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Corrosion of Low-Alloy Irons and Steels In Soils 
Irving A . Denison and Melvin Romanoff 

The resul ts of measurements of t he corrosion of 10 low-alloy irons and steels exposed 
to 14 soils for periods up to 13 years are given . The magnit ude and progress of corrosion 
as determined by weight -loss and pit-dept h measurements are correlated with t he composition 
of t he materials and the nature of t he environ ment al condi t ions to which the test specimens 
were exposed. 

1. Introduction 

In 1932 the National Bureau of Standards in 
cooperation with a number of manufacturers and 
consumers of pipe materials ini tiated an extensive 
inves tigation of the corrosion of cer tain ma terials 
used in underground construction. Examination 
of the t es t specimens r emoved during the early 
periods of exposure indicated that cer tain alloy steels 
had improved corrosion resistance over ordinary 
irons and steels. Consequ en tly, specimens repre­
senting a greater variety of alloy irons and steels 
were installed a t the sites at intervals during the 
course of the exposure tes ts. The condition of the 
specimens r emoved from the various sites after 
successively longer periods of exposure has been 
described in a series of progress r eports, and in 
1950 a final repor t on the specimens buried in 1932 
was published [1].1 The presen t repor t contains 
the res ults of measurements of weigh t loss and pit ting 
on samples of 10 vari eties of irons and steels that 
were exposed in 1937 and removed from the test 
sites after five periods of exposure, ranging from 
2- to 13-yr duration. The properties of the soils 
at the test sites, the installation of the specimens 
at the sites, and the methods used in cleaning the 
specimens removed prior to 1946 are described in 
earlier papers [1 , 2] . Specimens subsequen tly re­
moved w ere cleaned by immersion in fused sodium 
hydride [3]. 

2. Description of the Materials 

The specimens were in the form of plates 12 in. 
long and 25 in. wide, ranging in thickness from 

0.175 to 0.265 in. The compositions of the materials 
are given in table 1. 

3 . Results of the Exposure Tests 
The corrosion of the different materials in typical 

soils is illustrated in figures 1 and 2. Each of the 
four environmen tal groups based on aeration is rep­
resented as follows: good aeration , soil 55; fair aera­
tion, soil 66; poor aeration , soil 61; and very poor 
aeration, soil 56. 

The exten t of corrosion damage was determined 
from the loss in weigh t of the specimen as a resul t 
of the exposure, and from the dep ths of the deepes t 
pits. The resul ts of these measuremen ts for the 
differen t periods of exposure are given in tables 2 
and 3. Unless indica ted otherwise, these values are 
the averages of measurement on two specimens. 
The exposure periods did no t differ from the average 
values given in the tables by more than 5 percent. 

A number of the specimens exposed for the longer 
periods in the more corrosive soils were perforated by 
pitting. Because the dep ths of the pi ts producing 
these perforations would obviously have been greater 
after successively longer periods of exposure if 
thicker specimens had been used, some adjustment of 
the values for pi t ting of the perforated specimens wa 
desirable. An approximate adjustmen t was made by 
multiplying the average penetra tion of the perforated 
specimens by the pi tting factor , defined as the ratio 
of the maximum to the average penetration. Deni­
son and Hobbs [4] showed that the pi tting factor of 
plain irons and steels decreased with time during 
the early periods of exposure underground bu t 
became approximately constan t af ter exposures for 6 
to 8 yr . The value of the pi tting factor was con-

T A B LE 1. Composition of the materials 

M aterial Identifi· 1 C I Si I ;vIn I s 
- - p I~I~I~I :Mo 

I 
Other elemen ts cat IOn 

--------
% % % % % % % % % % 

Open·hearth steel.. _ .... _ ......... . ..... __ ... A 0. 033 0. 002 0. 029 0. 017 0. 006 0.049 0. 034 0. 052 ----- ---
Copper·molybd enum open·hearth iron .. _ .... 0 .03 . 003 . 16 .032 . 007 . 02 . 15 . 45 0. 07 

Do __ ..... _ .................. _ ........... ~ . 06 . 001 .098 . 029 .069 . 02 .14 . 54 . 13 
Copper·nickel steeL _ ....... _._ ... _ .. _ .. _._ . _ , J . 06 . 047 . 49 . 025 . 095 ------- - . 52 .95 --- -----N iekel·copper steeL __ . _ ... _ .. _ ..... __ .. _._ .. b B . 07 . 14 . 44 . 022 . 010 --.- --.- 1. 96 1.01 --------
Chrorn iu m·silicon·copper·phosphorus stecl. . _ C . 075 . 84 . 20 . 018 . 124 1. 02 0. 022 0. 428 .- --- ---
2% chromium steel with molybden um .. ___ ._ KK . 082 .51 . 46 . 01 5 . 017 2. Ot . 07 . 004 . 57 
4 to 6% chromiu m steeL ...... _ ... _._ ..... _ .. D . 077 . 43 . 37 . 005 . 01 5 5. 02 . 09 . 008 -- --- -.-
4 to 6% ch romi um steel with molybdenum .. _ E . 074 . 41 . 32 . 006 . 013 4. 67 . 09 . 004 .51 Al 0.030, Ti 0.022 . 

Do. __ ._ .. _ .. _ ..... __ ._._._ ... _. __ ....... H . 060 . 39 . 40 . 014 . 021 5. 76 . 17 . 004 .43 Al 0.27 . 

