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This report contains the results of measurements of corrosion madc on a variety of 

wrought and cast ferrou s materials after exposure to different soil conditions for pcriods lip 

to 14 years. The steels ranged in composition from fractional percentages of nickel a nd 

chromium to the high concentrations typical of wholl y austenitic steels. T ile soi ls ranged 

from well aerated soils deficient in soluble salts to poorly aerated soi ls containing high co n­

centrations of water-soluble materials. The magnitude and p rogress of co rros ion w.ith 

respect to both weight loss and pitting are interpre"ted in relation to the properties of the 

soi ls at the test sites. A comparison is made of the corr05ion of spccimens of plain wrought 

materials and cast iron. 

1. Introduction 

In 1932 the Underground Corrosion Section of 
the National Bureau of Standards undertook the 
investigation of the behavior of a variety of 
ferrous and nonferrous metals and alloys in soils 
representing a wide range of environmental con­
ditions. The primary objective of the investiga­
tion was to ascertain whether metals and alloys 
that were especially resistant to corrosion in the 
atmosphere and in natural waters were also re­
sistant to underground corrosion, at least in speci­
fic soil environments. It was anticipated that in 
the course of the investigation th e specific effects 
on corrosion resistance of various alloying ele­
ments under different soil conditions might also 
be evaluated . 

Originally, a sufficien t number of specimens 
were buried at 14 test sites to provide for removal 
of two specimens of each material after each of 
five periods of exposure. Accordingly, specimens 
were removed from each test site in 1934, 1937, 
1939, 1941, and 1946 and retumed to the labora­
tory for measurement of weight loss and maxi­
mum depth of pits. At the time of removal of the 
specimens in 1937, 1939, and 1941 , additional 
sets of sp ecimens of some of these classes of 
materials were buried at the test sites and were 
removed in 1946. R esults of exposures of 14, 9, 
7, or 5 yr are, therefore, available for these maLe­
rials. Corrosion data for the removals prior to 
1946 h ave been published in a series of reports 

Soil Corrosion of Ferrous Materials 

that were summarized by K. H. Logan [1 ] .1 
This paper deals only with the tests of wrought 

and cast ferrous materials. The resul ts of the 
tests of nonferrous materials will be presented in a 
subsequent paper. 

II. Properties of the Soils at the Test Sites 

The test sites were selected to represent a wide 
range of soil conditions, from slighLly corrosive Lo 
highly cOITosive. The considerable differences in 
the physical and chemical properties of the soils 
at the test sites arc evident from the data of 
table 1. The resistivity ranges from 62 ohm-cm, 
corresponding to a high concentration of soluble 
salts, to 17,800 ohm-cm, indicating practically no 
soluble material. Th e water-soluble material in 
soil 64, Docas clay, consists of sodium and potas­
sium chlorid es, whereas the soluble material in 
soil 60, Rifle peat, is composed entirely of sulfates 
of the alkalies and of the alkaline earth m etals. 
The hydrogen-ion concentration of the soils ranges 
from pH 2.6 to pH 9.4. M easurem ents of pH 
and total acidity were made in the laboratory on 
samples of soil shipped from Lhe test sites in 
sealed con tainers. This precaution was taken 
because results of a previous study showed that 
aeration of certain poorly aerated soils produced 
marked incr eases in acidity because of oxidation 
of sulfides to sulfates [2]. 

I F igures in brackets indicate the literature references at the end of this 
paper. 
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Soil 

Location 

No. Type 

TAB LE 1. Properties of the soils at the test sites 

Aera­
tion a 

MOiS- 1 APpar- 1 Resisti\"-
ture ent ltyat 

eQ lI iv- specific 60° F 
alent grav ity ([5.6° CJ 

pH 

Tota l 
acidity b 

(mi lli­
gram 

equiv­
alents 

per 100 g 
of soil) 

Sulfide 
c)n­

tent c 

Composition of water extract-milligram equivalents per 
100 g of so il 

Na+K 
as Na Ca Mg co, I HCO, CI so, 

----- ---------------1·---'---,---,---,--,----,----,---,----,----,---,---,---,---

Percenl Ohrn-<!rn 
51 I Acad ia clay ____ _____________________ ___ 1 Spindletop, 'l'ex ________ __ . ______ _ . P 47.1 2.07 190 6.2 13.2 + 

I:: ~~-] :: ~~: ~~: I: ::~ - :~ : I::: ~ ::l: ~-~J :: ~~ ~~: ~ --- ~~~: 53 Cecil clay loam _____ ________ ___________ Atlanta,Oa _______________ ________ 0 33.7 I. 60 17, SOO 4.8 5. [ 
55 Hagerstow n loam ______ ____ . ___________ Loch Ravcn, Md ________ _____ _____ 0 32.0 I. 49 5,210 5.8 10.9 
56 Lake Charles clav _____ ________________ EI Vista, '1'ex _____________ ________ VP 28.7 2.03 406 7.1 5.1 + 

~ I ~~~1~4;~~~ :~::::::::::::::::::::-:: 
New Orleans , La _________ ___ _ P 57.8 I. 43 712 4.8 15.0 + 

2.
03

1 2 23 1 
129

1 

.00 I .00 I 
.
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1 

2.54 
Kalamazoo, i\1iclL ________________ VP 43.6 1.660 5.6 12.6 +++ 103 3.08 2.70 .00 .00 3.47 1. 04 
Plymouth,Ohio _________ ______ ___ P 43.4 128 218 2.6 297.4 ++ 2.91 10.95 2.86 .00 . 00 .00 56.70 
New Orleans, La __________________ P 30.8 1. 7R 943 6.8 4.9 + 0.73 0.68 0.33 .00 .71 .10 0.91 

62 1 Susq uehanna clay ________________ _____ Ivleridian, M iss ___ ._._. _________ ._ P 34.6 179 6,920 4.5 120 

·-~f~f l-- T~f l- --4:~~r-~:~r-o-:r~:-~f l---3~:-~ 63 rr idal marsh. ___ ________ __ _____________ Charleston, S. C _________ _____ ____ VP 46.7 I. 47 84 6.9 14.6 +++ 
64 Docas clay _____________ _______________ Cholame, CaIi L ______ _______ ______ F 41.1 1.88 62 7.5 A 
65 Chino silt loam _________ ___ ____________ Wilmington, CaIiL ________________ 0 26.4 I. 41 148 8.0 A 7.65 12.40 2.20 .00 1.30 6.05 16.90 

~~ I ~~~:;:_ ~~~_ ~:~~~~~~ _I_o_~m_-_~:::::::::: 
Phcenix, Ari7. . _________ __ ___ . _____ F 16.5 I. 79 232 8.0 A 

6 55 1 0.51 I O. IS I . 00 I o. n I 2. 77 1 
2.97 

lVli lwaukee, Wis __________________ VI' -.--- .------- 455 7.6 A + 0.77 3.03 

. ~ -----~- --- ~ - ;~ - --- ~-~~-
2.89 

70 Merced sli t loam ______ _________ ____ __ _ Buttonwi llow, Ca li f ______ __ _____ __ F 24.7 I. 69 278 9. 4 A 8.38 0.38 5.57 
72 Papakating silty clay loam ____ __ ______ Deerfield , Ohio ________________ ____ VI' -------- -------- 762 7.2 17 + 3. II 7.49 11. 58 

B Aeration of soils: G, good; F J fai r; P, poor; V P. very poor, 
1 A indicates absence of acidity because of alkaline reaction. 

- Sulfides absent; + sulfides present. in low concentration; ++ sulfides prcspnt in moderate concentration; +++ snlfiu es p J'e~cnt in high concentration . 



The retentiveness of the soils for moisture is 
indicated by tbe moisture eq uivalent, i. e., the 
quantity of water retained by a previously satu­
rated soil against a centrifugal force of 1,000 times 
the force of gravity. Values for moisture equiva­
lent range from 16 .5 percent for soil 66, Mohave 
fine gravelly loam, to 57.8 percent for soil 58, muck. 

'fA BL1~ 2. Classification of soils according to type of 
envil'onlllent 

5 1 Acadia clay _ _ _ _ _ _ _ __ _ _ ___ _ _ Inorganic-rcd ucin g-acid. 
53 Cecil clay loam ___ __ ______ __ Inorganic-ox idi zing-acid. 
55 Hagerstownloam ___ ____ ___ Do . 
56 Lake Charles elay _____ _____ Inorganic-reducing-a lkalinc. 
58 !\tfuck ___ __ _ _ _ _ _ __ _ __ _ _ _ __ _ _ Organic-red ucing-acid. 

59 Carlisle muck __ _____ __ _____ J)o. 
60 RiOe peaL ____________ _____ .1)0. 

61 Sharkey clay _ _ __ _ __ _ _ __ _ _ _ I norgan ic-reducing-acid. 
62 Susquehanna clay ____ ______ lnorganic-oxidizin g-acid. 
63 Tidal marsh _____ _ _ __ _ _ ___ _ _ Organic-reduci ng-acid. 

64 Docas clay ________________ Inorga nic-red uci ng-alkaline. 
65 Chino sil t loam ___ __________ Inorganic-oxidizi ng-a lkalinC'. 
66 :Mohave fine gravell y lomn . Do. 
67 C inders ___________________ _ 
70 Mcrccd s ilt loam ___________ Inorga nic-reducing-a lkal ine. 

Values for apparent specifi c gra vi ty arc pre­
sented as an index of th e rela Live porosi ty of the 
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soils. Because the real sp ecifi c gra VI tles of the 
min eral portion of soils lie within a narrow range, 
the apparent specifi c gravity indicates the com­
pactness and hence tbe relative porosity of soils 
tha t arc primarily inorganic in nature. 

On the basis of their properties the so ils \Yere 
classified according to type of environmell t . This 
classification is given in table 2. 

III. Description of the Materials 

The forms, dimensions, and compositions of the 
specimens are given in tables 3 and 4. Although 
the identifying letters shown in the table are the 
same for a few materials, the dates of burial of 
th ese specimens are differen t. As comparisons will 
be made only between materials exposed for the 
same length of t ime , no co nfusion is likely to result 
from usc of the same symbol for difi'erent samples. 
Specimens of some of the materials were in the 
form of pipe, others of plate. The ends of tbe 
pipe specimens were closed by caps which excl ud ed 
moisture, thereby preventing corrosion of the 
interior . As a n extra precaution against possible 
co rrosion, the inner surfaces of the specimens were 
coated with heavy grease . The exposed area of 
each specimen was appr-oximately 0.3 ft2. All of 
the materials were free of mill scale exeepL as 
noLed in table 3. 
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TABLE 3. Composition of the wrought metals 

Nomi-

Ielen· I Year I I nal TII,~~;' I Material tlfiea- . Form width Length C Si I Mn I S P Cr N i Cu I Mo I Other elements 
tion buned 01' di-

ameter 

WROUGHT IRON 

In. In. I In. 
Percent Percent I Percent I Percent I Percent I Percent I Percent I Percent I Percent I Percent 

Hand-puddled _____ -- -- ---- -----------1 a A 1932 1 PiPe ___ __ __ _ 1 1.5 12 0.145 0.0 16 C.IO 0.029 0.018 0.160 ____ ___ _ ___ _ ___ _ Oxide+slag, 2.56. 
Mechanically puddled __ __ ______ ______ aB 1932 _____ do _____ __ 1.5 12 .145 .017 . 125.041 .018.106 ____ ____________ Oxide+slag, 2.581. 

CARBON STEE L S 

Low-carhon steeL ______ ______________ 1 N 

I 

1932 I PiPe ________ 1 2. 3 

I 

10 I 0.145 I 0 15 
I 

--- -
1 0. 49 I 0.030 I 0.013 I 

- - - -

I 
----

I 
- . -- I ----

I I 

LOW-ALLOY IRO NS AND STEELS 

~~;::-:~~~~~:~~_~ ~~~:~~h~~~~~ ~I_~~ : I M;'I 
1937 P late ________ 2.5 J2 0.188 C. 033 0.002 0.029 0.017 0.006 0.049 0.034 0.052 

I 0.07 1939 ----. do ___ __ -- 2.5 12 .250 .04 - - - - .16 .027 .008 .04 .14 .51 Oz, 0.Q15; Nz, .008; 
Sn,0.002. 

1937 _____ do ______ _ 2.5 12 .243 .03 .003 .16 .032 .007 .02 .15 .45 .07 
N 1937 _____ do _______ 2.5 12 .250 .06 . 001 . 098 . 029 .069 .02 .14 .54 .13 
H 1932 Pipe ________ 1. 5 12 .145 .04 .05 . 32 .027 .016 ---- ---- .52 .15 
II 1941 _____ do ______ 1. 5 14 . 145 .035 .005 .16 .025 .008 ---- -- - - .47 . 08 

Copper-nickel steeL _______ -- --- ___ --- b J 1937 Plate ________ 2. 5 12 .255 .05 . 047 .49 .025 .095 --- - .52 .95 
Nickel-copper stceL _________________ . bE 1937 ___ ._do _______ 2.5 12 .248 .07 .14 .44 .022 .010 --- . 1. 96 1. 01 

Do __ _____________________________ Y 1941 Pipe _____ ____ 2.0 8.5 .210 .12 .12 .58 .025 .07 --- - I. 95 1.04 
Doo. _____________________________ .p 1941 Plate ________ 2.5 14 .172 

Carbon steellayers ___ __________ ______ ---- . 036 

I 

.16 

I 

.21 

I 

.78 

I 

.030 

I 

.018 

1 1 :~~: 1 1 ~~~- I 0.038 
Ni-Ou steellayeL.-------------------- .100 14 16 48 009 .021 .98 ----

Do __ _____________________________ D 1932 _____ do ___ ____ 1.5 12 .145 .14 .19 .21 ---- 2.47 1.08 --- -

Ohromium-silicon-coppcr-pbosphOl'llS 0 1937 P late ________ 2.5 12 .188 075 .84 20 018 .124 .022 .428 
steeJ. 

