft 

rosion data for steel, copper, and zinc for each of the six test sites. Note 
that the sulfur dioxide activity values have been converted to equivalent 

ppm sulfur dioxide (SO*). 
Experience during Phase 2 was similar to Phase 1 with respect to 

variations encountered in time of panel wetness, temperature, and atmos- 

pheric sulfur dioxide at the different sites. Atmospheric chloride data 
collected at the three marine sites show considerable month-to-month 

variations. The average values for the longer periods were slightly dgher 

at Panama than at the Kure Beach 800-ft site. The averages at the Kure 
Beach 80-ft site were approximately eight times those at the other two. 

1.516 
1.110 
1.241 
1 .I81 
1.343 
2.430 

Cleveland 
Ottawa 
South Bend 
Kure Beach 800 ft 
Kure Beach 80 ft 

Steel 

hlax 

Min 1 

. . .  

. . .  

. . .  

. . .  

. . .  

Copper 

Min hlas 
------ 

Zinc 

>fin hlax 
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n 
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Variations in corrosion losses were again appreciable. These variations 

are due mainly to variations in atmospheric factors during periods of 

time which commenced at different months. Table 8 shows the minimum 
and maximum corrosion rates (mpy) experienced by the three metals at 

each site for the nine-month exposures and the maxima for the 18-month 

exposures. 
This table is intended only to indicate the variations in corrosion rates. 

The initial exposure dates for panels whose rates are shown in the "maxi- 

TABLE 9--Pl1(1se -7 regressiot~ CIIIN~YSPS r~~~111r.s i11lat1d sires. 

Regression . T e s t  S i te  hletal Considered CoeK~cien t 
Cleveland 0t.tawr.a South  Bend 

Copper 

Steel .  . . . . . . . . . . . . . . .  b a 7.4836 6.4199 5 ,2257 
b~ 5.2254 4.5330 4.1342 
b3 . . .  0.1986 . . .  
~ I I  -1.3807 -0.7191 -0.6345 
b?r . . .  -0.2020 . . .  

b33 0.3208 . . .  . . .  
b ~ ?  -0.6440 . . .  . . .  
b ? ~  0.5430 . . . . .  

b a 0.2807 0.2382 0.2764 
bl 0.2294 0.1975 0.2232 
b? 0.0493 0.0278 0.0709 
b11 -0.0234 . . .  . . .  

b~ :! 0.0478 0.0276 0.0353 

Zinc. . . . . . . . . . . . . .  bo 0.3324 0.3157 0.2328 
b~ 0.2790 0.2520 0.1425 
b ,  . . -0.0660 . . .  

bl? . . .  -0.0644 -0.0294 
-- 

NOTE--Basic equation is:  

y = ha + blA + b?B + boC + bllA2 + bryB2 + b33C2 + b12AB + bl3AC + b u B C  

where: 
y = corrosion loss, g ,  
A = (time of wetness, days-75)/70, 
B = (panel temperature, deg F-45)/12, and 
C = (SOr , ppm-0.02)/0.02. 

mum" columns for the two sets of data were not the same. For this reason 
the tabulation cannot be used to indicate whether or  not corrosion rates 

attain constant values with time. 
Only three sets of each metal were exposed at the test sites for the 

18-month period. This was not a large enough number to establish the 

specimen-to-specimen fluctuation trend exhibited by the 3, 6, and 9- 
month sets. I t  was felt that this long-term data deficiency would tend to 

bias studies of the data. Accordingly, a decision was made to incorporate 
Phase 1 and Phase 2 results into the statistical analyses which were car- 

ried out. 
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T A B L E  l+Phase 2 r e g r e s s i o ~ ~  a t~alyses  reslrlts maritze sites. 

Tes t  Site 

Metal Considered 
Regression 
Coefficient Panama Kure Beach Kure Beach 

800 f t  80 f t  

Steel 

Copper 

Zinc 

NOTE-Basic equation is : 

where: 
y = corrosion loss, g, 
A = (time of wetness, days-75)/70, 
B = (panel temperature, deg F-45)/12, 
C = ( S O ? ,  ppm-0.02)/0.02, and 
D = (Cl-, mg-18)/10. 