• Some mill scale on the specimens at time of burial. 
b Specimens completely covered with a hard, black mill scale at the time of burial. 

1 Figures in brackets indicate the literature references at the end of this paper. 
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FIGURE 1. Corrosion of plain steel, copper-molybdenum open-hearth irons and nickel-copper steels in several soil environments 
A, open-hearth steel; 0, open-hearth iron, 0.45 Cu, 0.07 Mo; N, open-hearth iron, 0.51 Cu, 0.13 Mo; J, steel, 0.95 Cu, 0.52 Ni; B , steel, 1.95 Ni, 1.01 Cu. Soil 55, 

well-oxidized acid silt loam deficient in soluble salts; soil 66, fairly lVell aerated alkaline loam containing a high concentration of soluble material; soil 61, poorly aerated 
clay containing a moderate amount of soluble material; soil 56, very poorly aerated heavy clay containing a high concentration of soluble salts. 
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FIGURE 2. Corrosion of chromium-containing steels in several .~ oil environments. 
- C, Cr·Si·Cu·P steel, 1.02 Cr, 0,42 Cu; KK, steel, 2.0l Or, 0.57 Mo; D, steel, 5.02 Cr; E, steel, 4.67 Or , 0.5l Mo; H , steel, 5.76 Or, 0.43 Cr. Soil 55, wen oxidized 
aoid silt loam deficient in soluble salts; soil 66, fair ly well aerated loam containing a bigb concentration or soluble material; soil6! , poorly aerated clay contaming a 
moderate amount o[ solublo material; soil 56, very poorly aerated beavy clay contammg a bigb concentration of soluble salts. 
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c.;) ...... 
00 

Identi· Material · fication 

---

A Open·hearth s teeL . _ ............... _ ... . •.•. 

0 Open ·hearth iron; 0.45 Cu, 0.07 Mo •. •. •... _ 

N Open·hearth iron ; 0.54 Ou, 0.13 Mo •.•.•.••• 

J Oopper·nickel steel; 0.95 Cu, 0.52 NL .... _ .. 

B' N ickel-copper steel; 1.96 Ni , 1.01 Cu ........ 

0 Or-Si·Cu·P steel ; 1.02 Or, 0.42 C u _ .... . •.•.. 

KK 2.01% chromium steel with 0.57 Mo ..... _ .. • 

D 5.02% chromium steeL .... _ .... • .•... _ ..... 

E 4.67% chromium s teel with 0.51 Mo ...••.••• 

H 5.76% chromium steel with 0.43 Mo .•••.•••. 

• Ree table 1 for composition of m aterials. 
b See reference [IJ for properties of soils. 
, Data for 1 SPecimen. 

TABLE 2. Loss in weight of alloy irons and steels in different so'ils 

Aver· 
age 

expo- 53 
sure 

Cecil 
clay 
loanl 

---

vr 

1
2
.
1 

1.8 
4. 0 3.2 
g.o 3.9 

11. 1 3.4 
12. 7 4.0 

1
2
.
1 

2.1 
4.0 2.9 
9.0 3.4 

11. 1 3. 7 
12.7 3.7 

{ 21 
2.0 

4.0 3.0 
9.0 3. 3 

11. 1 3.5 
12.7 3.8 

{ 21 
0.8 

4.0 1.3 
9.0 2.4 

11. 1 2.8 
12. i 3.0 

1
2
.
1 

0.6 
4. 0 1.1 
9.0 2.8 

11. 1 2.4 
12.7 3. 2 

121 
1.5 

4.0 2.4 
9.0 3.3 

11. 1 2.9 
12.7 3.6 

121 
1.6 

4.0 2. 2 
9.0 2.9 

11.1 3. 0 
12. 7 3.5 

121 
0.9 

4.0 1.3 
9.0 2. 0 

11.1 2.1 
12.7 2.8 

121 
0.9 

4.0 1.6 
!f. 0 2.0 

11. 1 2.3 
12. 7 2.9 

121 
' 0.8 

4.0 1.4 
9.0 I.g 

11.1 2.0 
12. 7 2.7 

[Average of two specimens, in ounces per square foot] 
. 

Aeration , test site number aud so il type b 

Good aeration 
I 

Fair aeration Poor aeration Very poor aeration 

I 55 62 65 64 60 70 58 60 61 51 56 59 

Hagers· Susque· C h ino Mohave Merced TJake 
town hanna silt Docas fine silt Muck Rifle Sharkcy Acadia Charles Oarlisle 

loam clay loam clay gravelly loam peat clay clay clay muck 
loam 

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

2.0 2.8 4.6 7. 1 8.3 5.0 5.7 6. 3 2.6 11. 6 14.4 1.5 
2.6 3.7 5.3 7.4 16.8 10.6 9.9 9.5 5.4 18. 4 4.2 
3.8 4.2 7.2 7.5 '1.6 17.9 16.9 22.0 4.3 d 19. 1 28.0 9.9 
3.3 5.0 6.1 { 19.0 { 17.7 24 . 0 17. 2 15.8 7.3 -- ---- 48.1 9.5 
4.0 5. 9 8.2 18. () 19. 9 25.7 18.1 21. 7 8.1 -- ---- D(53) 11.1 

