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

wrought and cast ferrous materials after exposure to different soil conditions for periods up

to 14 years.

chromium to the high concentrations typical of wholly austenitic steels.

The steels ranged in composition from fractional percentages of nickel and

The soils ranged

from well aerated soils deficient in soluble salts to poorly aerated soils containing high con-

centrations of water-soluble materials.

The magnitude and progress of corrosion with

respect to both weight loss and pitting are interpreted in relation to the properties of the

soils at the test sites.
materials and cast iron.

I. 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 the specific effects
on corrosion resistance of various alloying ele-
ments under different soil conditions might also
be evaluated.

Originally, a sufficient 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 returned 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 specimens of some of these classes of
materials were buried at the test sites and were
removed in 1946. Results of exposures of 14, 9,
7, or 5 yr are, therefore, available for these mate-
rials. Corrosion data for the removals prior to
1946 have been published in a series of reports
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A comparison is made of the corrosion of specimens of plain wrought

that were summarized by K. H. Logan [1].!

This paper deals only with the tests of wrought
and cast ferrous materials. The results 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 slightly corrosive to
highly corrosive. The considerable differences in
the physical and chemical properties of the soils
at the test sites are 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. The water-soluble material in
soil 64, Docas clay, consists of sodium and potas-
sium chlorides, whereas the soluble material in
soil 60, Rifle peat, is composed entirely of sulfates
of the alkalies and of the alkaline earth metals.
The hydrogen-ion concentration of the soils ranges
from pH 2.6 to pH 9.4. Measurements of pH
and total acidity were made in the laboratory on
samples of soil shipped from the test sites in
sealed containers. This precaution was taken
because results of a previous study showed that
acration of certain poorly aerated soils produced
marked increases in acidity because of oxidation
of sulfides to sulfates [2].

! Figures in brackets indicate the literature references at the end of this
paper.
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TaBLE 1.  Properties of the soils at the test sites
Soil Total Composition of water extract-milligram equivalents per
acidity b 100 g of soil
Mois- | Appar- | Resistiv- (milli-
: Aera- | ture ent ity at gram | Sulfide
Location tion & | equiv- | specific| 60° F pH equiv- com-
T alent | gravity| (15.6° C) alents tent ¢ | Na4-K i <
No Type per 100 g as Na Ca Mg CO3 | HCO3 Cl SOy
of soil)
Percent Ohm-cm
51 | Acadiaclay ... _______ Spindletop, TeX- .- -_.__.____. 12 47.1 2.07 190 6.2 13.2 4 10. 27 15. 55 5.03 0. 00 0. 56 5.75 22.00
53 | Cecil clay loam Atlanta, Ga_ _.____________________ G 33.7 1. 60 17,800 | 4.8 5.1 e e e e
55 | Hagerstown loam Loch Raven, Md__________________ ¥ 32.0 1.49 5,210 | 5.8 10.9 L R R PSS (R (R I RO
56 | Lake Charleseclay_ - ________________ El Vista, Tex__ - ______ VP 2887 2.03 406 | 7.1 5.1 + SN2 0. 69 0.47 0.00 0. 80 1.59 3.04
SRV c kS e e New Orleans, La____________. . B 57.8 1.43 712 4.8 15.0 + 2.03 2.23 ok 29v .00 .00 .47 2.54
59 | Carlislemuek. - ______________________ Kalamazoo, Mich____________ ____ vp 435 Q0| MR, 1,660 | 5.6 12.6 | +++ 1.03 3.08 2.70 .00 .00 3.47 1.04
60 | Riflepeat .. ____________ Plymouth, Ohio__________________ 1% 43.4 1.28 218 2.6 297. 4 +4+ 2.91 10. 95 2. 86 .00 .00 .00 56. 70
61 | Sharkeyeclay_ ... _______________ New Orleans, La__________________ 12 30.8 1.78 943 6.8 4.9 + 0.73 0. 68 0.33 .00 71 .10 0.91
62 | Susquehannaclay ... . Meridian, Miss. - .. __ P 34.6 1.79 6,920 | 4.5 12.0 - FSNUOI S (S [T R I (R
63 | Tidal marsh Charleston, S. C VP 46.7 1.47 84 | 6.9 14.6 | ++4 | 33.60 6. 85 4.00 0.00 0.00 | 12.70 36. 60
64 | Docas clay. . __ Cholame, Calif____________________ F 41.1 1.88 62| 7.5 A = 28.10 2.29 .76 .00 .89 | 28.80 .26
65 | Chinosiltloam___________________ Wilmington, Calif ________________ G 26. 4 1.41 148 | 8.0 A - 7.65 | 12.40 2.20 .00 1.30 6.05 16. 90
66 | Mohave fine gravelly loam____________ Phcenix, Ariz_____________________ F 16.5 1.79 232 | 8.0 A — 6.55 0.51 0.18 .00 0.72 2.77 2.97
67 | Cinders. ... ______________________ Milwaukee, Wis VP || 455 | 7.6 A + 0.77 3.03 .53 .00 .55 0.08 2.89
70 | Merced silt loam______________________ Buttonwillow, Calif ______________ F 24.7 1. 69 278 | 9.4 A — 8.38 0.38 .22 H02; 1.87 1.12 5.57
72 | Papakating silty clay loam____________ Deerfield, Ohio.__.________________ LV O | 7628732 17 + 3.11 7.49 P15 T PR P 11. 58

a Aeration of soils: G, good; F, fair; P, poor; VP, very poor.
1A indicates absence of acidity because of alkaline reaction.
— Sulfides absent; + sulfides present in low concentration; 4+ sulfides present in moderate concentration; +-+- sulfides present in high concentration.