2% ~~~~i_'~~_ ~~~~: :~~t~_~~~:~~~_~I~~:"_1 NN 1939 P iPe ________ 1 1.5 14.5 .145 .09 .25 .46 .010 .015 1. 96 .49 
rere 1937 Plate ________ 2.5 12 .175 . 082 .51 . 46 . 015 . 017 2.01 . 07 . 004 .57 

----,-------
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CHROMIUM STli:ELS 

4 to 6% chromium stceL _____________ P 1932 Pipe __ ______ 2.3 10 0.154 0.13 0.46 0. 025 0. 012 5.05 
Do __ ____ . _ . . __ _ . _______ . _________ D 1937 P late ________ 2.5 12 .245 .077 0.43 .37 . !X'5 .015 5.02 0.09 0.008 

4 to 6% chromium steel with molyb- E i937 _____ do __ . ____ 2.5 12 .188 .074 .41 .32 .006 .013 4.67 .09 .fJ04 0.51 AI, 0.030; Ti, 0.022. 
denum . 

Do _. ____ . _______ . ________________ H 1937 ._. __ do _______ 2.5 12 .203 .OGO .39 .40 .014 . 021 5.76 .17 .004 .43 AI,0.27. 
12% chromium stceL _________________ U 1932 __ . __ do .. ____ . _ .063 .065 .28 .38 .017 .011 11.95 .482 .025 
18% chromium steel. ____ ___ __________ F 1932 _____ do .. _____ 4 .063 . 070 .34 .36 .015 .014 17. 08 .092 .021 

Do. ______________________________ X 1932 Pipe _________ 1. 5 12 .145 .12 .277 .42 . 017 .016 17.72 .287 

HIGH-CHROMIUM S'l'EELS "lYI'l'H NICKEL AKD MA)JGAKESE 

18% chrom ium stcclwit h nickeL _____ J{ 1932 P late ____ ·_·_ 1 11 
I 0025 I O. OS I 0.33 

1°.
44 I 0.022 I 0.0 15 

1
17

.
20 I S.95 Do _____________________ . ____ . __ __ R 1932 Pipe ___ _____ 1. 5 12 .145 .05 .2S . 46 . Ull .015 17.52 8.85 

Do _______ ___ ___ __________________ ]V 1932 P late ________ 4 6 .063 .U93 .42 .36 .017 .008 18. 69 9.18 I 0.0 16 
18% chromium steel with nickel and l' 1932 _____ do _______ 10 .063 .06 .40 6.09 17.76 3.83 .95 

manganese. 
Do __ _______ . ___________ ._ . __ . _. __ S 1932 :::::~~ :--::::I 10 .063 .07 .48 19. 44 117. 78 1 1O:~6- .74 

18% chromium steel with nickel, man- eM 1939 12.5 .25 .07 .40 1. 24 .008 .016 17.78 I 2.63 
ganese, and mo lybden um. 

22% cbrom ium steel with nickel and Y 1932 1-----dO -------1 .063 .144 .59 1.80 .011 .015 122.68 112.94 . 021 
manganese. 

22% nickel-chromium steel with man· DT 1939 _____ do _______ 2.5 12 .25 . 07 .91 1.99 . 012 .014 119.27 122.12 1.07 I 3.52 
ganese an d molybdenum. 

a Some mill sCc'1.1e on the surface at the time of burial. 
b Specimens comp letely covered with a hard , black mill scale at the time of buriaL 
o Specimens composed of three layers as follows: outer layers- plain carbon steel, 0.036 in. thick; intermedia te layer-2-percen t nickel, I-percent copper steel, 0.100 in. thick. 
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TABLE 4. Composition of th~ cast metals 

Material 

Rattled cast iron a __ 

Sand-coatcd cast 
iron. 

Plain cast iron ______ 
Low-alloy cast iron. 

Do _____________ 
Do _____________ 
Do _____________ 
Do _____________ 
Do _________ __ __ 
Do _____________ 
Do _____________ 

High-alloy cast iron_ 

Tdonti- Year 
fication buried 

a 1932 
F 1932 

A 1941 
I 1932 
J 1932 
C 1932 
B 1941 
C 1941 

NC 1941 
N 1941 
D 1941 
E 1932 

I 

Form 

Pipe ______ 
__ _ do _______ 

_ __ do _______ 
___ do ______ _ 
___ do _______ 
__ _ do _______ 
___ do _______ 
__ _ do _______ 
Plate _____ _ 

__ _ do _______ 
Pipe ___ ___ 

___ do _______ 

l\[omi-
nal 

width Length 'l:~~!;­
or di-

ameter 

Inch Inch inch 
1. 25 13.5 0.250 
1. 25 13.5 . 250 

1.5 13 .250 
1. 25 12 .350 
1. 25 12 .350 
1.5 12 .250 
1.5 13 . 250 
1.5 13 . 250 
2.5 14 .5 
2.5 14 .5 
1.5 13 . 250 
1.5 10 . 250 

C 

Si :110 S p Cr Ni Cil 

Free ~i~':,'d Total 

Per· P er- P ,,- PPT- Per- Per- Per- Per-
cent Pacent Percent rent ant cent cent cent cent ant 
2.94 0.64 3. 58 1. 64 0. 48 O. Ui4 O. i9 
2. 94 .64 3.58 1. 64 . 48 . Oi4 . i9 

3.22 2. 19 .91 . 12 
2.53 1. 43 .28 . 077 .128 0.51 
2.90 2.04 . S3 .0(lO .248 .62 

3.00 . 50 3.50 2.50 . iO .050 . 400 0.30 0.15 
3.2S 2.09 .83 . 12 1. 2i .32 
3.24 2. OS . SO .12 1. 71 .98 
2. SO 2.03 2.08 1.10 
2.75 2.00 3.10 
3.21 2. 11 .n . 12 3.32 
2.98 2.13 1. 00 2.61 15.00 6.58 

a. Ordinary iron horizontally cast in green sand molds and rattled to remove sand . 

IV. Results of Exposure Tests 

1. Effect of Composition 

(a) Low-Alloy Wrought Materials 

Prior to examination the specimens were cleaned 
free of corrosion products by methods that have 
been previously described [1]. The extent of cor­
rosion was measured by the loss in weight after ex­
posure and by the depths of the deepest pits. 
These data are recorded in tables 5 and 6, respec-

tively. Unless indicated otherwise each value is 
the average of measurements made on two speci­
mens. Except as noted in tables 5 and 6, the ex­
posure periods at the different test sites did not 
differ by more than 5 percent. A typical set of 
specimens, including ferrous, nonferrous, and mis­
cellaneous materials, is shown in figure 1. The con­
dition of various wrought and cast ferrous ma­
terials after exposure for 14 years in three different 
environments is shown in figure 2. 

FIGURE 1. Specimens removed in 1946 fl·om the test site in Hagerstown loam at Loch Raven, N[et. 
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SOIL 66 

SOIL 65 

SOIL 55 

N A H o G 

FI C URE 2. COTTosion of steel, cast iron, and low-alloy i ron and steel in soils differing in c07'rosiven ess- ex posu l'e 14 yr . 

N , Carbon steel; A, band-puddled wrought iron ; H, CuoMo open-heartb iron ; D , 2-percent N i, l-percent Cn steel; O. cas t iron . 
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~ TABLE 5, L088 in weight of wrought materials 

(Average of two specimens in ounces per square foot) 

Test site number and soil type 

Year Aver- 51 53 55 56 58 59 60 61 62 63 64 65 66 67 70 7 Identiflca- bur- Material Form age 
tion ied expo- Rag- Mo- Mer- Papa-

sure Acadia Cecil ers- Lake Car- Rifte Shar- Snsque- Tidal Docas Cbino have Cin- ced kating 
clay clay town Charles Muck lisle peat key hanna marsh clay silt fine del'S silt silty 

loam clay muck clay clay loam gravel- clay loam 
lyloam loam loam 

---- ---- --------------------------------- ------------ -
Years 

I 

l 

I -

P;" , 1 
2.0 11. 7 3.5 2.8 3.5 3.5 --_. 5.7 '1.3 3.0 3.0 11. 4 8.0 8. 6 8.6 --- - ---- --- -
5.4 12.6 2.6 2.3 10. 8 9.8 1.8 6.3 5.6 4.0 3. 1 22.1 7.4 10.2 31. 8 -------- -- --A ________ 1932 Wrought iron, band-pud- 7.4 15.1 3.3 3.5 17.2 11. 9 2. 0 5.1 6. 3 6.0 3.4 34.4 9.0 11. 6 29.7 - - ------ --.-

died. 9.3 3.7 3. 7 b 22. 8 12.6 2.4 d 14.3 6.4 7.8 d 8. 5 , 16.0+ 13.6 b 5. 8 '15.2+ -----.-- ----
14.3 • 23. 9 4.9 3.4 26.6 19.6 4.3 25.1 10.2 8.3 d 10. 1 '38.3+ 10.4 20.3 'D -------- ----

'0 1 
2.0 8.2 3.4 2.9 4.4 3.2 ---- 5.0 -1.2 4.0 2.6 13.3 6.2 7.8 11.4 - - - ----- ----
5.4 13.6 3.0 2.4 7.6 10.4 1.6 6.8 4.9 4.0 2.4 23.1 7.2 11. 3 24.9 -------- ----B __ ______ 1932 ''''rought iron, rnechani- 7.4 15.3 3.4 3.4 14.7 11. 6 1.8 5.4 6.4 6.0 3.5 35.4 8. 8 11.1 27.0 -- .-.- -- - - --

call y puddled. 9.3 3.7 3.8 19.5 12.7 2.3 d 16.5 5.7 9.4 4.2 '.18.4+ 11. 4 10.0 D --.----- ----
14.3 • 26. 7 4.8 3.7 26.5 17.4 4.2 28.8 11. 9 7.1 d 6.8 '36.8+ 9.2 '17.2+ D .- .- ---- -- - -

'0 1 
2.0 7.4 2.7 2.4 4.0 3.2 ---- 6.2 • O. 8 4.1 3.8 12.6 7.4 7.7 21. 5 --- --- . ----
5.4 12.7 3.0 2.2 13.9 11. 2 2.4 11. 0 4.0 4.7 4.5 25.3 10.3 15. 1 34.6 .-.----- -- --N _______ _ 1932 Low-carbon steeL ___ _____ 7.4 11. 5 4.2 3.2 21. 0 14. 1 3.0 7.6 5.6 5.3 7.1 35.6 13.7 14.3 23.5 -------- ----
9.3 4.1 3 8 28.8 16.2 4.7 16.7 5.8 6.6 d 9. 0 D 12. 9 18.6 , 58.4+ -------- -- .-

14.3 • 21. 9 4.4 3.1. 35.2 25.5 3. 9 28.8 10.0 7. 9 9.6 D 13.0 D D -------- ----

___ do ____ _ { 
2.1 7. 5 1.8 1.8 13.8 5. 1 1.5 4.0 2.2 3.2 2.7 8.7 4.3 9.2 40.5 4.9 ----S ________ 1937 9 arbon steeL ________ ____ _ 4.0 2.9 2.6 16.0 8.8 3.3 8.1 5.0 4.3 9.2 6.0 4.6 12.3 37.0 9.7 ----
9.0 g 17.3 3.4 4.1 27.8 17.3 7.5 17.6 4.2 5.3 10.7 4.7 7.0 d 8.0 31. 6 13.4 --- -

Plale ____ { 
11. 6 1.8 2.0 14.4 5. 7 1.5 6.3 2.6 2.8 3.6 7. I 4.6 8.3 12.0 5.0 ----A ________ J937 Open-hearth steeL ________ 3.2 2.6 18.4 9.9 4.2 9.5 5.4 3.7 b 6. 2 7.4 5.3 b 16. 8 34.3 10.6 --.-

. 19. 1 3.9 3.8 28.0 16.9 9.9 22.0 4.3 4.2 b 8.9 7.5 7. 2 4.6 D 17.9 -- --

' ;00 1 
2.0 6. 2 2.8 2.0 2.3 2.9 ---- 4.9 • O. 9 3.7 2.5 16.1 7.5 8 8 7.8 -------- ----
5.4 11. 6 2.8 1.8 8.8 10.4 1.7 5.8 4.1 4.1 3.0 23.4 11. 2 14.4 25.0 . ------- ----B _____ ___ 1932 Open-heurth iron; 0.52 Cu, 7.4 11.6 3. 9 3.4 13.0 12.2 2.6 4.5 4 9 5.0 4.8 34.6 14.7 14.3 13.8 -- . - - -- - ----

O. l fi Mo. 9.3 4.0 3.2 b 18.9 14.5 2.4 13. i 5.6 7.0 6.3 D 15.0 14. 6 D --- -- --- - - .-

Plate ____ { 

14.3 '21. 9 4.2 3.2 23.0 17.3 4.3 25. 5 9.8 5.9 ,8.0 31. 5 14.9 D D ------ . - --.-
2.1 7.5 2.1 2.0 12.4 5.8 1.3 4.1 3. 0 3.0 b 2. 5 8. 0 5. 0 9.1 33.8 5.4 - ---0 ________ 1937 Open-heartb iron; 0.45 Cn, 4.0 2.9 2.8 13.8 9.9 2.9 7.4 5.6 3.6 4.7 8.0 5.0 11. 6 33.2 d 11. 0 ----

0.07 M o. 9.0 • 19.0 3.4 4.7 28.4 17.3 7.8 16.4 4.8 4.6 7.1 6.4 6.4 5.9 25.1 13.6 -- - -

{ 2.1 7.2 2.0 1..9 13.0 5.5 1.4 4.8 2.7 3.0 3. 0 8.0 4.6 7.4 20.9 4. 8 --- -N _______ 1937 Open-hearth iron ; 0.54 Cu, ___ do ___ 4.0 3.0 2.7 17.4 9.4 2.9 8.2 5.6 3.7 4.7 6.6 5. 0 12.0 27.7 d 10.2 - ---
0.13 Mo. 9.0 • 18.8 3.3 4.6 33.7 17.0 7.6 14.5 4.6 4.7 7.2 5.8 6.7 d 6. 9 21. 9 15.0 ----MlvL __ 1939 Open-hear th iron ; 0.51 Cu, ___ do ____ { 19 - - - ----- , 2.3 0.9 11. 2 4.7 2.2 3.4 2.3 3.0 2. 1 4.1 b 3. 1 6.6 26.0 10.1 .- --
0.07 Mo. 6.9 h 24. 1 3.6 1.8 45.8 12.7 4.6 8.4 6.4 5.2 6.7 b 20.2 4.9 12.4 27.9 11. 0 - ---R _______ . 1941 Open-hearth iron; 0.47 Cu , Pipe ____ . 5.0 3.7 2.0 6.3 5.0 5.5 5.3 3.0 3.4 3.5 20.4 5.7 17.5 D 6.0 2.0 
0.08 Mo. 