2.0 3.0 5.0 8.0 9.1 5.4 5.8 4.1 3.0 7.5 12.4 1.3 
2.8 3.6 5.0 8.0 11. 6 { I I. 0 9.9 7.4 ,0.6 13.8 2.9 
4.7 4.1) 6.4 6.4 5 9 13.6 17. 3 16.4 4.8 d 19.0 28.4 7.8 
3.7 5.0 5. 3 13.3 16. 4 22. 9 17.0 21.1 7. 9 ------ 43.2 8.3 
3.3 5. 2 8.9 18. 5 15.2 21. 8 17.5 17. 9 8. 6 -- ---- D(53) 10.1 

1.9 3. 0 4.6 8.0 7.4 4.8 5.5 4.8 2.7 7.2 13.0 1.4 
2.7 3.7 5.0 6. G 12.0 { 10. 2 9.4 8.2 5.6 17.4 2.9 
4.6 4.7 6.7 5.8 { 6.9 15.0 17.0 14.5 4.6 d 18. 8 33.7 7.6 
3.5 5.2 5.5 14.7 { 20.5 20.3 17. 1 20.0 7.5 ------ 45.2 7.9 
3.4 5.3 8. 1 18.0 15.1 20.0 17.0 20. 8 8.6 -- ---- D(50) 7.4 

1.2 2.4 3.4 9.0 7.3 4.2 5.2 5. 3 2.3 7.0 14.0 1.6 
1.8 3.3 5.0 6.0 10.4 { 7.6 10.6 S.6 4.8 19. 2 2.6 
3.5 4.0 6.2 4.7 8.2 17.3 16.0 18.8 3. 9 d IS. 1 34. 6 5.5 
2. 6 5. 4 4.7 17.7 17.8 22.7 17.6 20.1 6.7 ------ 49.5 8.2 
2.6 5.5 8.8 23.2 25.5 20.0 18. 7 14.3 7. 9 ------ 53.9 8. ,) 

0.8 2.1 4. 9 6.6 8.9 3.9 6.2 6.4 2.0 7.4 13.0 1.4 
1.2 2.0 5.0 4.9 11.4 7.8 11. 0 9.6 3. 9 19.5 2.4 
2.6 2.9 7.6 7. 1 3.1 18.4 17.7 24.1 3.2 d 20.2 31. 2 7.2 
2.4 5.1 0.4 {21. 2 117. 4 26.8 18.8 17.0 6.8 - ----- 45.9 7.8 
3.1 8.2 10.8 14. 4 19.8 29.6 20. S 21. 0 7.6 ------ D (50) 9.4 

1.3 1.9 4. 4 4.9 6.9 5.4 4.4 5.8 2.4 9.2 12.5 1.1 
2.3 3. 0 5.4 5.1 13.6 9.8 9.0 10.2 4.6 20.8 2.5 
3.0 3.8 11. 0 5.7 3. 9 15.8 16.7 24.9 ~. 6 d 19. 6 2S.1 7.8 
2.7 4.7 9.9 10.6 { 12. 3 2S.1 IS.0 18.5 7.1 ------ 44.0 7.5 
3.3 5.5 11.4 7.6 17.6 D(33) 18. 7 18. 0 7.1 - - - - -- D(49) 8.5 

1.6 2. 4 4.2 4.9 7.2 ,).4 3.3 3.8 2.4 7.9 9.0 1.2 
2.4 ~ . O 4.5 5.4 12.3 9.7 8.4 6.0 4.7 

i i7~iJ· 
14. 5 2.5 

4. 7 4.3 7.7 4.6 { 6.0 13.5 12.0 13.8 4.1 28.9 4.8 
2.8 3.8 7.3 8.5 { 18.9 26.2 13. fi 18. Ii 6.4 --- - -- 34.3 7.9 
2.5 4.7 9. 1 8.8 14.0 20.6 14.0 15.3 fi.6 --- --- 34. 2 7.3 
0.7 0. 7 2.3 4.5 5.8 4.9 4. 1 4 .. 0 0.6 6.6 9.4 0.4 
1.1 1.2 2.2 4 .. 4 12.1 { 10.0 5, 9 6 6 1.6 17.9 . 9 
1.7 1. 8 3.6 4.4 {3.5 19. 1 7.5 14.8 1.1 d 17. 6 2S.8 3.0 
1.7 2.2 2.8 10. 0 { 13.5 20.5 7.2 14.6 2. 2 ------ 43. 1 4.8 
1.6 2. 5 3.5 7. 2 14. 7 c 22.8 7. S 17. 2 1.9 - --- -- D(48) 3.1 

0.6 0.7 2.5 4.2 7.9 5.2 3.9 4.1 0.9 7.1 9.6 0.4 
1.2 1. 1 2. 1 5.2 12. 0 9.9 7.2 6.2 1.8 16.3 .8 
1.7 2.0 3.3 4.2 { 5. 2 J9.5 6.4 13.2 1.4 d 16. 2 28.2 2.5 
1.6 2.3 2.1 10.2 { 13. 9 26.0 8.1 149 2. 4 - -- --- 36.8 4.9 
1.7 2. 4 3.8 6.4 14. 6 ' 18.1 9.5 15.0 2.6 -- ---- D(41) 3.4 