The atmospheric factor and corrosion data were analyzed by the fol- 

lowing techniques: 

1. Regression analysis using a quadratic equation with time of wet- 
ness, temperature, and sulfur dioxide concentration as the variables for 

Cleveland, Ottawa, and South Bend and with time of wetness, tempera- 

ture, sulfur dioxide concentration, and atmospheric chloride count as the 
variables for Panama and the two Kure Beach sites. 

2. Curve-fitting where: (a) time of wetness and sulfur dioxide data 
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TABLE 11-Plrase 2 curve-fil l i~rg res~rlts ( t ime oJ bvelires.s, SO!) i~rlrr~rtl s i r ~ s .  

Test Site 
Aletal Considered Equation Parameters 

Cleveland Ottawa 
- - 

Steel. . . . . . . . . . . . . . . . . . .  a -0.64740 0.16058 
b 0.67690 0.70625 
c -0.67920 1.78100 

Copper 

Zinc 

South Bend 

NOTE-Basic equation is: 
y = a A b ( B  + c)  

where: 
y = corrosion loss, g, 
A = time of wetness, days, and 
B = S O 2 ,  ppm. 

TABLE 12-Pllase 2 curve-fitlirlg res~rlls ( t ime oj'rvet~re.s,s, lernper~atur.e) i ~ r l a ~ r d  siles. 

Test Site 
Metal Considered ~ ~ ~ ~ ~ ~ , " r s  

Cleveland Ottawa Soutli Uend 

Steel. . . . . . . . . .  a 0.001056 0.0003879 
b 0.67179 0.78691 
c 50.80235 51 1.03597 

Copper . . . . . . . .  n 0.0001082 O.OMX)608 
b 0.83934 0.83634 
c 23.48773 63.67978 

Zinc. . . . . . . . .  a - 0.0000205 -0.0001054 
b 0.96095 0.87290 
c - 294.76500 - 116.92762 

. - . . - . - 
NOTE-Basic equation is: 

where: 
y = corrosion loss, g,  
A = time of wetness, days, and 
B = temperature, deg F. 

and time of wetness and temperature data for Cleveland, Ottawa, and 

South Bend, (b) time of wetness and atmospheric chloride data for 

Panama and the Kure Beach sites, and (c) time of wetness and tempera- 

ture data for the Kure Beach sites were fitted to an equation of the type 

y = aA"B + c). 
The results of the analyses are given in Tables 9 to 14. 
Corrosion losses were calculated using these equations. In  some cases, 

agreement between the observed and estimated losses was good. I n  others 
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TABLE 13-Plrase 2 cirrve-Jttittg resrrlts (time of tvetttess, cltloride co~rrrt) 
r?tnrir~e sites. 

Test Site 
Metal Considered ~ ~ . ~ ~ ~ ~ S  

Panama Kure Beach 800 ft Kure Beach 60 ft  

Steel. . . . . . . . . .  n 
b 
C 

Copper . . . . . . .  a 
b 
C 

Zinc. . . . . . . . . .  a 
b 
C 

NOTE-Basic equation is: 

where: 
y = corrosion loss, g, 
A = time of wetness, days, and 
B = chloride count, mg Cl-/~?t?/d.  

TABLE 14- Pltase 2 curve-Jttirtg reslrlts ( t ime of tvetrzess, tempernture) r?taririe sites. 

Test Site 
hletal Considered ~ r ~ $ ~ ~ ~ r s  

Panama Kure Beach 800 ft Kure Beach 80 ft  

Steel. . . . . . . . . . . . . . .  

. . . . . . . . . . . .  Copper.  

Zinc. . . . . . . . . . . . . . .  

NOTE-Basic equation is: 

where: 
y = corrosion loss, g, 
A = time of wetness, days, and 
B = temperature, deg F. 

it was fair to good, fair or poor. The different equations for a specific 
metal at a specific site usually gave similar results, there being a few 
exceptions to this. Table 15 shows a qualitative assessment of the degree 
of agreement between the observed and estimated losses. 