Plate ___ _ { 
2.1 7.0 0.8 1. 2 14.0 5.2 16 5.3 2.3 2.4 2.5 9.0 3.4 7.3 20.3 4.2 ----J ___ ______ 1937 Copper-nickel s teel; 0.95 4.0 1. 3 1. 8 19.2 10. 6 2.6 8.6 4. 8 3.3 3. 5 6.0 5.0 10.4 35.1 d 7.6 ----

Cu. 0.52 Ni. 9.0 • 18. 1 2.4 3. 5 34. (; 16.0 5.5 18.8 3.9 4.0 7.0 4.7 6.2 d 8. 2 30.4 17.3 ----

___ do ____ { 
2.1 7.4 0.6 0.8 13.0 6.2 1.4 6.4 2.0 2. 1 2.3 6.6 4.9 8 9 23.0 3. 9 ----B ________ 1937 Nickel-copper steel; 1.96 4.0 1.1 12 19.5 II. 0 2.4 9.6 3.9 2.9 3.4 4.9 5.0 11. 4 44.3 7.8 ----

N i, 1.01 Cu. 9.0 .20.2 2.8 2.6 31. 2 17. 7 7.2 24. I 3.2 2. 9 8.9 7. 1 7.6 3.1 D 18.4 ----

2. 
~ 

m 
(1) 

EI 
('I 

I:r' 



r.n o 
j::.: 

C1 
~ o 
U2 ... 
o ::s 
sa. 
"'I'j 

~ o 
s:: 
U2 

s:: e. 
CD .. 
~ 

ffi 

P;,o i 2.0 4.7 2.2 
5.4 8.3 2.2 

D . ...... . 1932 Nickel·copper steel; 2.47 7.4 9.6 2.6 
N i. 1.08 Ou. 9.3 2.5 

14.3 e l5. 9 3.4 
y . ...... . 1941 Nick el·copper steel; 1.95 _ .. do ..... 5.0 3.6 

Ni, l.040 u . 
P ........ 1941 Oom posi te steel i .. ........ Pbto .... 5.0 4.6 

_ .. do ... __ { 
2.1 9.2 1.5 

0 __ ...... 1937 Or·S i·Ou·P steel, 1.02 Or, 4.0 2.4 
0.42 Ou. 9.0 g 19. 6 3.3 

NN ...... 1939 2 percent ch rom ium steel P ipe . .. { 
1.9 2.0 
6.9 h 27.1 b 2 9 

with Mo. I 2. 1 7. 9 1.6 
P late .... { KIL ..... 1937 ..... do ... ...... ,· ........... 4.0 2.2 

9.0 g 17.9 2.9 

"" I 2.0 B.4 1.4 
5.4 14.6 2.0 

P .... .. .. 1932 5.05 p e rcent c h romi u m 7.4 10.7 2.4 
steel. 93 2.2 

14.3 e 19. 7 2.9 

P lato .... { 
2. 1 6.6 0.9 

D .... __ 1937 5.02 percent c h rom iu lll 4.0 1.3 
steel. 9.0 g Ii. 6 2.0 

.•. do ____ . { 
2. 1 7.1 0.9 

E ..... ... 1937 4.67 percent c h ro mi um 4 0 1. 6 
steel with Mo. 9 0 g lB. 2 2.0 

... do .... . { 
2. 1 b 8. 3 b 0.8 

R . .... .. . 1937 5.76 percent chromi u m 4.0 1.4 
steel with ?vlo. 9.0 g 16. 7 1.9 

• Exposed for 1.0 yr only. 
b Data for 1 specimen. The other specimen was missing. 
c Data [or 1 specimen. The other specimen was destroyed by corrosion. 
d Data for the individual s peci mens di ffered from the average by more than 50%. 
• Data for 4 specimens. 

1. 7 3.3 
1. 4 5.1 
2.2 9.7 
2.0 16.7 
2.4 14.5 
20 0.6 

4.1 
1. 3 12.5 
2.3 20.8 
3.0 28.1 
0.9 13.8 

46.0 
1.6 9.0 
2.4 14.5 
4.7 28.9 
1.2 2.5 
1.2 8.2 
1.6 18.0 
1.9 23.6 
2.3 19.1 
0.7 9.4 
1. 1 17.9 
1. 7 28.8 
0.6 9.6 
1. 2 16.3 
1.7 28.2 
0.7 11. 4 
1.1 14.3 
2.0 

3. 5 4.9 &. 1. 2 2.7 1.6 
7.7 1. 7 7.8 2.6 2.3 2.3 
9. 7 2.9 3.8 3.8 3.7 4.1 
6.6 2.6 d to. 3 3. 4 5.4 7.6 

13. 1 e 3. 7 17.4 6.2 3.6 10.4 
3.4 4.6 3.3 2.6 3.5 1.2 

6.2 5.6 5.7 3.9 b 5. 9 
4.4 1.1 5. 8 2.4 1.9 2. 4 
9.0 2.5 10.2 4.6 3.0 4. 1 

16.7 7.8 24.9 3.6 3.8 b 5. 8 
5.9 1.9 4.1 2.0 2.6 1.8 

15.6 4. 0 9 8 5.8 b4.4 5.0 
3. 3 1.2 3.8 2.4 2.4 1.8 

. 8. 4 2.5 6.0 4.7 3 0 3. 1 
12.9 4.8 13.8 4. 1 4.3 4.9 

1. 8 4.3 • O. 8 2.4 1.3 
7.4 2.0 II. B 3.3 2.6 3.6 

11. 7 2.3 2.9 5·0 3. 4 4.2 
13.9 2. 8 15. 6 5.1 4.6 d 5.8 
20.6 e 3. 4 27.4 9.1 6.1 10.0 
4.1 0.4 4.5 0.6 0.7 1. 8 
5. 9 .9 6.6 1. 6 1.2 3.8 
7.5 3.0 14.8 1.1 1. 8 5.6 
3.9 0.4 4.1 0.9 0.7 1.7 
7.2 .8 6.2 1. 8 1. 1 5.2 
6.4 2.5 13. 2 1.4 2.0 5.3 
3.5 0.2 4.6 0.8 0.7 b 1.7 

b 6. 8 .7 6.2 1.6 1. 3 5.4 
B.l 2.2 14.2 b1.0 1.9 B.4 

f D, both specimens destroyed by corrosion. 
g D ata for 8 spccimens. 
b D ata for 10 s pecimens. 

6.5 5.0 5.1 16.4 -- -- -- ~- ---- --
23.6 4.2 8.4 23.5 -------- --- ---
37.6 6. 1 9.2 27.5 -------- -- ----

b24.8 6.0 d 7. 5 D -------- - -----
25.5 6.9 14.6 D - - ------ ----- -
20.4 3.9 15.8 D 6.9 2.1 

J3.O 5.7 11. 3 6.2 3.0 
4.9 4.4 6.9 17.7 5.4 
5. L 5.4 13.6 13.9 9.8 
5.7 11. 0 3. 9 26.3 15.8 
3.9 3. 9 9.0 17.8 12.8 

J5 8 7.2 18.0 23.5 12.1 
4. 9 4.2 7.2 18.1 5.4 
5.4 4.5 12.3 IB.4 9.7 
4.6 7. 7 d 6. 0 1. 5.0 13.5 

14.0 7.2 7.7 7.4 -------- ------
24. 1 9. 7 13. 9 d 27. 4 -------- ------
29.6 13.4 13. 0 7.5 -------- ------

D 10.9 18.3 27.9 -------- ------
D 11. 9 D 17.5 -------- ---- --
4.5 2.3 5. 8 17. 1 4.9 
4.4 2.2 12. 1 d 18. 1 d 10.0 

4.4 3. 6 d 3. 5 12.2 19. 1 
4.2 2.5 7.9 12.2 5.2 
5.2 2. 1 12.0 d 11. 7 9.9 
4.2 3.3 d 5. 2 11. 2 19.5 
5.9 2.5 8.4 12.6 5.0 
5.0 2.2 14.5 d 12. 9 10.2 
4.0 3.7 d 5. 0 8.9 17.6 

i Speci mens composed of 3 layers as follows: ou ter layers- plain carbon steel, 0.036 in. thick; inLer .. 
mcdiate layer-2% nickel.l % copper steel , 0.100 in. t hick. 
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Id entifica' j Year 
tion bur· 
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Material Form 

Aver· 
age 

expo­
sure 

TABLE 6. Maximum penetration of wrought materials 

(Average of two specimens in mils) 

T est site Ilunber and sail type 

51 53 55 55 58 

Cecil j ~,as~· 1 c~,~~fesl Muck Acadia I clily town clay 
ChlY loam loa!Tl 

59 

Car· 
lisle 

muck 

60 

RiOc 
pelt 

61 62 

Shar· I Susq ue· 
key hanna. 
clay clay 

63 

'ridal 
marsh 

64 

Docas 
clay 

65 

Chino 
sil t 

loam 

66 

Mo· 
have 
fine 

gravel· 
Iy loa m 

67 

Cin­
ders 

70 

Mer­
ced 
silt 

loam 

72 

Papa· 
k al ing 
silt y 
clay 
loam 

____ " I ---I---~--------I----I---I---I---I---'---'---'---'---,---,----,---,---.---.---.---.---.---

A .. ...... I 1932 

B . .... . . . I 1932 

N ...... . 1 19~2 

s . .. .... 1 1937 

A .. ... . . . I 1937 

H ..• .. . 1 1932 

o ..... .. 1 1937 

N . .. .•.. 1 1937 

MM ..... I 1939 

B ....•.•. I 1941 

J ......... 1 1937 

B 1937 

}Tears 

f 2.0 
5.4 

Wrought iren, hand puct' l Pipe . .• It 7.4 
died. 9.3 

14.3 

{) 4 1
2 0 

Wrought iron , m echani· i··do .... i 7 4 
cally puddled. 9 3 

143 

5.4 1
2. 0 

Low·carbon sleel.. . . . ... .. 1 ... do .... . 1 7.4 
9.3 

{ 
1~: ~ 

Carbon steel. ... · •••• ••. ·.I· · . oo .. . ··1 4.0 

{ ;: ~ Open·hearth steel. •.•.•••• 1 Plate ... . 1 4. 0 
9.0 

1
2. 0 
5.4 

Open·hearth iron;0.52Cu, piPe '.' . 1 7.4 
0.15 Mo. 9.3 

{ l~: ~ 
Open·hearth iron ; 0.45 C u, Plate .. 4.0 

0.07 Mo. 9.0 

Open·hearth iron ; 0.54 Cu, ... do ..... { !. ~ 
C.13 Mo. . 9: 0 

Open.hearth 'ron ; 0.51 C u , ... do ..... { 1 9 

0.07 Mo. 6: 9 

Open.hearth iron; 0.47 C u , Pipe.... 5.0 
r.e8 Mo. 

Copper·n ickel s teel; ('.95 1 Plate ... { 
Cu. 0.52 Ni. 

2.1 
4.0 
9.0 
2.1 
4.0 
9.0 

Nickel·copper steel; 1.90 / .•. do ..... { 
Ni, 1.01 Cu. 