0.7 0.7 2. ,) 5.9 8.4 5. 0 3.5 4.6 0.8 '8.3 ' 11. 4 0.2 
1.1 1. 3 2.2 5.0 14.5 10. 2 '6.8 6.2 1.6 14.3 .7 
2. 0 1.9 3.7 4.0 { 5. 0 17.6 6.1 14.2 ' 1.0 d 16. 7 2.2 
1. 8 2.4 2. 1 9.0 12.2 29. 1 --- - ---- 19.0 1.9 ---- -- ' 44.8 4. 4 
1.8 e 2.1 3.6 8.5 15. 2 '31. 0 '7.1 14.4 1.8 ------ ' D (49) 2.4 

d Average of 8 specimens. 
• D, Both specimens destroyed by corrosion . The number in parentheses is t he observed loss in weight. 
{Data for the individual specimens differed from t he average by more than 50%. 
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Tidal 
marsh 

---

3.6 
c 6. 2 
< 8. 9 
16.9 
16.5 

2.5 
4.7 
7. 1 

11. 6 
15.9 
3.0 
4.7 
7.2 
9.1 

11. 7 

' 2.5 
3.5 
7.0 
7.8 
9.3 
2.3 
3.4 
8.9 
7.3 

11. 7 

2.4 
4. 1 

' 5.8 
7.9 
7.8 

1.8 
3. 1 
4.9 
5.3 
6.7 

1.8 
3. S 
5.6 
6.0 
9.2 

1.7 
5.2 
5.3 
5.4 
9.0 

' 1. 7 
5.4 
6.4 
6. 4 
8.0 

-

I 

67 

Oinders 

----

12.0 
34.3 

'D(3G) 
37.8 I 

1) (42) I 

33.8 
33.2 
25. 1 
29. 3 
30.5 

20.9 
27.7 
21. 9 
27.5 I 
29.5 

20.3 
35.1 
30.4 
28. 2 

'17.4 

23.0 
44.3 

D(49) 
31. 9 
39.0 

17.7 
13.9 
26.3 
25.2 

D(3L) 

fI8.1 
16.4 
15.0 
20.4 
13. 7 
17.1 
18. 1 
12.2 

7.9 
10.3 

12.2 
{ I I. 7 

11. 2 
5.7 
8.3 

12. 6 
f 12. 9 

8. 9 , 
7.8 

10.2 
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TAB I.E 3. 1I1aximum penetration oj alloy irons and steels 
[A "C!'age of two specimens, in mils] 

I 
o ood aeration 

Aver· 
Identi· ::I1a tcrial • age 

ficatio n expo ~ 53 55 62 
sure 

Cecil Hagel's' Susque· 
clay town hanna 
loam loam clay 

--- - ----------
yr 

{ 2.1 
40 42 3,1 

4.0 76 M 47 
A Opcn·heart h steeL ..................... _______ 9.0 57 90 59 

11.1 72 77 77 
12.7 78 66 84 

1
2

.
1 

38 31 36 
4.0 74 44 33 

0 Open· hearth iron; 0.45 Cu, 0.07l\{0 .. ___ .... __ 9.0 72 85 66 
11.1 G8 81 59 
12.7 64 76 51 

{ 2. 1 
38 29 36 

4.0 -72 51 49 
N Open-hearth iron ; 0.54 Cu, 0.13 Mo .. ___ ...... 9.0 53 92 56 

11 . 1 61 84 65 
12.7 59 67 68 

{ 21 
38 34 38 

4.0 57 50 GO 
J Copper-nickel steel; 0.95 Cu, 0.52 NL _________ 9.0 38 77 69 

11.1 63 76 87 
12.7 G8 72 93 

1 21 
26 34 51 

4. 0 56 52 69 
B' Nickcl-co pper steel; l.96 Ni, l.01 Cu ____ .. _____ 9.0 45 SS 70 

11.1 72 70 93 
12.7 94 74 115 

{ 2 1 
40 40 36 

4. 0 64 51 44 
C C.--Si-C u-P steel; l.02 Cr, 0.42 Cu ____ ________ 9.0 45 77 56 

11.1 68 79 83 
12.7 - 78 92 88 

12 1 
40 26 26 

4.0 52 52 56 Jel{ 2.01% chromium steel wit ll 0.57 Mo ________ ____ 9.0 69 84 58 
11. 1 66 89 67 
12.7 48 114 i2 

r 2. 1 43 34 32 
4.0 57 48 52 

D 5.02% ch romiu m s teeL _________________________ 1 9.0 66 70 74 
11. 1 74 66 94 
12. 7 84 56 113 

1 21 
36 34 26 

4.0 50 47 46 
E 4.67% chromium steel with 0.51 Mo ____________ 9.0 66 51 54 

11.1 75 49 63 
12.7 98 54 74 

1 2 1 
"32 30 32 

4.0 57 39 58 
H 5.76% chromium steel with 0.43 Mo ____________ 9.0 71 58 56 

11.1 77 51 65 
12. i 82 54 d 70 

• See table 1 for com position 01 materials. 
• See reference [I] for properties of soils. 
e T be plus Sign iJ1dicates 1 or more specimens con tai ned holes because of corrosjon . 
d Data for 1 specimen. 
• D ata for the indiv id ual specimens differed from t.he average by more than 50%. 
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Chino 
silt 

loam 

---

47 
51 
75 
79 
91 

44 
65 

102 
97 

116 

32 
jI .~7 

52 
41 
44 

49 
60 
58 
67 
79 

45 
84 
i5 
79 

124 

50 
44 
86 
94 

105 

56 
55 
76 
67 
70 

37 
46 
63 
54 
66 
39 
48 
52 
50 
70 

50 
5f) 
63 
56 
68 

Aeration, test site Ilum ber and soil type b 

F air aeration Poor aeration 
I Very poor aerat ion 

I 
64 66 70 58 60 61 51 50 59 63 67 

l\1ohavc Merced Docas fin e Rifle Sharkey Acadia Lake Carlisle Tida l 
clay gravelly silt Muck peat clay clay Charles muck marsh Cinders 

loam loam clay 

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

44 86 56 3t 30 34 54 80 6 18 46 
78 ' 188+ 77 6t 40 50 100 22 d 2G -132+ I 
87 66 136+ 89 56 90 f J38+ 126+ 98 d 3u 188+ 