Figures 5 to 10 show the observed weight losses and the estimated 
losses which are in "best" agreement with the observed losses for steel, 
copper, and zinc at each site. It is seen that in some cases "best" agree- 
ment is still "poor." Indications are that a reasonable degree of correla- 
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FIG. 8-Phase 2 corrosiotl data for Patlat71a. 
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EXPOSURE MONTH 

- OBSERVED ----- E S T I M A T E D  

FIG. 9-P11ase 2 corrosiotl dalrr for K~tre  Berrch 800 fl. 

EXPOSURE M O N T H  

- OBSERVED ----- ESTIMATED 
.I L 

0 1963 

FIG. 10-Phase 2 corrosiorl dalu for Kure Bencll 80 f!. 
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FIG. 1 I-Ettlpiricol relatiotlship hetweor corro.tiotl o f  zinc at10 time o f  ,vett~ess 
at10 srtlfro dioxide ot Otta,orr. 

TIME OF PANEL WETNESS - days 

FIG. 12-Et?zpirical relatiotlship bettveetr corrosiot~ o f  steel attd tit?~e o f  wet- 
ness atzd attnospheric clllorides at Patlatna. 
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TIME OF PANEL WETNESS - days 

FIG. 13-Empirical relatior~slrip betvveer~ corrosior~ of zinc and tirne o f  wetrless 
crrld otrrlosplreric cl~lorides at Parlarrlo. 

TlME OF PANEL WETNESS - days 

FIG. 14-Empirical relationship between corrosiorl of copper and time of wet- 
ness and ternperatlire at Kure Beacl~ 800-f t  site. 
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tion exists between the corrosion losses and the measured atmospheric 

factors in the case of steel at all sites except Cleveland and South Bend; 
in the case of copper at all sites except Cleveland, Ottawa, and possibly 

Kure Beach 8 0  f t ;  and in the case of zinc at all sites except South Bend 

and possibly Kure Beach 8 0  ft. 
The equations developed using the curve-fitting techniques are amena- 

ble to graphical presentation. Figures 11 to 14 show as examples relation- 

ships for zinc at Ottawa, steel at Panama, zinc at Panama, and copper at 
Kure Beach 800 ft. Some of the equations for the inland sites other than 

those shown present an anomalous picture in that they indicate that for a 

specific time of wetness, corrosion decreases as the temperature, or sulfur 
dioxide concentration increases. This is the case with zinc at Cleveland, 

Ottawa, and South Bend and steel at South Bend when temperature is 

the variable; and with steel at Cleveland, copper at Cleveland and Ottawa, 

and zinc at  Cleveland and South Bend when sulfur dioxide is the variable. 
The apparent anomalies are due to the fact that in the specific cases men- 

tioned interactions of meterological factors are different than for the 

average conditions, as, for example, when snow on the panels is responsi- 

ble for time of wetness. 

The regression analyses equations also contain some apparent anoma- 
lies in that a sulfur dioxide term is significant only in the equations for 

steel at  Cleveland, Ottawa, Panama, and Kure Beach 8 0  ft and for copper 

at Panama and Kure Beach 800 ft; a chloride term is not significant in 
any of the equations for Kure Beach 800 ft; a temperature term is absent 

from a number of equations where one would suspect it should be present; 

etc. No  explanation is offered for these other than that they represent a 

shortcoming of the particular analytical technique used. 

Summary and Conclusions 

A four-year program has been carried out wherein considerable cor- 

rosion data for steel, copper, and zinc were developed for seven North 
American test sites along with associated data for panel time of wetness, 

panel temperature, atmospheric sulfur dioxide, and atmospheric chloride 

content. This program has confirmed that the methods used for measuring 
the atmospheric factors are suitable for long term corrosion studies. 

The results show conclusively that the atmospheric factors measured 

control completely the initial rate of corrosion of panels of steel, copper, 

and zinc. This control persists for these metals for at least one month. 

Evidenqe..for this statement is obtained from the statistical analyses which 
indicate good correlation between the corrosion losses experienced during 
one-month exposure periods and the atmospheric factors. 