50 

144 
122+ 

• 135+ 
GO 

- 129+ 
145+ 

- 131+ 
82 

154+ 
135+ 

' 146+ 
52 

' 128+ 
54 

f 138+ 
78 

145+ 
97 

~ 

M 
77 
50 
n 
~ 

n 
m 
n 
M 
~ 

50 

54 
W 
M 

" W 
M 
~ 

m 
M 
M 
M 
~ 

0 109+ 

'105+[ 105+ 
54 38 

, 242+ 
66 

, 171+ 

. 124 

fi3 

f 148+ 
54 

, 161 + 

74 
n 
38 

072 
53 

b 42 
86 
67 

38 
57 
38 
26 
56 
45 

~ 

m 
m 
GO 
m 

" M 
GO 
M 
~ 

41 
M 
M 
W 
M 
~ 

50 
~ 

" 54 
00 
00 

n 
M 
W 
~ 

31 
« 
M 
~ 

M 
~ 

« 
~ 

GO 

34 
50 
77 
34 
52 

88 

22 
66 
90 

b 96 
145+ 
24 
65 

106+ 
IG6 
145+ 

20 
71 

125+ 
154 + 
135+ 

77 
104 
145+ 
80 

100 
126+ 

20 

65 
112+ 

b 145+ 
108+ 
100 
116 
li4 
7i 

100 
162+ 

GO 
lGO+ 
40 

82 
96 

140+ 
lOG 
139 
135 

20 
68 
84 

ll8 
96 
18 
64 

110 
116 

78 
18 

103 
110 
110 
154 + 
29 
46 
98 
36 
61 
89 
21 
GO 

145+ 
96 

118+ 
30 
48 
97 
32 
44 

102 
48 

116 
8 t 

26 
64 
i2 
36 
52 
97 

25 
18 
32 

• 37 

18 
15 
28 

• 32 

20 
30 

- 40 
" 34 

12 
20 

10 1 
6 

22 

98 

- 10 
22 

" 38 
6 

20 
66 

6 
16 

68 
b 13 

26 
40 

15 
33 

12 
32 

M 
~ 

~ 

- M 
m 
M 
~ 

~ 

- 64 
m 
~ 

M 
17 

-~ 
a 
15 
~ 

- ~ 
~ 

~ 

~ 

~ 

o ~ 

16 
- M 
~+ 
~ 

~ 

~ 

20 

-~ 
~ 

16 

~ 

~ 

25 
40 
57 
20 
28 
73 

- 17 
41 
44 
61 
84 

" 10 
37 
50 

- 86 
82 

a lO 
- 54 

63 
0 96 
~ 

40 
45 
48 
34 
50 

90 
- 14 
- 59 

65 
82 

104+ 
33 
66 
64 
32 
54 
70 
41 
62 
30 

53 
63 
84 

62 
56 
80 

49 
54 
69 

c 72 
74 
70 
56 
78 

c 101 

65 
52 
66 
71 

- 87 
101 
40 
56 
68 
34 
47 
59 
72 
86 
78 

- 86 
M 
36 
38 
66 
36 
49 
56 
40 
42 
38 

38 
GO 
fi9 
51 
69 
70 

~ 

~ 

64 

100 
M 
16 
~ 

W 
- 55 

80 
~ 

M 
m 
54 
61 
M 
~ 

80 
18 
b~ 

bM 

- w 
-~ 
1m 
-67 
b U 

b 20 

- 48 
74 
33 
47 
50 

22 

76 
114 + 

14 
28 
40 
22 
25 
37 

102 
129 
144+ 
120+ 
145+ 
118 
110 
145+ 
145+ 
145+ 
130 
154+ 
154 + 
154+ 
154 + 
80 
67 
80 
44 
78 
87 

153 
137 
145+ 
145+ 
145+ 

70 
75 

102 

n 
76 
70 
47 

b M 

145+ 

GO 
M 
76 
66 
~ 

80 

54 
91 

110+ 
102 
98 
66 
87 

106 
ItO 

98 
40 
74 
S3 

112 
86 
50 

59 
65 
47 
51 
75 
94 
97 

11 7 

IG6 
104+ 
44 
65 

102 

32 

- 57 
52 

b 43 
107 

M 

49 
GO 
f>8 
45 
84 
75 

~ 100 
85 d 145+ 

110 145+ 
b ~ 145+ 
142+ 145+ 
82 98 

106 145+ 
140+ 145+ 
130+ 145+ 
145+ 145+ 
66 154+ 

IM+ 119+ 
154 + 127+ 
154+ 154 + 
154+ 154 + 
145+ 145+ 
145+ 145+ 
78 145+ 
86 46 

b 1~+ 0 132+ 
66 D 

111 65 
145+ 11 8+ 
145+ 80 
145+ 145+ 
145+ 145+ 
105 70 
84 55 
63 80 

132 50 
98 74 
62 ~ 

71 J~ 

144 86 
145+ 145+ 

~ ~ 

M 90 
M l~ 

~ 64 
n M 
51 D 

50 
118+ 
122 

56 
77 

136+ 

48 
- 97 

89 
51 

- 122 
92 
92 
80 
63 

48 
82 

136 
50 

78 
142 

24 
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::j 
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O· 
::s 
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~ o = til 

s:: 
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if 
O· 
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1'" 
68 23 

D ..... . _ 1932 Nickel-copper steel; 2.47 Pipe •.. . 
5_ 4 55 26 
7_ 4 70 44 

Ni, 1.08 C u . 
9.3 37 

14.3 • 11 8+ 42 

y - --- ---- 1941 N ieke l·eopper s teel ; 1.95 ... do .. _._ 5.0 56 
N i, 1.04 Cu . 

p ------ - - 1941 Composite s teel h ....•.•.. P late ... _ 5.0 46 

C _ ••..... 1937 C r ·S i·Cu ·P steel; 1.02 Cr, . do ... { 
2. I 58 40 
4.0 64 

0.42 C u . 
9_ 0 f 92 45 

NN . . .•.• 1939 2% chromium steel with Pipe •• • . I 1.9 65 
1\10. l 6.9 g 107 b lOO 

Plate .... { 

2. I :35 40 
KK __ ____ 1937 .. . .. do _ . ... . •... •. •• • .. . • . . 4. 0 52 

9.0 f 110+ 69 

( ," 69 46 
5.4 l e5 56 

P .•...... 1932 5.05% chrom ium steeL ____ P ip e • . .. 7_ 4 106 57 

9.3 70 
14.3 - 134+ 66 

D ..... ... 1937 5.02% chrom ium stee I. •• .. P late _ ... { 
2_ I 62 43 
4.0 57 
9.0 f 114 66 

E .•.• . . . . 1937 4.67% chrom ium s teel with ... do .... { 
2. I 50 36 

1\10. 
4. 0 50 
9.0 f 86 66 

... do ..... { 

2. I b 64 h 32 
R ....... 1937 5. 76% chromium steel with 4.0 57 

Mo . 9.0 f 109 71 

'Exposed for 1.0 y r on ly. 
b D ata for 1 specimen. 'r he other s pecimen was missing. 
c D ata for the individ ual specimens differed from Lho average by more than 50%. 
d +, one 01' morc specimens contain ed holes because of corrosion . 
• D ata for 4 specim ens. 
f D ata for 8 s pecimens . 
• Data for 10 s pecim ens. 

32 
34 
51 
62 
71 
64 

42 
40 
51 
Ii 

59 

26 
52 
84 
42 
65 
88 
84 
85 
34 
48 
70 
34 
47 
51 
30 
39 
58 

2C 23 e ~8 a 12 42 0 24 OS 
42 71 26 30 46 17 lOS 

145+ 11 0+ 14 14 51 72 41 145+ 
145+ 52 14 0 38 41 058 0 70 b 145+ 
145+ 106+ • 22 92 42 68 90 145+ 
16 80 29 15 50 57 26 210+ 

57 4:3 28 5a b 33 80 
52 71 14 23 30 36 31 42 
77 52 42 67 41 44 41 70 
84 98 56 112+ 76 56 b5C 60 
78 46 22 18 42 40 38 40 

138+ 100 23 48 76 b 61 48 106 
38 29 22 19 31 26 20 56 
60 42 27 26 35 56 24 70 
96+ 67 34 57 76 58 41 70 
58 36 33 ' 10 52 4:3 124 

154+ 70 32 67 c 37 83 87 154 + 
154 + 70 < 20 62 38 125+ 89 154 + 
136 III 20 110 74 70 136+ 154+ 
154 + 154 + • 28 154+ 94 126 127+ 154+ 
66 48 18 32 30 32 62 48 
95 44 39 51 36 52 70 60 

104 64 66 61 42 74 108 62 
62 39 20 26 26 26 46 46 
80 46 26 36 36 46 7:3 66 

108+ 56 55 72 30 54 88 46 
bOO 48 18 26 24 32 b 42 46 

90 b 44 33 32 32 58 72 72 
52 64 76 b 38 56 78 70 

h Specimens co mposed of 3 layers as fo llows: ou ter layers-p lai n ca rbon s teel, 0.036 in. thick; intermedia te layer- 2% nickel, 1% copper, 0.100 in. t h ick . 

41 58 101 
48 75 145+ 
68 141 + 145+ 
74 <96+ 145+ 
73 145+ 14'>+ 
96 92 145+ 98 10 

42 80 71 37 
50 56 58 66 
44 80 47 94 
86 58 58 148+ 
51 145+ 124 + 130+ 
98 145+ 145+ 96 
56 78 5:3 102 
55 130+ 6S 94 
76 80 78+ 110 
68 86 64 

107 133 112+ 
138+ 154 + 65 
13 1+ 154+ 125+ 
109+ 154 + 137+ 
37 59 46 87 
46 99 57 121 
63 92 48 194 
39 81 56 79 
48 88 52 106 
52 57 52 154 
50 72 41 88 
56 117 44 94 
1].3 76 54 132+ 

J 
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In order to compare the over-all behavior of the 
materials and also to observe the effect of various 
alloying elements on corrosion, the data reported 
in tables 5 and 6 for each material at all of the 
test sites were averaged and shown graphically 
as weight loss and pit depth-time curves for the 
pipe specimens exposed 14 yr (fig. 3) and for the 
plate specimens exposed 9 yr (fig. 4). For com­
parison with the low-alloy materials in the form 
of plates, data for two reference materials, exposed 
simultaneously with the low-alloy wrought mate­
rials , are included in figure 4, namely, open-hearth 
iron A, and carbon steel S. Specimens of the 
latter material were in the form of pipe. 

Although the curves shown in figure 3 indicate 
differences in the corrosion of certain of the 
materials, it is impossible to state without statis­
tical analysis of the data whether certain of these 
differences at least should not be ascribed to 
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16 
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chance causes rather to inherent differences in 
corrodibility of the materials. As the first step 
in analyzing the data statistically, the progress of 
weight loss and pitting of each material with time 
was expressed by means of equations of the form 

(1) 

Taking logarithms of both sides, this equation 
takes the form of the lineal' equation 

log y= log a+ n log x. (2) 

Expressing the logarithm of the pit depth as log 
P , the logarithm of the time as log T, and the 
y-intercept as log k, the following equation is 
obtained: 

110 

100 

90 

80 

log P = log lc + n log T. 

p 

N 
H 

A 
~:::::... __ /-B 

o 

(3) 
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z 
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Q. 
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0 
0 4 6 8 10 12 14 16 

TIME.YEARS 

FIGU RE 3. Average loss in weight and maximum penetration-time C1lrves of wrought pipe specimens in 13 soils. 

A, Wrougbt iron, bano-puddled; B, wrougbt iron, mechanically puddled; H, open hearth iron O.52-percent Cu, O.15-percent Mo; N. low carbon steel; D . 
steel, 2.47-percent N i, 1.01-percent Cu; p. steel. 5.05-percent Cr. 

58 Journal of Research 



A 
B 

II C 110 

~,J 
0 

10 100 

K 0 

9 90 

0 
8 80 

<f) .. ..J 

fo- 7 ~ 
"-
"- Z 
N 0 
0 t:i 
>- 0: 
I f0-e> 6 w 
W z 

" 
w 
"-

<: ::;; 
<1l :::J 
<1l ;; 
'3 x 

" ::;; 

4 

3 

2 

o Lo------~2--------4L-------~6--------8L--------IO 

TiME . YEARS 

FIGURE 4. AveTage loss in weight and maximum penetration-time CUI·ves of wrought plate specimens in 14 soils. 

0, Open·hearth iron, 0.45-percen t Cn, O.07·percent Mo; N, open-hear th iron, O.54·pereent Cu , O.13-percent Mo; S, plain carbon steel; A, open·hearth steel; 
J , steel, O.95·pereellt Cu, O.52·percent N i; B, steel, 1.g6·percen t N i, 1.01·percent Cu; C, Cr-Si-Cu-P steel- 1.02·pcrcent Cr, 0.42·perccllt Cu ; K , steel, 5.02·percellt 
Cr; E, s teel, 4.6i-percent Cr, O.Sl-percent Mo; IT, steel, 5.76·percent Cr, 0.43-percent Mo. 

By similar substitutions, a linear equation ex­
pressing the relation between weight loss W, and 
t ime was obtained : 

log W = log kl +u log T. (4) 

These equations, which were derived originally 
by Logan, Ewing, and D enison [3] and by Martin 
[4] to express, respectively, the progress with 
t ime of the pitting and weight loss of wrought 
ferrous metals in soils, were fitted to the data 
shown in flgure 3 by the method of least squares. 
The mean values of weight loss and pit depth given 
ill table 7 were computed by eq 3 and 4, re­
spectively, for the period of 14 yr. Values for 
the standard error of these means, shown also 
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in the table, were calculated by the method of 
Ezekiel [5]. In order to determine whether the 
various wrought materials corroded at significantly 
different rates from plain steel, the mean values of 
weight loss and pitting for each material at 14 yr 
were compared with the corresponding values for 
plain steel, taking into account the r espective 
standard errors. The standard errors of the 
difference between the means for plain steel and 
for each material with which it was compared 
were calculated by the following equation to be 
found in standard tcxts on statistical methods [6]: 

(5) 

(6) 
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TABLE 7. Comparison of average corrosion at all test sites of wrought materials exposed 14 yew's 

Loss in weight (oz/ft') Maximum pit depth (mils) 

Identi· DitTer· DirTor· 
ence of Standard enen of Standard fica· M aterial M ean Stand· Stand· t he moan error of Mean the mean error of tion ard ard X from the die· 2uD X- from t he dir· 

( II'T=1I ,,) 
error material ference a. ( PT =14 ,,) 

error m aterial fcrence a 
'!uD 

iT iT N u D N UD 
D D 

---------------_.- ---,------- ___ 1 __ -

N Plain steeL ........ .- .- .............. 16.7 1.4 
A Hand·puddled wrou gh t iron . ........ _ 14.8 1.2 - 1.9 
B M echa nica ll y puddled wrought iron .. 14.3 1.2 - 2.4 
H Open-hearth il'Oll . ____________ ______ __ 13.6 1.0 -3. 1 
P 5% Cr s tee l. __ .................. .. .... 13.5 1.2 -3. 2 
D 2% ~i·J % eu stoel.. ..... . . _ . ... . . .... 10.7 1.1 - 6.0 

a q J)= ~ f; + lZ-~ (see text). 

where 
0'[ = standard deviation of first sample, 
0'2= standard deviation of second sample, 
Nl = num bel' of observations of first sample, 
N z= number of observations of second sample. 
By comparing the standard error of the differ-

ence (J D with ' the difference between the two 
means Xl and Xz, the probability that the observed 
difference is significant can be found by reference 
to tables of probabili ty correspond ing to the num­
ber of times the observed difference exceeds the 
stand ard error. For the present study , a differ­
ence between m eans of at least twi ce the standard 
error was selected. A difference of this magnitude . 
corresponds to a probability of 21 to 1 that the 
observed difference is s ignificant, 

On the basis of this cri terion , only material D, 
containing -2 percent of nickel and 1 percent of 
copper, can be considered definitel~~ to be more 
resistant to weight loss and to pitting than the 
plain steel, N. H owever , there is some probability 
that material P , con taining 5 percent of chro­
mium, is sligh tly more resistant than plain steel 
with respect to weight loss, but less resistant to 
pitting. The small differences shown by the 
other materials as compared with plain steel are 
probably to be ascribed to chance causes . 