156+ .. (202+) 188+ 161+ 63 103 ---------- 188+ 96 48 ISS+ : 
ISS+ '(228+) ' (196+) ISS+ GO 85 -------.-- '(206+) 90 44 188+ I 

70 105 48 30 21 33 M 100 6 d 20 70 
75 84 - 97 48 28 66 ---i242+- 116 20 >48 55 

102 63 89 97 38 64 174 66 74 80 
125 154 205+ 106 55 74 ---------- 243+ 70 65 11 8 
143 145 224+ 114 50 64 ---------- 243+ 58 60 140 

72 132 51 32 20 32 66 77 6 33 50 
76 98 f 122 44 - 26 54 100 16 47 74 
70 62 92 102 35 70 -"i i71+- 162+ 68 50 58 

118 137 214+ 118 43 78 ---------- 250+ 74 66 139 
129 141 179+ il 44 88 ---------- '(268+) 54 78 152 

GO 108 48 26 25 53 63 82 6 14 58 
84 85 82 64 40 63 96 15 28 90 
76 67 136 72 57 84 f 148+ 140+ 33 40 102 

109 149 180 127 61' 1I2 ---------- 265+ 39 48 218+ 
132 172+ 192 173 60 100 ---------- '(280+) 47 50 d 133 
66 38 50 36 20 62 54 100 6 22 64 
88 73 78 52 28 56 139 12 25 84 
80 .)l 142 97 73 80 f 161+ 135 32 37 248+ 

• 128 ' 93 165 107 58 97 ---------- 198+ 41 46 164 
102 109 159 98 63 108 ---------- 248+ 56 55 138 
42 511 66 71 23 30 58 52 14 31 58 
70 80 94 52 67 41 ----i 92--- 77 42 41 47 
GO 58 148+ 98 112+ 76 84 56 d50 58 
86 -119+ '(237+) 110 118 67 ---------- J 70+ 53 61 147+ 
62 128+ '(278+) 106 107 56 ---------- 188+ 64 58 138+ 
56 78 102 29 19 3 1 35 38 22 20 58 
70 130+ 94 42 26 35 ---i i10+- 60 27 24 47 
70 80 110 67 57 76 96+ 34 41 58 
73 157+ 175+ 76 67 75 ---------- 175+ 48 M - 146+ 
66 146+ 175+ 74 71 65 ---------- '(183+) 43 56 139+ 
48 59 87 48 32 30 62 611 18 62 53 
no 99 14 44 51 36 95 39 70 68 
62 92 194 64 64 42 f 1\4 104 66 108 ' 78+ 
87 ' 11 5 208 GO GO 55 ---------- I SS 71 lI8 - 109+ 

154 126 d 158 68 69 42 ---------- 245+ 55 136 81 
46 81 79 39 26 26 50 62 20 46 46 
66 SS 106 46 36 36 ----i86--- 80 26 73 57 
46 57 154 56 72 30 108+ 55 88 48 
76 '109+ 172+ 79 77 35 ---------- 15.5+ 51 86 51 
74 - 124+ dlSS+ 88 7,. 3S ---------- 188+ 46 98 60 
46 i2 SS 48 26 24 64 d60 18 d 42 56 
72 11 7 64 d 44 32 32 ---i iOg--- 90 33 72 52 
70 76 132+ 52 76 d 38 64 78 52 
78 14J + 196+ -------- 87 49 ---------- 203+ 6.1 72 48 
90 152+ d 203+ d GO 100 44 ---------- t (212+) 55 108 55 

/ A verage of 8 specimens. 
II Num bers in paren theses are pit depths ad justed for perforation by multiplyin g the 3YC'rage penel ration 

by the ritting facl.or (see text). 
" The mill scale was not removed from these specim ens. 



sidered by Denison and Hobbs to be characteristic 
of. soils and Lo{San [2] showed that it varied directly 
Wlth the aeratIOn. Adjusted values of pit depths 
recorded in table 3 are enclosed in parentheses. 

The over-all behavior of materials and the effect of 
the various alloying consti tuents on the corrosion of 
iron and steel in the soils is indicated by the weight 
loss and pi t dep th-time curves shown in figures 3 and 
4. In preparing th ese curves, the values for weight 
loss and pit dep th for each material in all of the soils, 
except 51 / were averaged for each period of exposure. 
The logarithms of these average values were then 
plotted against the logari thms of the periods of 
exposure. 

The curves shown in figure 3 and 4 conform to the 
equations 

lIV= k'Tu 

(1) 

(2) 

wnere P is the crepth of the deepest pit at th€> time T 
and W is the weight loss at the time T. 

Converting to logarithms, 

log P = n log T + log k 

log W = u log T + log k' . 

(3) 

(4) 

H ence n(u) is the slope of the line and k (k' ) is the 
intercept on the log p eW ) axis. 