For  longer term exposures the atmospheric factors control the cor- 

rosion of zinc under most conditions investigated (all sites except South 

Bend) and of steel and copper at the marine sites. With steel and copper 
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at the inland sites it is assumed that control of the corrosion process is 
gradually transferred from the atnlospheric factors to factors related to 

the changing surface condition resulting from accumulation of corrosion 
products and foreign agents. This appears to be true in all cases except 

steel at Ottawa and copper at South Bend. 
A number of empirical equations have been developed which enable 

one to predict the corrosion losses for cases where atmospheric factors 

control the corrosion processes. These are for: 
1. Steel at the Kure Beach 800 and 80-ft sites, Ottawa, and Panama. 

2. Copper at the Kure Beach 800 and 80-ft sites, Panama, and South 

Bend. 
3. Zinc at Cleveland, the Kure Beach 800 and 80-ft sites, Panama, and 

Ottawa. 
(The relationships for copper and zinc at the Kure Beach 80-ft site are 

not as good as the others.) 
Where these empirical equations are applicable, it is now possible to 

account for variations in observed corrosion losses experienced by panels 

exposed at different times of the year. It is important to note that cor- 

rosion data based on specimens exposed at one specific time of year 
should be used with caution. Such data should be supplemented with 

records of atmospheric conditions which prevail at the exposure site in 
order that a meaningful interpretation of the corrosion results can be 

made. 
The results of this program indicate an area of future work concerned 

with the character of corrosion products which form on the surface of 
a corroding specimen and which modify the primary control of the at- 

mospheric factors on the rate of corrosion of metals. 
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APPENDIX I 

T A B L E  16-Phase 1 artt~ospheric .factor' atlrl co~~~.os io i r  darrr (Sire: Clevelrri~d) . 

Time of Average Average \\'eight Loss, g/panel 
hlonth \\'etness. Tempera- SO2 . 

days ture. deg 1: ppm Fe Zn Cu 

I ttloirrl~: 
J a n  . 61 . . . . . . . . . . . . . .  

Feb . . . . . . . . . . . . . . . . .  

March  . . . . . . . . . . . . . .  

April . . . . . . . . . . . .  

May . . . . . . . . . . . . .  

J u n e  . . . . . . . . . . . . . . . .  

July . . . . . . . . . . . . . .  

Aug . . . . . . . . . . . . . . .  

Sept . . . . . . . . . . . . . . . . .  

Oct  . . . . . . . . . . . . . . . . .  

Nov . . . . . . . . . . . . . . . . .  

Dec . . . . . . . . . . . . . . . .  

Jan  . 62 . . . . . . . . . . . . .  

F e  b . . . . . . . . . . . . . . . .  

March  . . . . . . . . . . . . .  

April  . . . . . . . . . . . . . .  

May . . . . . . . . . . . . . . . . .  

J u n e  . . . . . . . . . . . . . .  

July . . . . . . . . . . . . . . . .  

Aug . . . . . . . . . . . . . . . .  

Sept . . . . . . . . . . . . .  

Oct . . . . . . . . . . . . .  

Nov . . . . . . . . . . . . . . . . .  

Dec . . . . . . . . . . . . . . . . .  

J a n  . 63 . . . . . . . . . . . . . .  

F e b  . . . . . . . . . . . . . . . .  

12 rnotlrl~s: 
. . . . . . . . . . . . . .  Jan  . 61 

F e b  . . . . . . . . . . . . . . .  

March  . . . . . . . . . . . . .  

April  . . . . . . . . . . . . . . . .  

May . . . . . . . . . . . . . . . . .  

J u n e  . . . . . . . . . . . . . . . .  

July . . . . . . . . . . . . . . . . .  

A u g  . . . . . . . . . . . . . . . . .  

Sept . . . . . . . . . . . . . . . .  

Oct  . . . . . . . . . . . . . . . . . .  

Nov . . . . . . . . . . . . . . . . .  

Dec . . . . . . . . . . . . . . . . .  

J a n  . 62 . . . . . . . . . . . . . .  

F e b  . . . . . . . . . . . . . . . . .  

March . . . . . . . . . . . . . .  
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APPENDIX II 

TABLE 22-Mnt~illly iit.1~. oJ' ~t?ertlc.ss. days . 

l i u re  l iure  
Month Clevelnnd Ottawa South Bend Beach Beach Panama 

SO I t  800 I t  

Dec . 63 . . . . . . . . . . .  