The weight loss data shown in figure 4 for the 
plate specimens exposed for a m aximum of 9 yr 
indi cate that all of the materials except those con­
taining 2 percent or more of chromium, namely, 
materials K , D, E, and H , corroded essen t ially 
alike. The beneficial effect of chromium in higher 
concen tration is indicated by the . lower average 
weight losses for the 5-percen t chromium steel D . 
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113 4.0 
1. 8 3.6 103 4. I - 10 5.7 11. 4 
1. 8 3. 6 107 5.5 -6 6.9 13. 8 
1.7 3.4 109 1.5 -4 4.3 8.6 
1. 8 3.6 125 5.0 + 12 6.4 12.8 
1. 8 3.6 92. 2 8.3 - 20.8 9. I 18.2 

The effect of molybdenum in reducing the corro­
sion of chromium steels is indicatcd b? the curvcs 
for materials E and H, both of which contain 
ap proximately 0.5 percen t of mol~Tbclenum in 
addition to 4.67 and 5.76 percent of chromium , 
rcspectivrly. 

The benefit conferred by chl'ominmin reducing 
wcigh t loss apparently docs not extend to maxi­
mum penetl'o Lion, because the 5~p ercent chromiu m 
steel D, which showed definitely lower weight 
losses than the materials with smaller amounts of 
chromium, showed no improvement with respect 
to pitting. On the other hanel, the effect of 
molybdenum in reducing the depth of the deepest 
pits as well as weight loss is indicated by the fact 
that the materials containing approximately 0.5 
percent of molybdenum, E, H , and K , also show 
relat ively low values for maximnm penetration. 
As a matter of fact, the average depth of the 
deepest pits on material K, which contained only 
2 percent of chromium was no' greater than the 
corresponding values for materials E and H , both 
of which con tained from two to tluee times as 
mu ch chromium. 

Althou gh the specific effect of chromium on the 
maximum penetration of the irons and steels under 
consideration is somewhat difficult to evaluate 
because most of the materials also con tain molyb­
denum, ther e was no reason to predict that 
chromium in the range of 4 to 6 percent might 
accelerate pitting, such as is indicated by the data 
for material P shown in figure 3 and in table 7. 
In view of the possibility t hat chi'omium carbides 
precipitated along grain boundaries might have 
served as local centers of attack and so might have 
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iel cn 'HI, 5. L ongitudinal sections of 4-6 percent chro miu m steel speci lli ens. X 500. 

D . [).02w pcrccnt chromium ; E . 4.67-pcrcC'1l 1, ch romi um wi th O.f> \ -prrLC'n t lIlolybden um ; P, b.OS-percent f'ilromiu m . 

accelerated pl t Lmg, mi crop hotographs of male rial 
P we1'C prepared for compfLrisoll willI chromillm 
steels that were consid ered Lo show normal 
behavior. 

Mi croscopical examin at ion of steel P (fig. 5) 
r eveals that the carbid es are in lamellftr form , 
partly spberoid ized , By contrast , the ca rbici es of 
steel ]) are comple te ly sp heroi.di zed and a re (;om­
pletely dispersec!thro Li ghouL Lhe matrix . Beca use 
nei thcr of t hese s Leels contains molybdenum, the 
carbides are probably chromium carbides . As 
t he microstructure of mater ial P is considered to 
be thaL of a normal 4- to 6-percen t chromium 
steel, the apparent accelerated pitting of tb is 
material cannot at presen t be accounted for, 

The carbides of steel E (fig , 5) are localized 
around the grain boundari.es. Because th.is steeJ 
contains an appreciable amount of molybdenum 
most of the carbon was probably combined with 
molbydenum, and the ch.romium remained in 
solu t ion in the ferri te . This may acco un t for the 
sligh tly improved resistance of steel E as compared 
with steel D. 

The resu lts of the tests of steels Band D, con­
taining 2 percent of nickel and 1 percent of copper, 
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3I'e COll fl ict ing . ~latc'r i al D is defini tely superior 
Lo pl a in sLcel wi Lh H'spect to wei ghLloss an cl p iLting 
(fig. 3), whereas male· ri al B, having t he same 
nomin al composition , shows no ucl\ranLage from 
its content of n ickel and coppeL A p robab le 
explanat ion for th is diA'crcncc in behavior is tIle' 
accelcrat ion of corrosion from the prcsen ce of mill 
scale on material B , wh ich unlike V , had noL bcen 
pickk'd. 

Comparison of Lil e average corrosion resis lall ce 
of Lhe diffcrent mate ri als in all of t he so ils r eveals 
noLhing concerning the be ha vior of these mate ri als 
in anyone soil or environment . Conscquf'nLiy, 
superior c01'1'osion res istancc of a material in any 
one environment might be obscur ed by inferior 
resistance in ano ther . In order to compare thc 
behavior of the materials uncleI' specific environ­
mental conditions, the c01'1'os ion daLa for t he 
soils classified according to environment (table 2) 
were calculated on a relative basis for each period 
of cxposure , the standards of r eference, earbon 
steel (N) and open-hear th steel (A ), being taken 
as 100 percent. The averages for all periods and 
for all so ils in the same environmental group arc 
gIven m tables 8 and 9. 
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TABLE 8. Effect of corn position on the corrosion of low-alloy iron and steel pipe specirnens in 
difJerent soil environments-maxirnurn exposure 14 years 

Composition of steel (percent) Environment 
---

Organic Inorganic 
Identification -----------------

Cr N i C u Mo Reducing OXidizing Cinders 
Reducing ---------- - --------acid 

I I Acid Alkaline Acid Alkaline 

AVE RA GE LOSS IN WEIGET FOR 5 PERIODS OF EXPOSURE- RELATIVE BASIS (PERCENT) 

N. ___ ._. _____ ---- ---- ---- ---- 100 100 100 100 100 100 
D ____________ 

-- -. 2. 47 1. 08 ---- 70 76 63 67 53 100 
E_ . ______ ____ 

---- ---- 0.52 0. 15 78 96 78 94 104 81 
P _--_._------ 5. 05 ---- ---- ---- 75 94 81 62 94 59 

AVERAGE MAXIMUM PENETRATION FOR 5 PERIODS OF EXPOSURE- R ELATIVE BASlS 
(PERCENT) 

N. ____ __ _____ 100 100 100 100 100 100 
D ____________ 2.47 1. 08 85 66 90 75 78 99 
E __ __________ 0.52 0. 15 103 97 94 132 127 80 
P _----------- 5. 05 156 82 132 118 124 74 

TABL E 9. Effect of composition on the corrosion of low-alloy iTon and steel plate specimens in 
diffeTent soil enviTonrnents-maxirnum exposure 9 yeaTS 

Composition of steel (percen t) Env ironment 
---------------,--------------------,-----

Organic I norganic 
Identification -----------------,--------1 

Ct' Ni C u Mo Reducing Oxidizing Ci nd ers 
Reducing _____ . __ _ 

Acid Al kaline acid I 
Ac id I Alkaline 

A VERAGE LOSS I N W EIGHT FOR 3 PERIODS OF EXPOSURE- RELATIVE BASI S (PERCENT) 

A ____________ 0.049 0.034 0.052 100 100 100 100 100 100 
0 ___ _________ .02 . 15 .45 0.07 83 98 94 104 93 133 

· N ____________ .02 . 14 .54 .13 82 94 96 102 92 102 
L ____________ .52 .95 79 87 96 73 87 124 
B ____________ 1. 96 1.01 90 82 93 59 91 145 
C ____________ 1.02 .22 .428 85 90 88 80 102 84 
K ____________ 2.01 .07 .004 .57 62 88 80 89 91 71 
D ____________ 5.02 .09 .008 52 53 85 41 60 68 
E ___ _________ 4. 67 . 09 .004 .51 51 54 85 43 61 51 
E ____________ 5. 76 . 17 .004 .43 52 54 76 42 72 50 

AVERAGE MAXIM UM: PENETRATION FOR 3 PERIOD S OF EXPOSURE- RELATIVE BASI S 
(PERCENT) 

A ____ ________ 0.049 0. 034 0.052 100 100 100 JOO 100 JOO 
0 ____________ .02 . 15 .45 0.07 102 123 1I0 97 97 62 
N. ___________ .02 . 14 .54 . 13 97 106 104 95 84 56 
J _____________ .52 .95 81 113 102 93 86 76 
B ____________ 1. 96 1.01 85 1I3 III JOO 82 91 
C ____________ 1. 02 0.22 0. 428 130 81 88 91 80 50 
K ___ _________ 2.01 .07 .004 .57 82 78 90 93 96 60 
D ______ ______ 5.02 .09 .008 149 77 105 97 76 46 
E ____ __ ______ 4. 67 .09 . 004 .51 130 62 94 83 72 49 
E ______ ______ 5.76 . 17 .004 .43 128 72 94 88 87 42 
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Additions of 0.5 percent of copper and 0.15 
percent of molybdenum arc seen from the data 
reportcd in table 8 (material H ) and in table 9, 
materials 0 and N, to have had no significan t 
influcnce on thc rate of corrosion . As a matter of 
interest, it may be noted that the addit ion of 
copper tends to increase slightly the loss in weight 
of steels in sea water, but has little or no effect on 
pitting (7). The inconsistent behavior of materials 
Band D, each containing 2 percent of nickel and 1 
per cent of copper, has been previously commented 
upon. 

As was previously noted, the effects of additions 
of cluomium are difficult to evaluate because most 
of these steels also contain molybdenum. All of 
the chromium steels lost less weigh t t han the 
reference material A (table 9). Thc maximum 
penetration is also less for all environmcnts except 
the organic-reducing. This bendi t of chromium 
is espccially marked in cindcrs. In gencral, t he 
maximum resistan ce to co)"rosion is shown by steel 
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FIG URE 6. - EfJect'of chromium content on loss in weight and 
pitting of steels i;' three poody aerated soils, exposure 9 yr. 
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E , contammg slightly less than 5 percent of 
chromium and 0.5 percent of molybdenum. 

The curves shown in figure 6 indicate that t he 
advantage gained in reduction of pitting by t he 
addition of small fimounts of chromium may be 
lost if the amount added exceeds a certain optimum 
yalLle . In fact, the pit depth curves for Acadia 
clay and Lake Charles clay in figure 6 2 indi cate 
that steels containing 18 percent of chromium 
show a slight acceleration of pitting over plain 
steel. The tendency for chromium to accelcrate 
the pitting of steels in natural waters has pre­
viously been noted; LaQue [7] cited the \\"ork of 
Speller on the corrosion of steels in river water, 
and on the basis of his own observations in sea 
water , concluded that addi t ion of chromium to 
steels for the purpose of reducing weight losses in 
natural wa ters should probab ly not exceed 3 
percent , because larger amounts may accelerate 
pitting . 

(b) High-Alloy Steels 

Corrosion data for the high-clu·omiulll and 
clu'omium-nickel steels, some exposed for 7 yr and 
some for 14 yr, arc given in table 10 ; and the 
effects of composit ion on t he corrosion of Lln·ee 
steels in t hree soils are illus trated in figurc 7. 
It is unfortunate tha t complete information COll­

cerning the rolling and heat treatment of the 
various steels is not available, b ecause these 
factors undoub tedly played a part in t he corrosion 
of the materials. It is shown quite conclu sively, 
howeve r, that pla in chromium steels are subj cct 
to severe pi tting, and that steels containing at 
least 18 percent of chromiulll and 8 percent of 
Hickel are considerably more resistant than the 
straight chromium steels in these environments. 
Steels containing larger amounts of chromium 
and nickel, with and without molybdenum, were 
wholly resistant to corrosion , but two of these 
steels were exposed for 7 yr only, as compared 
with 14 yr for the other materials. 

Because high-chromium-nickel s t,eels arc sus­
ceptible to pitting where oxygen is excluded 
locally as, for example, by adherent deposits in 
sea water, the corrosion resistance shown by some 
of the steels in soils deficient in oxygen and high 
in chlorides is noteworthy. Docas clay (soil 64) 

2 The composition of the steel containing 18% of chromium was not recorded 
ill table 3 because the complete analysis of this steel is not available. 
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50.1 L 64 SO.IL 6 5 

FIGURE 7. Specimens of high-alloy steels alter exposure for 14 yr. 