Equations 1 and 2 were derived originally by 
Logan,. Ewing, and Denison [5], and by Martin [6], 
respectIvely. 

The constants of the equations, expressing the 
ini tial corrosion rate of the materials and the change 
in the rate with time, were calculated by the method 
of least squares for each material in each soil. By 
means of these constants, values of the average 
w~ight loss and pitting of each material in all of the 
sOlIs were calculated for the maximum periods of 
exposure. These values, together with the constants 
of the equations and th eir standard errors, are tabu­
la ted in table 4. 

In order to estimate the probability that the weight 
l~ss or pitting of each material was significantly 
dIfferent from the corresponding values for plain 
steel, taken as the r eference material , the standard 
t-test was applied, and from th e calculated values of 
t, the probability of the differences being due to 
chance was obtained [7]. 

The weight loss and pitting data for the copper­
molybdenum open-hearth irons 0 and N and for the 
nick~l-copper steels J and B , presen ted in figure 3 
andm table 4 show that these alloys corroded slightly 
!ess .than the plain steel A. However, the probabili ty 
)s hIgh that several of the observed differences are 
due to chance. B ecause mill scale was no t removed 
from the specimens of steel B before burial, the da ta 
recorded for this steel cannot be taken as truly 
r~presenting th e effect of additions of 2 percent of 
lllckel and 1 percent of copper on th e corrosion of 
steel in these soils. 

• The data for the specimens in soil 5) were omitted because data were a,ailable 
or two periods only. 

'rhe average depths of the deepest pits on these 
materials, given by the values of the constant k 
(y-intercept), indicate that the low-alloy steels had a 
greater ini tial pitting rate than th e plain steel. 
However, as the exposure increased, the rate of 
pi tting of the alloy steels diminished more rapidly 
than the rate for the plain steel so that after 13 yr 
the order of the materials was reversed. 

The weight loss and pit depth data for th e group of 
clu'omium and chromium-molybdenum steels, C, 
KK, D , E , and H , (fig. 4 and table 4) exhibit similar 
bu t somewhat greater effects of th e alloying con­
stituen ts than th e copper-molybdenum and copper­
nickel irons and steels. Chromium reduced the 
weight losses in a fairly regular manner , but increasecl 
th e initial pitting rates of the steels. However , the 
rates of pitting of th e alloy steels decreased more 
rapidly with time than the rate for plain steel. 

The separatc effects of chromium and molybdenum 
on the pitting of steel are difficult to determine 
because the chromium steels also generally contain 
molybdenum. It will be observed that steels C and 
D , containing 1 and 5 percent of chromium, respec­
tively, had pits of about the same depth. Wi thin 
this range chromium alone in excess of 1 or 2 percent 
does not appreciably increase the resistance of the 
material to pitting. On the other hand, the irrfluence 
of molybdenum in reducing pitting is quite definite 
because all of the chromium steels containing 
molybdenum, KK, E , and H , had shallower pits than 
the straight chromium steel D. 

The pit-depth- t ime curves, figures 3 and 4, indi­
cate that the change in the rate of pitting with time 
depends on the composition of the steel. In general, 
the greater the amount of niekel, chromium and 
molybdenum in the steels, the greater was the change 
in the rate of pitting of the steels with time. It may 
be assumed that the alloying constituents induced 
the formation of corrosion products, which were 
effective in diminishing the rates of pitting of the 
alloy steels with time. The results of a previous 
study of the effect of corrosion products on the rate 
of pitting of steel [8] suggests a probable explanation 
for the observed differences in corrosion rate. In 
that study it was observed that in soils in which the 
corrosion products of ferrous metals diffused outward 
into the soil, the rate of pitting changed relatively 
little with tim e, but in soils in which the corrosion 
products remained in close contact with the corroding 
surface, the rate of pitting diminish ed with time, 
often becoming negligible after relatively short 
periods of exposure. 

The conclusions tha t can be drawn from the data 
in table 4 and in figures 3, 4, and 5 are necessarily 
limited because these data indi cate only the average 
behavior of th e materials under a wid e variety of 
environmental conditions. Whether a particular 
alloy is more resistant to corrosion th an plain steel 
in a specific soil envir.onmen t obviously cannot be 
predicted from these average values. Although the 
average rates of pitting of the alloy steels decrease 
more rapidly than the pitting rate of plain steel, it 
should be recalled that this effect is a consequence 
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of the enyironment flS well as of the material. For 
example, in a yery poorly aerated soil, corrosion­
products would tend to diffuse and migrate outward 
into the soil rather than to form protective layers 
cnclo ing pits. Under such conditions, the higher 
ini tial rate of pitting of the alloy steels would tend 
to be maintained . 

For comparison of the behavior of the materials 
under differen t environmental conditions, the cor­
rosion data fo1' Lhe soils classified according to 
aeration (tables 2 and 3) were calculated on a 
relative basis for each material for all periods of 
exposure, the weight losses and pit dep ths of the 
reference steel A being taken as 100 per cent. The 
averages of these values for all periods and for all 
soils in the same environmental groups are given in 
table 5. Because tl1e da ta for soil 51 are incomplete, 
they wore no t included in calculating the relative 
values. 