. . . . . . . . . . .  Jan  . 64 
Feb .64  . . . . . . . . . . .  

. . . . . . . . .  March 64 
April 64 . . . . . . . .  

May 64 . . . . . . . . . . .  

June 64 . . . . . . . . . . .  

July 64 . . . . . . . . . . .  

Aug . 64 . . . . . . . . . .  

. . . . . . . . .  . Sept 64 
Oct . 64 . . . . . . . . . .  

Nov . 64 . . . . . . . .  

Dec . 6 4  . . .  

J a n . 6 5  . . . . . . . . .  

Feb . 65 . . . . . . . .  

March 65 . . . . . . .  

April 65 . . . . . . . .  

May 65 . . . .  

June 65 . . . . . . .  

July 65 . . . . . . .  

Aug . 65 . . . . . . .  

Sept . 65 . . . . . . .  

Oct . 65 . . . . . . . . . .  

Nov . 65 . . . . . . . .  
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T A B L E  23-Average ~ > i o ~ ~ l l ~ l y  p a ~ t e l  l e~?~perc i l i~re  d r i r i ~ ~ g  rime of ~ v e l t ~ e s s .  deg F . 

Kure Kurc 
l lont l i  Cleveland Ottawa South Dend nench Beach Panama 

80 It 800 f t  

Dec . 63 . . . . . . . . . . .  

. . . . . . . . . . .  J an .64  
F e b  . 64 . . . . . . . . . .  

March  64 . . . . . . . .  

April  64 . . . . . . . .  

May 64 . . . . . . . . . . .  

June  64 . . . . . . . . . .  

July 64 . . . . . . . . . .  

Aug . 64 . . . . . . . . . .  

Sept . 64 . . . . . . . . . .  

Oct . 64 . . . . . . . . . . .  

Nov . 64 . . . . . .  

Dec . 64 . . . . . . . . . .  

J a n  . 65 . . . . . . . . . . .  

F e b  . 65 . . . . . . . .  

Marc11 65 . . . . .  

April  65 . . . . . . .  

May 6 5 . .  . . .  

June  65 . . . . . . . . . .  

July 65 . . . . . . . . . . .  

. . . . . . . . . .  Aug 65 
. . . . . . .  Sept  65 

Oct  . 65 . . . . . .  

Nov . 65 . . . . . . . .  

Dec . 65 . . . . . . . . . . .  

lL Estimated . 
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TABLE 24.. ~Mo~lrlrl}~ s ~ r l j r r r  rliosirlc~ ncrivily,- rug S03/rl~~~"ldrly . 

Xlonlh Cleveland Ottawa 

.- 

Dec.63.  . . .  1.38 2.29 
Jan .64  . . . . . .  1.79 3 . 00 
Feb.64 . . .  0.88 1 . 5 0  
March 64 . 2.26 4.38 
April 64 . . . .  1.43 1.23 
May64 . . . . . . . . . .  0.97 1.62 
June 64 . . . . . . . . . . .  1 . 09 1.20 
July 64 . . . . . . . .  0.98 0.69 
Aug.64 . . . . . . . . . .  1.09 1.04 
Sept . 64 . . . .  1 . 18 0.98 
Oct .64 . . 1.49 0.79 
Nov . 64 . . . . . . .  1.82 1.81 
Dec . 61 . . .  1.62 1.37 
Jan . 65 . . .  1.47 1.64 
Feb.65 . . .  1.40(' 3.72 
March 65 . . .  1 . 8 0  1.61 
April 65 . . . . . .  1.86 0.40 
May 65 . . 1.61 0.60 
June 65 . .  1 . 1 1  0.23 
July 65 . . .  0.86 0.24 
Aug . 65 . . .  . . .  0.41 
Sept . 65 . . . . . . . . .  0.52 
Oct . 65 . . . . . . . . . .  0 . 7 0  
Nov . 65 . . . . . . . . . . . . .  1.28 
Dec . 65 . . . . . . . . . . . . . .  1.68 