SOIL 66 

I 

I I 
....... _____ J 

U. 12-percent-chromium steel; V. 18-percent-chromium steel; W, IS-percent-chromium , 9-percellt-nickel steel. 
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T ABLE 10. Loss in weight and depth of pits of high chromium and chromium-nickel steels exposed JOT 7 years and for 14 years ' 

Specimen __________ ______________ - ___ _ 

AISI 'r ype 

90mposition' 
C,' 
Mo, 
Cu, 
Cr, 
Ni, 
Mo, 

Soil No .' 

M, Shallow metal attack, roughening of surfaces, but no definite pitting. 
P, Definite pitting, but no pits greater than 6 mils. 
+, Ove-or more specimens contained holes because of corrosion . 

Ub Vc X K H \\. d 

410 430 430 30-1 30-1 302 

(5) (5) (2) (2) (2) (5) 
0.065 0.070 0.12 0.08 0.05 0.093 

.38 .36 .42 .44 .4() .36 
- .-. _--. .02 . -. -- .------- .- ---- -- -- --. - - - - -- - - - - -- . .02 

1. 95 17.08 17. 72 17.20 17.52 18.69 
0.48 0.09 0.29 8.95 R. 85 9.18 

y d I 

309 

(5) 
0.144 
1. 80 
0.02 

22.68 
12.94 

eM 

316 
---

(2) 
0.0 
1.24 

--------. 
17. 7 
10.96 
2.63 

D'I' 

(2) 
0.07 
1. 99 
1. 07 

19.27 
.22.12 

3.52 

Max- I 1 MaX- I 1 J\IaX- 1 1 MaX- I 1 MaX- I 1 M aX- I 1 MaX-I 1 MaX- I I Max-Loss in imum Loss in irnum Loss in imum Loss in irnum Loss in imum Loss in imum Loss in irnum Loss'in imum Loss in imum 
weight I pcne- weight pene- weight pene- ,,-eight pene- weight pene- weight pene- weight pcne- weight pene- weight pene-

tration tratlOn tratlOn tratlOl1 t ratlDl1 tratlOl1 tratlOl1 tratlOn tratlOn 
---.--- ------------ --- ---- ---- ---- ---- ---- ------------- ---

o,l/t ' I Mils I 02/1t 2 I Mils ozlft 2 Mils I o"ft' ,Vnls 0'1!12 Mils 021fl2 Mils o,//t 2 Mils 07.//t ' Mils oz/It 'I lVIiI. 
0.03 29+ 0.0004 M 0. 001 0 

.0009 0 .03 0 .03 0 
0.0002 I M 1 0.0001 I o 0005 0 0.0003 0 .002 0 .0007 

.20 32+ .002 8 0 
0.85 52 .002 0 0.0008 11 .0003 0 

•0002
1 

M .001 M .0007 0 .002 P .001 P .0009 .0006 0 
5.4 37+ . 17 16+ .0006 . 003 M .001 M .002 .0003 0 

.0004 P 0 . 004 0 
. 03 6 .0004 M .003 6 .0007 0 .0007 0 
.33 13 .06 P .12 13 .002 0 . 0004 0 

5.7 63+ 1.4 63+ .34 48 .003 P .04 .002 0 . 0007 .0004 M .0004 
0.46 62+ 0.74 61+ .01 16+ 0 M .00004 0 .002 .001 
3. 2 62+ 2.3 62+ .0009 P M 0 M 0 0 0 

5. 19 73 .0008 12 .002 .002 M . 002 0 
.0005 0 0 0 

• Specimens "CM" and " DT" were exposed to the soils for 7 yrs. The remaining specimens were expose(14 yrs. 
b Annealed at 1,400° F , pickled, lightly cold-rolled. 
c Annealen at 1,600 F, pickled. 
d' Heated to 1,850° F, air q uenched. pickled . 
• The numbers in parentheses indicate the number of specimens removed from each test site. 
, See table 1 for names and location of soils. 
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TABLE 11. Results of exposure of high-alloy steels to a poorly aerated soil containing sodiull1 chloride (Docas clay, soil 64) 

M, Shallow metal attack, roughening at snrface, but no definite pitting. 
+, One or more specimens contained holes because of corrosion. Tbe thickness of the specimen bas been used as tbe maximum pit in this case. 
D. Destroyed by corrosion. 

Specimen ......................... . u v x K R y C ,\1 Il'l' Low car­
bon steel 

_.--_._-------- -------------- -- ---.- -------------------
AISl Type No _................... 410 430 430 304 304 302 309 316 

- .. --------.. ----- - - ----- - --------------- ------------ - ---

Composition: 
C, %............. .............. 0.065 
Mn, %......................... . 38 
Ou, % .. . ................. . .... . 
Cr, %. ... . ..................... 11. 95 
Ni, %. ......................... 0.48 
Mo, % . ....................... . 

Period of exposure ... . .............. . 

Years 
2 . . ............. ···················· 0.67 
5 •..•.• • .•.....•.•• ············•··•• 1.0 
7 •..•.. • ••.....•• • •• ············· ... 1. 7 
9 ....................... ····.······· 3. 2 
14 . ...................... · .. ········ 5.1 

2 .................... . .... ·········· 63+ 
5 . .. . ......... . . ··········· · ········ 63+ 
7 ..... .. . . ....... ··················· 63+ 
9 ....................... ············ 63+ 
14 ........•.•.........•.••••• ······· 63+ 

0.070 
. 36 
.02 

17. 08 
0.09 

0.53 
.28 
. 44 

1.2 
1.4 

63+ 
54+ 
63+ 
63+ 
63+ 

0.12 0.08 
. 42 .44 

17.72 17.20 
0.29 8.95 

0.50 0.01 
.30 . 002 

(a) . 003 
(a) . 08 
0.34 .003 

(a) 17 
10 < 6 
21 8 
96 14+ 
48 < 6 

0.05 0. 093 
. 46 . 36 

. 02 
17.52 18.69 
8. 85 9. 18 

Loss in weight (oz/ft2) 

0.01 0.002 
.01 . 002 
. 02 .002 
. 06 . 002 
. 04 . 002 

Maximum penetration (mils) 

8 8 
0 4 
0 M 

36 < 6 
0 

0. 144 0. 07 
1.80 1. 24 
0.02 

22. 68 17.78 
12.94 10.96 

2.63 

O. CO:3 0.006 
.002 
. 005 .004 
. 006 
.0007 

5 i\I 
< 6 
< 6 11 
< 6 

0 

0.07 
I. 99 
1.07 

19.27 
22.12 
3.52 

0.002 

. 004 

12.6 
25.3 
35.6 
D 
D 

130 
154+ 
154+ 
154+ 
154+ 

• Data not used because of corrosion caused by asphalt on the ends of the specimens. 

is a very corrosive soil because of its low permea­
bility to ai.r and its high content of sodium chloride. 
The results of the field tests in this soil. given in 
table 11 for all periods, indicate the beneficial 
effect of nickel in promoting corrosion resistance 
of these steels. Steels containing chromium but 
less than 0.5 percent of nickel pitted deeply, per­
forations occurring within 2 yrs; but steels con­
taining more than 9 percent of nickel developed 
only shallow pits, which showed no tendency to 
increase with time. 

(e) Cast Materials 

The weight losses and maximum depths of pits 
of cast iron after exposure are given in tables 12 
and 13, respectively. Following the procedure 
employed in studying the corrosion of the wrought 
specimens, the data for weight loss and pitting for 
each of the cast irons were averaged for all of the 
soils for each period of exposure. From the 
results for the pipe specimens buried in 1932, 
shown as weight loss and pit depth-time curves 
in figure 8, it is evident that weight loss and 
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maximum penetration for all materials were 
approximately the same for each period except fot' 
alloy E, which corroded considerably less than 
the other materials. The corrosion data shown 
graphically in figure 9 for the series of nickel and 
nickel-copper irons exposed in 1941 does not 
indicate any significant improvement from the 
additions of these alloying elements . 

(2) Effect of Environment 

Photographs of corroded specimens of unalloyed 
steel pipe N and of plain cast iron pipe G after 
exposure for 14 yr in the various soils are shown 
in figures 10 and 11 , respectively. Photographs 
of open-hearth iron plates A exposed for 9 yr 
at 15 test sites are shown in figure 12. 

Typical corrosion-time curves for the wrought 
materials that behaved essentially like plain steel 
are shown in figure 13. Each point on these curves 
is the average weight loss or maximum penetration 
of two specimens of each of the following materials: 
low carbon steel N, hand-puddled wrought iron 
A, mechanically puddled wrought iron B, and 
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F I GUR E 8. Average loss in weight and maximum penetration-time curves of cast iron pipe specimens e:r; posed in 14 soils . 
G, Rattled cast iron; F, sand-coaled cast iron; T, cast iron, O.51-precent Cu, O.2S-pcrcent Mil; J, ca~t iroll-o.(;2-pcrrent Cu, O.83-pcrccll t J'vf n: C, cast iroll­

O.30-percent Cr, O.15-percr nt Ki ; E, cast iroll- 15.0-percellt:\i, fi.6-pcrecnt Cll. 2.6-perccn t Cr 

copper-moly bdenum open-hearth iron H . Values 
are given for five periods of exposure excep t for 
those soils in which the Dumber of perforations 
rendered the corrosion data meaningless. 

I t is evident from the corrosion-time curves 
shown in figure 13 I that the rate of corrosion 
with respect to both weigh t loss and maximum 
p enetration varies from zero aft er a short period 
of exposure to a rate t.ha t is proportional to time. 
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F I GURE 9. Average loss in weight and ma.);imwn penetration 
oj specimens of cast irons exposed jor 5 yr in 14 soils . 

SoU Corrosion of Ferrous Materials 

In general, i t may be said that curves showing a 
marked diminu tio n of the rate of corrosion with 
time (soils 53 and 55) are typical of corrosion in 
well aerated soils, whereas curvC's indicating a 
linear rate (soil 56) are typical of poorly aerated 
soils. 

Within the limits of the accuracy of the data, 
the curves ob tained by plotting the values for 
m aximum penetra tion and weigh t loss against the 
length of exposure conformed to th e following 
equations, which were employed in comparing 
the corrosion of the low-alloy irons and steels: 

a ncl 

where P=maximum pi t dep th at time T 
W= weigh t loss at time T. 

As will b e recalled, these equa tions are linear on 
logari thmic coordinates, the constan t k (k' ) being 
the y-intercep t and n (u) the slope. The values of 

67 



( 

0') 
<Xl 

-.. o 
Ei 
e. 
o -
!l:I 
<D 
III 
<D 

El o 
::r 

Year 
Iden tillca-, bur-

tion jed 
M ateriaL Form 

A ver­
age 

expo­
sure 

TARLE 12. Loss in weight of specimens of cast iron 

(Average of 2 specimens in ounces per square foot) 

51 53 55 56 58 

Acad,a clay ers- Oharlesl Muck . 1 oCCil l lIag- 1 Lake 

clay loa m town clay 
loam 

59 

Car­
lislc 

muck 

T est site number and soil type 

60 

Rifle 
peat 

61 

Sha r­
k ey 
clay 

62 63 

s usQue- , T idal 
hanna marsh 
clay 

64 

D ocas 
clay 

65 

Chino 
silt 

loam 

66 

Mo­
have 
fine 

gravel­
ly 10am 

67 

Cin­
ders 

70 

M er­
ced 
silt 

loam 

72 

P a pa­
kating 
sil ty 
clay 
loam 

---------1-----'---,---,--1--1---1---1---1---1---1---1 ____ 1 ___ 1 ___ 1 ___ 1 ___ , ___ , __ _ 

0 __ __ ____ 1 1932 

A .. __ ____ . I 1941 

L ______ 1 1932 

L ______ _ I 1932 

0 ____ __ __ 1 1932 

B __ ____ __ I 1941 

Rattled cast iron b __ __ __ __ 

} )""ears i 2. 0 
5. 4 

Pipe ___ _ I 7.4 

9.3 
14.3 

Pla in cast iron ____________ I ___ do __ _ 5. 0 

Low-a lloy ; 0.51 Ou, 0.28 
Mn 

Low-alloy; 0.62 Ou, 0.83 
Mu 

Low-alloy; 0.30 Or . 0.15 
N i 

i 2.0 
5.4 

___ do ____ 1 7. 4 

9. 3 
14. 3 i 2. C 
5.4 

__ _ do ____ 1 7.4 

9.3 
14.3 i 2. 0 
5.4 

__ _ do ___ I 7.4 

9.3 
14. 3 

Low-a lloy; 1.27 N i, 0.32 1 ___ do ____ 1 5.0 
Ou 

0 __ ______ 1 1941 1 Low-alloy; 1.71 N i, 0.98 1 ___ do ____ 1 5.0 

NO ____ __ 194 L L~~allOY; 2.08 N i, U O 1 P late ____ 1 5.0 

N __ __ ___ 1 194 1 
D.______ 1941 

E ____ __ __ I 1932 

Ou 
Low-alloy; 3.10 Ni ________ I ___ c1 0 ____ 1 5.0 

Low-alloy; 3.32 Ni _______ Pipe ____ i ~:~ 
5.4 

H igh-a lloy; ] 5.0 Ni, (i.G 1--- fl0----1 7.4 
Ou, 2.6 Or 9. a 

14.3 

• Exposed for 1. 0 yr onl y. 