The relative cOl'1'odibili ty of the low-alloy irons 
and steels as measured by weight loss was not affected 
appreciably by d ifferences in the aeration of the soils. 
However, the 4- to 6-percent chromium steels were 
deeply pitted in all of the very poorly aerated soils, 
except cinders. These steels had higher initial rates 
of pitting than plain steel, but the rates decreased 
considerably wi th time in most of the soils. In the 
poorly aerated soils, however, this high rate of pitting 
continued throughout the exposure period, probably 
because conditions were not favorable to the forma­
tion of tubercles, which would have diminished the 
pitting rate. In contrast is the behavior of these 
steels in cinders (table 3 and fig . 5) , where the initial 
pitting of all the steels was about the same. The 
pitting of the plain steel continued at a high rate for 
the entire exposure per iod, but most of the pi tting of 
the 4- to 6-percent chromium steels occurred during 
the first 4 y1' of the test, there being only slight 
increases in pit depth of these steels after that time. 
T illS is even more marked in the case of the steels 
containing molybdenum in addition to chromium (E 
and H ), in which there was practically no additional 
pitting after the first 4 yr. 

Steels containing copper and molybdenum also 
show more resistance to pi tting in cinders after 4 yr 
of exposure than the plain steel, although to a lesser 
extent than the 4- to 6-percent-chromium steels. 

4 . Summary 

This report con tains the results of measurements 
of corrosion made on several low-alloy irons and 
steels after exposure to different soils for periods up 
to 13 yr. Emplrical equations fitted to weight loss 
and pit-depth- time CUl'ves permitted the illltial rates 
of weight loss and pitting and the change in these 
rates with time to be evaluated. The general effect 
of the alloying clements was to reduce the initial rate 
of corrosion of the alloys as measUl'ed by weight loss 

but to increase the initial rate of pitt ing. Except ill 
very poorly aerated soils, the rate of pitting of the 
alloy steels diminished more rapidly with t ime than 
the rate of pitting of plain steel, with the result that 
the maximum depths of pits after the maximum 
period of exposure were less on the alloy steels than 
on the plain steels. Chromium was observed to have 
the most pronounced effect on weigh t loss, but for 
maximum reduction in pitting, molybdenum also ,vas 
necessary. Chromium and molybdenum were par­
ticularly effective in reducing the corrosion of alloy 
steels exposed to cinders. 

The field tests described in this paper were planned 
and installed, and until 1946 were conducted under 
the supervision of K . H . Logan. . 
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Identi­
fi cation 

TABLE 4 . Calculated average values of weight loss and pi t depth af te)' 13 years of ex posure and constants of the weight-loss and pi t-depth equations a 

M a terial 
M ean , X 
( W T-13, , ) 

Sta nda rd 
error, (T 

( WT-13 .. ) 

W eigbt loss 

R eduction in 
weigh t loss as 
compared with 

control A 

Hela ­
iive 

basis 

P rob­
a bility 
of the 
differ­
en ce 
bein g 

due LO 
chance 

k' uU 
}\rIcan, X 
(P T- 13 .. ) 

Standard 
error, (T 

(P 7'- 13 ,,) 

Maximum penetra tion 

R eduction in 
maximum pit 
depth as com -

pa red wi t h 
control A 

Rela­
tive 
basis 

P rob­
a bili ty 
of t he 
differ­
en ce 
being 
d ue to 
chance 

I 
k Uk n I Un 

- 1----------1-----1----1-------------------1----1----1----------- -------

A 
o 
N 

J 

D 

Open-hearth steeL __ ______ _ 
Open-hearth iron ; 0.45 Cu, 

0.07 Mo . 
Open-hearth iron; 0.54 Cu, 

0.13 Mo. 
Copper-nickel steel ; 0 .95 

Cu, 0.52 Ni. 
Nickel-copper steel ; 1.96 

N i, 1.01 Cu . 

o Or-Si-Ou-P s teel; 1.02 0 1', 
OA20u. 

KK 2.01% chromium steel with 
0.57 Mo. 

D 5.02% chromium 5teoL ____ _ 
E 4.67% cbromium sLeel with 

0.5 1 Mo. 
1:1 5.76% chromium s teel with 

0.43 Mo . 

ozl!l' 
17. 7 
15. 2 

15. 2 

]5. 6 

]7.3 

15. 3 

12. 0 

10. 7 
10. 0 

10. 1 

nzlP' 
1.2 
1.2 

0.8 

. 8 

. n 

. f> 

. 7 

.n 

. 5 

l.G 

ozl!t' Percent Percen! ozl!!' ozl!t' 
______________________________ 3.78 0.52 0. 60 0. 07 

2. 5 14 1. 47 !Ii 4. 79 . 75 . 45 . 08 

2 . . \ 

2. L 

0. 4 

2. 4 

5. 7 

7. 0 
7. 7 

7. 6 

14 1. 74 

]2 1. 4fi 

0.30 

14 I. 79 

32 4. 10 

40 5. 22 
44 5. 92 

43 3. 80 

10 4.02 . 45 

1G ~. 87 . 37 . 54 . 05 

77 3. 93 . 25 . 58 . 03 

10 3. 30 . 23 . GO . 0. 

< I 3. 27 . 02 .51 . 0:; 

< I 2. 8.'\ . 34 . 52 . 0:; 
< 1 2. 76 .28 . 50 . 05 

< I 2. 86 _29 . 49 . IG 

• IV= k' T ", p = kT n, where IV is the weight loss a t t he time T , and P is t ile d eptll o f tile cleepesl; pil. at. tile t il1le T . 
' ! XI-X, . 