South Bend 

1.29 
0.84 
2.51 
0.51 
0.86 
0.35 
0.11 
0.48 
0.29 
0.74 
1.11 
1 . c@ 
0.92 
1.17 
1 . O l  
0 . 4 0  
0.60 
0.29 
0.20 
0.19 
0.41 
0.26 
0.37 
0.37 
0.370 

Kur t  
n tach  

SO f t  

0.22 
0.11 
0.07 
0.12 
0 . 1 0  
0 . 1 0  
0.09 
0.12 
0.12 
0.15 
0.19 
0.09 
0.08 
0.17 
0.14 
0.20 
0.00 
0.12 
0.04 
0 . 0jf' 
0.05 
0 . I 0  
0.15 
0.06 
0.21 

Kure 
I3each 
800 f t 

Panama 

($ Estimated . 
NOTE.- Panama and Kure Beach sites activity values for total time of exposure . 

All othcrs dt~r ing time of wetness . 



TABLE 2 5  Mo1111lly c l~ lor ide  corrtll. - 1 7 1 ~ :  C/- / I? I~  esposecl guuze/clcry . 

XIontli Kure I3each SO i t  Kure Beach 800 ft Panama 

. . . . . . . . . . . . . . . . . . . . .  Dec 63 
Jan . 64 . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  Feb 64 
. . . . . . . . . . . . . . .  March 64 

. . . . . . . . . . . . . . . . . . . .  Apri l64  
M a y 6 4  . . . . . . . . . . . . . . . . . . . .  

J u n e 6 4  . . . . . . . . . . . . . . . . . .  

July 64 . . . . . . . . . . . . . . . . . . .  

Aug . 64 . . . . . . . . . . . . . . . . . .  

Sept . 64 . . . . . . . . . . . . . . . . . . .  

Oct . 64 . . . . . . . . . . . . . . . . . . . . . . .  

Nov . 64 . . . . . . . . . . . . . . . . .  

Dec . 64 . . . . . . . . . . . . . . . . . . .  

J a n . 6 5  . . . . . . . . . . . . . . . . . . . . .  

Feb . 65 . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  March 65 
. . . . . . . . . . . . . . . . . . .  April 65 

May 65 . . . . . . . . . . . . . . . . . . . .  

June  65 . . . . . . . . . . . . . . . . . . . . .  

July 65 . . . . . . . . . .  . . . . .  

Aug . 65 . . . . . . . . . . . . . . . . .  

Sept . 65 . . . . . . . . . . . . . .  

Oct . 65 . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . .  Nov 65 
. . . . . . . . . . . . . . . . . . . . .  Dec 65 

Estimated . 

TABLE 26-Phase 2 nttnospl~eric joclor  atlcl corrosiotl daru (S i te :  C l e v e l ~ t r d )  . 

Time of Average \Veight Loss. g/panel 
Exposure Date Wetness. Tempe~a-  

days ture. deg F ppm Fe Zn Cu 

3 l?lolll/ls: 

Dec . 63 . . . . . . . . .  51.6 27.0 
March 64 . . . . . .  24.5 42.4 
J u n e 6 4  . . . . . . . . .  23.2 59.9 
Sept . 64 . . . . . . .  32.2 49.3 
Dec . 64 . . . . . . . . .  46.1 23.8 
March 65 . . . . . . .  25.0 41.9 
June65  . . . . . . . .  25.8 60.3 

6 I?IOIII / I .Y: 

Dec . 63 . . . . . . . . .  76.1 31.9 
March64  . . . . . .  47.7 50.8 
June  64 . . . . . . . .  54.4 53.8 
Sept . 64 . . . . . . .  78.3 34.9 
Dec .64  . . . . . . . .  71.1 23.7 
March 65 . . . . . . .  50.8 51.7 

9 ff7ollllls: 

Dec . 63 . . . . . . . .  99.3 38.2 
March 64 . . . .  79.7 50.2 
June 64 . . . . . . . . .  101.5 41.1 
Sept .64  . . . . . .  103.3 36.6 
Dec . 64 . . . . . . . . .  96.9 38.9 

I8 n7o11ll1s: 

. . . . . . . . . .  Dec 63 202.6 37.4 
March 64 . . . . . .  176.8 44.3 