11. 9 

18.4 
20.8 

' D 

14 . 9 
24.8 
21.1 

, 27.6+ 
14. 7 
22. 9 
21.0 

; 31.1+ 
15. 1 
29.3 
23.7 

· D 

4.6 
4. I 
3.9 

fl 9. 7 

4. 7 

2. 0 
2.6 
3.2 
3. 3 
3.2 
3. 0 
1.7 
1.7 
2.8 
2.3 
3.1 
1.8 
1.8 
2.6 
3.4 
3.9 
1.9 
1.6 
2. 2 
3.5 
3.9 

2.7 9.5 
2.4 14.8 
3.122. 0 
3.6 d D 
2.4 'D 
2.2 6.5 
2.8 5. 1 
1. 5 9.5 
2.424. 7 
2. 7 37.3 
2.3 42.0 
3.9 5. 1 
1. 5 12.5 
2.4 22.7 
2. 1 33.7 
2.6 f 43. 0 
3. 4 7. 2 
1. 5 10. 4 
2. 0 19.6 
2.0 29.7 
3.3 h34.0+ 
2.5 3. 9 

3.5 1 2.6 4. 1 

3.3 1 1. 6 

3.0 
3.5 
1.2 
0.7 

. 7 

1.4 
1. 2 

2. I 
2. fi 
0.8 
.6 
.7 

.7 

1.1 

4. 8 

7.3 
2. 9 
3.3 
4. 6 
9.4 

14.6 
17. 3 

b Ordinary cast iron horizonta lly cast in green-sand molds and ratt led to remove sand. 
o D ata for the individual specimens differed from the average by more tha n 50 percen t. 
d D, both specimens d estro yed by corrosion. 
• Data for 4 specimens. 
f Data for 1 specimen. The other specimen was missing. 
• Data for 3 specimen s. 
h D ata for 1 specimen. The other specimen was destroyed by corrosion. 
, Data for 3 specimens. The other specimen was destroyed by corrosion . 

5.8 
12. L 

19. 0 
20. 1 
D 
6.8 
4.6 

12. 4 
20. 6 
24. L 
37.1 
3.7 

11.5 
20. 0 
27. 1 

b39. 6+ 
9. 0 

14.3 
18.0 
21. 9 
D 
4. 4 

3.5 

3.6 

3.2 
1.4 
0.8 
4. 9 
8.6 
9. 9 

10. 0 

2.6 
·3. 9 
e3.6 

• 6. 8 
14.4 

2.3 
03. 0 

4.1 
05. 1 

2.5 
3.2 
2. 9 

• 6. 2 

1. 9 
2. 2 

0 2.4 

• 5. 0 
13.3 

Ll.l 

5.4 

5.4 
7.6 

0.4 
o, fi 

. ; 
01.3 

10. 6 
7.2 
4. 9 

20.8 
28.6 
6.5 
9.8 

7.2 
7.2 

0]8.2 
33.6 

7.8 
7.2 
5.7 

0 17. 0 
30.7 
9.0 
6.7 
4.3 

, 13. 1 

25.3 
2. 0 

1.9 

4.4 

3.6 
:l. 5 
4. 2 
4.9 

f 1. 3 
o to. 0 

11. 6 

0. 1.1 

4.8 
4.5 
7. 1 

12.3 
6.8 

a O. 9 
5. 6 
5.3 
7.5 

11.0 
a 1.0 

6.2 
5.3 
6.9 

10. 7 
&1.2 

4.7 
5.0 
7.2 

10.8 
5.7 

5.6 

~. 4 

3.4 
5.2 

• 0.3 
1. 8 
1.7 
2.3 
5. 2 

6. 7 
5.6 
5.0 
8. I 
8.5 
3. 6 
6.5 
4. 2 
4. 2 
6.6 
6. 7 
6.8 
4.6 
4.8 
6.4 
7.5 
6. 4 
4.6 
2.5 
6. 9 
6.6 
3.5 

3. 8 

3. 1 

2.5 
2.6 
I. 
1.1 
1.0 
2.7 
2.3 

3.8 
3.2 
1.4 
6. I 

c 13. 1 

3.8 
2.8 
2.8 
3.5 

010. 0 
7. 4 

4.6 
3.6 
3.0 

0 11. 4 
8.5 
3. 1 
1. 8 

f 2. 1 

2. 6 
I) 4. 5 

2.4 

2. 3 

'4.3 

'3.5 
~. 6 

.6 

.6 

.7 
1. 6 
1.5 

12.6 
21. 8 
35.5 
]) 

D 
g 19.7 

15.5 
26.6 
39.4 
46.8 
49.6 
15. 9 
26. 7 
44.1 
44.6 
57.7 
14. 4 
31. 2 
44.7 

'4 1. 9 
h 36. 1+ 

20. 4 

18. 7 

15.5 

15.8 
14. 4 
4. 4 
3. 1 
5.8 

12.8 
4.8 

10.3 
6. 2 
7. I 

7.6 
9.0 
8.6 

11. 9 
8.1 
8.0 

11.0 
12.3 
II. 0 

9.2 
9.0 

10.3 
12.5 
12. 9 
12. 2 
11. 1 
14. 6 
17.5 
7.7 

9.9 

7. 9 

8. 2 
7.0 
1. 5 
3.0 
2.0 

·2.6 
3. I 

6. 0 
6.2 
5.6 
4.0 
D 
6.2 
5. 1 
5. 4 
4.7 
8. 2 

18.6 
6.0 
7. 0 
7.6 

12.2 
22. 6 
8.3 

11. 2 
6. 0 

10.7 
D 
8.2 

9.3 

6.6 

flO.2 
8.3 
3. I 
3. 0 
3.5 

Q.3 
7.6 

26.8 
48. 2 
23.0 
D 
D . 
D 

30.3 
48.9 
29.8 

b 61.4+ 
D 

24.6 
51.4 
36.5 

b 65.0+ 
h 51. 5+ 

21. 5 
35.9 
26.7 
45.7 
D 
D 

D 

l) 

D 
D 

17. 6 
38.4 
24 .3 
52.3 
D 

7.5 

4. 8 

4. 2 

7. 0 

7.6 
0. 7 

0.8 

1.0 

0.9 

1.2 

1.2 
0.8 



51 53 55 56 58 59 60 

L. 61 62 63 64 65 66 67 
. J 

FIGU RE 10. Corrosion of unalloyed steel exposed 14 1/1' at 14 test sites . 

See table 1 for ident ification and propert ies of so ils. 
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51 53 55 56 58 59 60 

61 62 63 64 65 66 67 

FIG UR E 11. Corrosion of plain cast iron exposed 14 yr at 14 test sites . 

See table 1 for identi fi cation and properties of soils. 
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51 53 5 5 56 

59 60 61 62 

64 65 66 67 

FIGU RE 12. Corrosion of open-hearth iron plates exposed 9 yr at 15 test sites . 

See table 1 for identification and properties of soi ls 
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FIGUR E 13. Weight loss and pit depth-time cw·ves Jar wrought materials in typical soils 

these constants, calculated according to the method 
of least squares, are recorded for the individual 
soils in table 14. The standard errors of the 
cons tants, calculated according to the method of 
Ezekiel [6] are included in the table. Values for 
th e constants k and n for a much larger group of 
soils than those under consideration a t present 
have been reported [3]. 

Because the constan ts k and k' represent, ]"e­
spec tiYely, maximum penetration and weight loss 
a t 1 yr. , th e values of these constants may be con­
sidered to measure approximately the initial rate 
of corrosion and consequently the inherent corro­
siveness of the soils. The r elatively large values 
for the constant k for the group of si.x soils of fair 
to good aeration, No. 64 , 66 , 62, 65, 55, and 53 
(table 14) are to be ascribed largely to the depolar­
iza tion of the cathodic areas by the oxygen of the 
soil atmosphere. The low values of k for the r e­
maining poorly or very poorly aerated soils are a 
consequence of cathodic polarization because of thc 
deficiency of oxygen in th ese soils. 

Comparison of the values for k and n shows tha t 
there is a good inverse correlation between these 
two constan ts, from which it follows that the higher 
the initial rate of pi tting the more rapidly does the 

72 

rate of pi t ting decrease with time. A necessary 
corollary of this conclusion is that measurements 
of the initial rate of pitting of wrought ferrous ma­
terials in soils cannot be used for predicting cor­
rosion over a long period unless the measurements 
are accompanied by some expression for the change 
in corrosion with time for the particular environ­
mental condi t ions. 

A probable explanation for the inverse correla­
tion noted between the constants k and n is as fol­
lows: In poorly aerated soils, characterized by low 
valu es for the constant k, ferrous ions, migra ting 
and diffusing from the local anodes have a ncgli­
gible effec t on the rate of cOl'l'osion, the rate being 
determined entirely by the depolarization of hy­
drogen at the cathode. However , in soils that 
contain oxygen in excess of that requircd for ca th­
odic depolarization, ferrous ions are oxidized and 
precipitated in close proximi ty to the local anodes. 
The t ubercles formed in this manner prevent the 
fur ther migration and diffusion of ferrous ions with 
consequen t redu ction in the rate of corrosion by 
anodic polarization. The m echanism of tubercle 
forma tion and its significance in soil corrosion have 
been considered in previous papers [8, 9] . 
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TABLE 13. .M~aximum penetration of specimens of cast iron 

(A vcrage of 2 specimens ttl mils) 

Test site number and soil type 

Year Aver- 51 53 55 
Identifiea· bur· Material Form age 

tion ied expo· Hag-sure Acadia Cecil el's-
clay clay town loam loam 

-------- - -

Yea.rs 

('" 90 48 48 
5.4 , 250+ 49 66 

F 1932 Sand·coated cast iron ...... ].Jjpc ____ 7.4 250+ 102 126 
9.3 ---- b 75 98 

)4 .3 d 250+ 128 135 

('" 
118 42 48 

5.4 250+ 51 50 
G 1932 Rattled cast iron , .. ...... ... do ..... 7.4 250+ 71 126 

9.3 ---- 57 J23 
14.3 d 250+ 138 149 

A 1941 Plain cast iron . . .......... _._ do ... _ 5.0 ---- 179+ 110 

('" 
102 30 28 

5.4 30H 47 56 
I 1932 Low·alloy; 0.51 Cu, 0.28 _ .. do_. _. _ 7.4 304+ 50 90 

Mn. 9. 3 -.-- 58 108 
14. 3 d3li+ 92 J32 

('" 106 54 36 
5. 4 30H 45 59 

J 1932 Low·alloy; 0.62 Cu, 0.83 _ .. do ..... 7.4 260 60 97 
Mn. 9.3 - --- 62 b 96 

14.3 d350+ 57 J08 

( '" 
112 39 26 

5.4 250+ 40 58 
C 1932 Low·alloy; 0.30 Cr, 0. 15 NL ... do .... _ 7.4 250+ 88 95 

9.3 ---- b 66 123 
14.3 d 2W+ 171+ 184 

n 1941 Low·alloy; 1.27 Ni, 0.32 Cu. ... do _ .... 5.0 -- -- 124 114 
C 1941 Low·allo y; 1.71 N i, 0.98 Cu. ... do . . ... 5.0 ---- 144 123 

NC 1941 Low·alloy; 2.08 Ni, 1.10 Cu. Plate_ .. 5.0 ---- 133 110 
N 1941 Low·alloy; 3.10 NL . . ..... ... do ..... 5.0 ---- 120 U 3 
D 1941 Low·alloy; 3.32 NL ....... Pipe . .. . 5.0 -- -- 136 96 

r" 
30 30 30 

5.4 50 36 37 
E 1932 High·alloy; 15.0 N i, 6.6 ... do ..... 7. 4 35 51 41 

Cu, 2.6 Cr. 9.3 .--. 33 34 
14.3 d 78 44 51 

a Exposed for 1.0 yr only. 
b Data for the individual specimens differed from the average b y more tban 50%. 
, +, one or more specimens contained holes because of corrosion. 
d Data for 4 specimens. 
~ Ordinary cast iron horizontally cast in green-sand nlOlds and rattled to romo\-c sanJ.. 
I Data for 3 specimens. 
, Data for I specimen. The other specimen was missing. 

56 58 59 60 61 62 63 

Lake Car· Rine Shar· Susq ue· 'ridal Charles Muck lisle peat key hanna marsh clay muck clay clay 

--- - -----------------

41 34 .-.- 50 - 24 70 38 
lI9 104 52 60 48 66 43 
250+ 200+ 46 35 56 106 52 
250+ 250+ 44 b 163+ 78 90 131 

g 250+ 250+ d 64 112 98 109 b 164+ 
. 36 26 -- -- 52 • 43 64 24 
109 179+ 33 68 55 95 74 
250+ 250+ 52 26 76 118 61 
250+ 250+ 52 b 175+ 78 b 81 114 
250+ 250+ d 70 197+ 98 140 156 
124 106 89 52 78 53 99 
22 41 ---- 38 - 30 100 20 
98 107 43 50 83 71 60 

191 192 44 80 90 94 bOO 
249 240 74 b 140 113 91 104 
210 298+ d 93 218 118 103 130 
30 28 - --- 38 a 26 68 51 
93 109 35 57 60 80 83 

184 J79 57 25 78 84 72 
215 233 49 b 130 80 b 63 85 

g 230 314+ d 57 152 124 112 g 78 
32 44 ---- 34 • 15 80 10 

101 124 11 72 44 76 12 
150 176 b 20 18 53 83 • 132 
216+ 250+ 24 b 93 119 80 40 
222+ 250+ d 56 250+ 137 124 144 
96 140 89 39 122 77 102 
64 109 111 32 112 112 86 

110 118 78 56 84 94 g 110 
120 119 80 66 96 76 g 106 

50 144 87 94 104 104 24 
42 50 .--- 24 - 36 b 43 22 
32 34 14 b 80 39 49 16 
53 b58 28 g 22 30 37 55 
58 53 26 b 45 b 36 53 b 32 
72 54 d 30 72 58 60 30 

54 65 66 57 70 72 

Mo- Mer- Papa-
Docas Chino have Oin- ccd kati ng 
clay silt fine deI'S silt sil ty 

loa.m gravel- loam clay 
Iy loam loa m 

-----------------. 
131 46 56 129 ---- -- - -
U6 74 71 250+ ---- --. -
150 86 122 250+ ---- --.-

250+ 145 U8 250+ --- - ----
210+ 182+ 250+ 250+ ---- -- --
124 50 60 160 - --- -- -. 