-Jux, ~ + O'X2 -

J\fils 
127 
110 

102 

11 2 

110 

107 

93 

100 
8d 

92 

Mils 
9. 3 
5. 0 

7. 7 

10. 4 

3. 0 

7. 0 

5.5 

3. 0 
4. 2 

G. 3 

lems Percent Percent M ils Jlfils ______________________________ 28. 8 4. 2 0. 58 
. 49 17.3 14 1.64 12 3 1. <[ 2. 9 

25. 1 

15. 3 

17. I 

20. 2 

33. 4 

24. 4 
41. 1 

35 . 0 

20 2. 09 

12 1. 09 

13 I. 72 

lG I. 74 

26 3. 10 

19 2.50 
32 4. 03 

28 3. 1.) 

33.2 5.0 . 44. 

29 30. 8 5. 8 .50. 

10 31. I 2.0 . 49 

10 29. 3 3. 9 .50 

< I 30.3 3.6 .44 

2 33. 5 1. 9 . 44 
< 1 33. 0 0. 1 . 37 

< I 33.5 4. 0 . 39 

TA BLI( 5. Ej)'ect of composi ti on on the CO)'rosion of low-allo y iron and steel speci mens in soi ls classified according to aeration 
(maximum exposure 13 yrs.) 

Oomposition of s teel (percent) Aeration 

Identifieat ion 
C r N i Cu Mo 

Good I F a ir I Poor I ~~~;. l vgI;id~~~r Good I Fail' I P oor I ~g~;. l vg~rd~~; 
I----~----~----~--~------I 

A verage loss in weight · 
--.-----------------------1---,--·,,-----,----,-_·-

A _________________________ _ 
0 ______ ____ _____ ___ _______ _ 
N ___ __________ ______ _____ _ _ 
J ____ __ ___________ __ _______ _ 
D _____ __________ __________ _ 

C _________________________ _ 
KK __ ___________ __________ _ 
D ____ ___ ____ ________ ______ _ 
E _________________________ _ 
1:1 ___ ______________________ _ 

0. 049 
. 02 
. 02 

1.02 
2. 01 
5. 02 
4. 67 
5. 76 

0. 034 
. 15 
. 14 
. 52 

1. 96 

0. 22 
. 07 
. 09 
. 09 
. 17 

0.052 
. 45 
. 54 
. 95 

1.01 

0. 428 
. 004 
. 008 
. 004 
. 004 

0.07 
. 13 

_ 57 

. 51 

. 43 

100 
100 
100 

79 
79 

94 
90 
45 
46 
46 

" Average for 5 p eriods of exposure, relat ive to open-bearth steel CA) = 100. 

100 
95 
93 
98 
91 

83 
82 
77 
79 
85 

100 
98 
97 
94 
99 

95 
80 
51 
53 
52 

100 
84 
83 
81 
81 

76 
63 
58 
56 
56 

100 
120 

92 
94 

127 

80 
66 
55 
40 
43 

100 
100 
87 
96 

110 

101 
97 
96 
84 
88 

A verage maximllm penetration a 

100 
95 
96 
92 
81 

84 
91 
94 
83 

100 

100 
82 
80 

102 
100 

116 
78 
83 
78 
84 

100 
120 
119 
93 
95 

115 
103 
176 
149 
149 

100 
75 
63 
72 
72 

64 
60 
64 
54 
59 

0. 07 
. 05 

.os 

. 10 

. 0:3 

.07 

.on 

. 03 

. 05 

. 07 



" r 

1 2 ~ 
1.1 

f-.... 
0 
'<; 

1.0 N 
0 

,::' 
§ 
~ 0.9 

~ 

(J) 
(J) 

S 0.8 

'" 0 
...J 

2.1 A 

O,B 
N 

2.0 

(J) 
...J 

:E L9 

Z 
Q 
f-

'" cr 
~ 1.8 
z 
w n. 

:E 
:J 

~ 1.7 

" ::E 

'" 0 
...J 

1.6 

0.6 0.8 1.0 1.2 
LOG TIME, YEARS 

FIGURE 3. Average loss in weight and maximum penetration­
time C1iTves for copper-molybdenum open-heal·tI~ irons and 
nickel-copper steels in 13 soils. 

A, open-hearth steel: 0 , open-hoarth iron , 0.45 Cu, 0.07 Mo; N, open-hearth 
iron , 0.54 Cu, 0.13 Mo; J, steel 0.85 u, 0.52 Ni; B , steel, 1.96 Ni, 1.01 Cu, 
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F IGUR E 4. Average loss in weight and maximum penetration-
time curves for chromium and chl'omi1l1n-molybdenum steels 
i n 13 soils. 

A, open-hearth steel; C, CI'-Si-Cu-P steel, 1.02 Cr, 0.42 Cu ; KK, steel, 2.01 Cr, 
0.57 Mo; D, steel, 5.02 Cr; E, steel, 4.67 Cr, 0.51 2\10: H, steel, 5.76 CI', 0.43 Mo. 
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FIGUR E 5. Pit-depth- time curves of copper-molybdenum open­
.. hearth irons, chromium and chT01nitiln molybdenum steels in 

cinders. 
A, open-hearth steel ; N, open-hearth iron, 0.54 Ou, 0.13 Mo ; K, 2 percent OT­

steel with Mo; D, 5.02 percent Or-steel; E, 4.6i percent Ur-steel with Mo; H, 5.76 
percent Or-steel with Mo. 

W ASHINGTON, August 22, 1952 . 
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