126 94 79 250+ ---- -- --
122 H 2 181+ 210+ -- -- --- -

250+ 131 152 250+ -- -- ----
250+ 146 250+ 250+ - - -- ---. 

I J51 U 3 67 250+ 104 39 ! 

136 56 57 128 ---- ---. 
116 95 60 b 217+ ---- - - --
146 110 149 240 ---- - - --
3li+ 172 214 327+ ---- --- -
261 + 141 350+ 350+ -- -- ----
120 58 54 108 -.-. ----
104 100 70 b 210+ ---- ----
J56 118 200 276+ ---- - ---
246 156 193 266+ --- - -- --
256+ 150 350+ 3 14+ - --. -- --
142 58 68 119 -- -- ---. 
146 91 120 250+ ---- ----
143 128 161 250+ ---- - ---

g 250+ 161 141 195+ ---- --- -
226+ 193+ 250+ 250+ ---- ----

187+ 148 80 250+ 106 32 
210+ 129 80 250+ 90 52 
138 149 88 250+ 101 32 
138 100 g 80 250+ 107 29 
226+ 157 80 250+ 93 34 

28 26 26 94 -- -- ---. 
27 42 36 250+ ---- ----
40 42 38 208+ -- -- --. -
74 35 40 250+ -- -- - ---
34 59 54 250+ - --- ----



TABLE 14. Corrosion of wrought and cast mateTials at 14 years and constants of equations connecl'ing weight loss and maximum 
penetration with duration of exposure • 

Soil Weigh t loss l\Iaxim um penetration 

Aeration 
Type Un 

WROUGHT MATE R IALS 

64 
66 
65 
62 
55 
53 
60 
63 
61 
56 
58 
59 
5t 
67 

Docas clay ___ ____ _______________ Fair ________ _ 
Mohave fine gravelly loam _______ ___ do ______ _ 
Chino silt loam _________________ Good _. _____ _ 
Susquehanna clay _ __ ___________ FaiL ____ ___ _ 
Hagerstown loam _____ ___ _______ Good ______ _ 
Cecil clay loam __________________ ____ do __ . __ _ 
Rifle peat. _ _ _ _______ ____ _______ POOL ______ _ 

T idal marsh ____________________ Vcry poor ___ 

1 Sharkey clay -- ------ ----- ------ PvOOe,ly--p-o- -0-'--_:: 
Lake C harles clay _____________ _ 
M u ck_ _ ____ ______ ______________ P oor _______ _ 
Carl isle m u ck ___ ______ _________ Very POOL __ I 
Acad ia clay _____________________ Poor ____ ___ _ 
Cinders ______________ ___ ________ Very poor. __ j 

Olift 2 

SO. 9 
15.0 
13. 1 
6.9 
3.4 
4.2 

17.8 
7.7 
9.3 

30.5 
21.0 
4. 1 

20.9 
41. 0 

Ollft 2 

9.0 
1.6 
1. 1 
1.0 
0. 4 

. 4 
6.2 
1.5 
0.8 
2.3 
1.8 
0.1 

. 2 
3.0 

Ollft 2 

8.41 
7.12 
6.04 
3.18 
2. 08 
2.46 
2. 61 
1.58 
1.12 
1.72 
1. 85 
0.49 
5.59 
8. 67 

ollfl 2 

1.71 
1.12 
0.89 
.87 
.52 
. 44 

I. 78 
0. 64 
. 14 
. 25 
. 31 
. 02 
. 10 
.76 

0.68 
.28 
.29 
.29 
. 19 
. 20 
.73 
. 60 
. 80 

1. 09 
0. 92 

. 81 

. SO 

.59 

0.13 
. 09 
_08 
. 14 
.13 
. 09 
.33 
. 20 
. 07 
.08 
. 08 
. 02 
. 09 
. 06 

Mils 
(b> 
(b> 

108 
83 
82 
77 
56 
81 
92 
(b> 

194 
36 
(b> 
(b> 

.ilfils 

9 
5 
6 
8 

16 
11 

8 

54 
2 

~~l~ I ~~~s 
57.9 8.9 . 24 
55.7 6.4 . 15 
40.8 5.6 . 27 
34. 1 6.3 . 31 
16.4 9.0 . 46 
13.8 3.8 . 67 
13. 5 I. 7 . 72 

9. 1 2.8 1. 16 
4. 4 0. 7 0. 80 

0. 08 
. 06 
. 08 
. 09 
. 27 
.14 
.06 

. 17 

. 07 

CAST MATERIA LS 

----------------------~---------~-----C----~---·--~----~--7----C------~----~---~--~--~----

64 Docas clay ______________________ FaiL _____ ___ 58.0 5.8 9. 12 
62 Susquehanna clay ___________________ do __ ___ __ 5.9 J. 1 5.53 
65 Chino s ilt loam _________________ Good __ ____ -- 10.7 I. 4 9.91 
66 Mohave fi n e gravelly loam ____ ._ Fair_________ 8.0 1. 5 5.78 
53 Cecil clay loam _________________ Good __ _____ _ 2. 4 0. 5 3. 13 
6t Sharkey clay _____________ ______ POOL _______ 10. 1 1.0 1.12 
60 R ifle peat _. _________________________ do ___ ___ 17.0 8.0 4.45 
55 Hagerstown loam .~ _____________ Good _____ ___ 2.3 0.4 2.82 
58 M u ck __________________________ Poor. _______ 32.0 2.4 3.05 
63 Tidalmarsh ______ ______________ Very poor___ 6.1 2.3 1. 96 
56 Lake Charles clay ___________________ do ____ __ _ 40.5 6.8 3. 12 
.'i9 Carlisle muck. _____________ ____ _____ do ___ ____ 5.4 0.5 0.51 
51 Acadia clay _____________________ POOL_ ______ 29.6 6. 0 11. 4 
67 Cinders __ ______________ ________ V ery pOOL __ 60.3 14.0 19. 4 

1.4 0. 70 0. 09 
I. 8 . 03 . 16 
2.4 .03 . 12 
0.68 . 12 . 16 
1. 4 -. 11 .22 
0. 17 .84 . 08 
4.3 .51 . 43 
0.96 -. 07 . 17 

.35 .89 .06 
1.5 . 70 . 09 
1. 0 .97 . 16 
0. 16 . 89 . 14 

. 96 . 36 . 16 
7. 0 .43 . 20 

140 
98 

163 
224 
81 

110 

72 
146 
369 
126 
369 

67 
(b> 
(b> 

20 120 20 0.06 O. 10 
10 70.5 14.0 . 13 . 10 
14 40. 5 6. 4 . 53 . 08 
58 34.5 13.3 . 71 . 22 
10 28.5 6. 8 .39 . 12 
8 28.1 3.~ . 52 . 05 

68 23. 7 29. 0 . 42 . 59 
17 20.5 4.3 . 74 . 11 
~ 14. 9 1.3 1 . ~ . M 

14.8 1. 8 0.81 . 06 
51 12. 1 2.0 1.30 . 11 
11 10. 5 4. 3 O. 70 . 26 

• TV_k" /'u, p _k,/,n, where IV~weigbt loss at t he time, T; and P~depth of th e deepest p it at th e t ime, T . 
b Specim ens perforated at an early period. See ta ble 6 for dut" on p it depths. 

Although the permeability of the soil to air 
appears to be the majoT factor in determining the 
value of the constan t n, i t should be no ted that 
any proper ty of the soil tha t tends to increase the 
solubili ty of ferrous ions at the local anodes, such 
as high conten ts of chloride, sulfate, or hydrogen 
ions, would also have the effect of increasing the 
magnitude of n and consequently the dep ths of 
the deepest pits. 

The inverse correlation between the values of 
the constan ts for maximum penetra tion, k and 
n, is also to be no ted between the constants for 
weigh t loss, k' and u, showing th at weigh t loss 
and pitting follow the same general tendencies 
with r espect t o the soil environmen t . 

The average values of the constan ts k , k' , n, 
and u for th e cast materials that corroded a t 
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approximately the same rates a re also presen ted 
in table 14. The materials represen ted are plain 
cast iron G, and the low-alloy cast irons 0, J, 
and J . In this table the same general tendencies 
noted in the case of the wTough t materials are 
to be observed, bu t wi th mOTe numerous excep­
t ions. 

3 . Comparison of Wrought and Cast Materials 

Because of dissimilari ties in th e dimensions of 
the wrough t and cast ferrous specimens in the 
previous field tests, no comparison could be made 
of th e relative cOlTodibility of th e two classes of 
materials. However , in the present series of 
tests, th e dimensions of the cas t and wrought 
specimens were similar, so that comparisons 
between the two materials are possible. 
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The cast and wrought materials were compared 
by the method previously described in eonnec­
Lion with the comparison with plain steel of the 
low-alloy wrought materials exposed 14 yr. 
The differences between the values of weight loss 
and pitting for cast iron and steel at 14 yr recorded 
in table 14 for the different soils were calculated, 
and the standard errors of these differences were 
computed by means of eq 6. These data are 
given in table 15. 

Because the differences between the mean values 
for weight loss of the cast and wrought materials 
were, with few exceptions, less than twice the 
respective standard errors of the differences, it is 
necessary to conclude that no generally signifi­
cant difference between the weight losses of the 
two materials can be detected. With respect to 
maximum penetration, differences less than twice 
the standard enor of the difference were noted in 
four of the nine soils for which the data could be 
statistically treated. In the remaining five soils, 
the greater depth of pits on the cast specimens 
should be considered significant. 

V. Summary 

This report contains the results of measurements 
of corrosion made on a variety of wrought and 
cast ferrous materials after exposure to d ifferent 
soil conditions for periods up to 14 yr. Steels 
containing small amounts of nickel and chromium 
showed increased resistance to soil corrosion, but 
the resulting improvsment was small . However, 
certain wholly austenitic steels containing high 
percent,ages of chromium and nickel were com­
pletely resistant to corrosion. In . those soils in 
which there was a significant difference in the 
pitting of cast iron and wrought materials, cast 
iron usually pitted at somewhat higher rates. 
High sustained rates of corrosion occurred 
generally in poorly aerated soils high in soluble 
salts or in acidity. In well aerated soils low in 
soluble salts, corrosion virtually ceased after a 
relatively short period because of the formation 
of layers of corrosion products close to the metal 
surface . 

TABLE 15. Comparison oj w1'Oughl and cast materials at 14 years 

Loss in weight (oz/ft ' ) Maximum pit depth (mi ls) 

Wrought Cast materials Wrough t Cast materials materials Differ· Standard materials Differ· Stand a rd 
Soil • ence error ence error 

between of the between of the 
Stand· Stand· the difTer· Stand· Stand· the differ· 

Mean ard M ean ard means ence b M ean ard M ean a rel means ence b 

error error error error 

X, U I X, iT, X1- X2 iTo 2u D X , "I X, U , X" - x, iT v 2<To 

-------------------- ------ --------------

51 20. 9 0. 2 29.6 6. 0 - 8. 7 6. 0 12. 0 ---- - ---- ----- - --- ----- ------ -- -- -
53 4. 2 . 4 2. 4 0. 5 + 1.8 0. 7 1.4 7i 8 81 10 - 4 12 24 

55 3. 4 . 4 2.3 . 4 + 1.1 . 6 1.2 82 6 146 17 - 64 18 36 
56 30. 5 2.3 40. 5 6. 8 - 10. 0 7. 2 14. 4 ----- ---- ----- - --- ----- ------ -----
58 21. 0 1. 8 32. 0 2. 4 - 9. 0 3.0 6.0 194 54 369 26 - 175 60 120 

59 4. 1 0. 1 5. 4 0. 5 - 1.2 '0.5 1.0 36 2 67 11 - 30 11 22 
60 17.8 6. 2 17.0 8. 0 +0.8 10. 1 20. 2 56 16 72 68 - 16 70 140 
61 9. 3 0. 8 10. 1 1.0 - .8 1.3 2.6 92 8 110 8 - 18 11 22 
62 6.9 1.0 5.9 1.1 +.9 1.5 3. 0 83 5 98 10 - 16 11 22 
63 7.7 1.5 6. 1 2. 3 + 1. F 2. 8 5. 6 81 11 126 7 - 45 13 26 

64 50. 9 9. 0 58. 0 5.8 - 7. 1 10. 7 21. 4 ----- -- -- ----- ---- -- --- ---- -- -- ---
65 13.1 1.1 10. 7 1. 4 + 2. 4 1. 8 3.6 108 9 163 14 - 55 17 33 
66 15.0 1.6 8.0 1.5 + 7. 0 2. 2 4. 4 ----- --- - ----- ---- ---- - ---- -- -----
67 41. 0 3. 0 60. 3 14.0 - 19. 0 14. 3 28.6 ----- ---- -- --- ---- ----- ---- -- --.. --

.. 

• See table 1 for type, location, and properties of soil~. 

I ' , 
<T V =-v }j;+-N2 (see text) 
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The field tests described in this paper were 
planned and installed, and until 1946 were con­
ducted under the supervision of K. H. Logan. 
The measurements of corrosion were made chiefly 
by Warren P. Dettmers, who assisted in other 
capacities. 
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