The retentiveness of the soils for moisture is
indicated by the moisture equivalent, 1. e., the
quantity of water retained by a previously satu-
-ated 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.

TasLE 2. Classification of soils according to type of
environment
—

| Soil

Soil tv v N
| No. 30il type i Environment

51 | Acadiaclay. . __.____________ Inorganic-reducing-acid.

53 Cecil clay loam_____________ Inorganic-oxidizing-acid.

55 | Hagerstown loam__________ ‘ Do.
|56 Lake Charlesclay. . __ | Inorganic-reducing-alkaline.

58 Muek_ . ‘ Organic-reducing-acid.

59 | Carlislemuck.____________ | Do.

60 | Riflepeat ... ‘ Do.

61 Sharkey clay A Inorganic-reducing-acid.
62 Susquehanna elay . __ Inorganic-oxidizing-acid.
63 Tidal marsh . ______ | Organic-reducing-acid.

64 Docas clay Inorganic-reducing-alkaline.

65 Chino silt loam __| Inorganic-oxidizing-alkaline.

66 Mohave fine gravelly loam | Do. ‘

67 | Cinders . ,,,,,,,,,,,,,‘ |
i

70 Merced silt loam | Inorganic-reducing-alkaline.

Values for apparent specific gravity are pre-
sented as an index of the relative porosity of the

Soil Corrosion of Ferrous Materials

soils. Because the real specific gravities of the
mineral portion of soils lic within a narrow range,
the apparent specific gravity indicates the com-
pactness and hence the relative porosity of soils
that are primarily inorganic in nature.

On the basis of their properties the soils were
classified according to type of environment. 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
these specimens are different. As comparisons will
be made only between materials exposed for the
same length of time, no confusion is likely to result
from use of the same symbol for different samples.
Specimens of some of the materials were in the
form of pipe, others of plate. The ends of the
pipe specimens were closed by caps which excluded
moisture, thereby preventing corrosion of the
interior. As an extra precaution against possible
corrosion, the inner surfaces of the specimens were
coated with heavy grease. The exposed area of
each specimen was approximately 0.3 ft>. All of
the materials were free of mill scale except as
noted in table 3.
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TasrLe 3.  Composition of the wrought metals
- Nomi-
en- nal .
Material tifica- bﬁ?ﬁfd Form width | Length Tr}:clgf' (¢} Si Mn S 1® Cr Ni Cu Mo Other elements
tion or di- B
ameter
WROUGHT IRON

In. In. In. Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent | Percent Percent
Hand-puddled____-._______ a A 1932 1.5 12 (.145 | 0.016 | C.10 0.029 | 0.018 | C.160 S ---- | Oxide+slag, 2.56.
Mechanically puddled.. 2B 1932 L5 12 . 145 .017 . 125 . 041 .018 . 106 e . o S Oxide-+slag, 2.681.

CARBON STEELS
oW CarDOn S Tee] SIS RS N 1932 | Pipe-_._----[ 2.3 10 0.145 | 0.15 - | 0.49 0.030 | 0.013 . S R
LOW-ALLOY IRONS AND STEELS
Open-hearthistee] === =TS IneiSeR-Sonos A 1937 TR 2.5 12 0. 188 C.033 0.002 0.029 0.017 0. 006 0.049 0.034 0.052 I
Copper-molybdenum open-hearth iron. 2.5 12 . 250 .04 e RELG) .027 . 008 .04 .14 o 0 0.07 O3, 0.015; Ng, .008;
Sn, 0.002.

2.5 12 . 243 .03 .003 .16 . 032 . 007 .02 .15 .45 .07

285 12 . 250 .06 .001 . 098 . 029 . 069 .02 .14 .54 i3

15453 12 . 145 .04 .05 .32 .027 .016 — ot .62 15

X5 14 . 145 . 036 . 005 <16 . 025 . 008 e s .47 .08
Copper-nickel steel .- __ 2.5 12 . 265 .06 047 .49 .025 . 095 Boos n52 .95 -
INiCEElScoPDErSiee] SEENNINESSasEan s 2.5 12 . 248 .07 .14 .44 . 022 .010 - | 1.96 1.01 R

2.0 8.5 . 210 .12 .12 . 58 . 025 .07 S 1.95 1. 04 Soe

DO 2.5 14 .172 e S e s s S aess . ciog

Carbon steel layers___ oo . 036 .16 .21 .78 . 030 .018 S eee 10,038
Ni-Cu steel layer. i S . 100 .14 .16 .48 . 009 .021 .04 1.86 .98 S

1.5 12 . 145 .14 5 1) .21 o - o 2.47 1.08 e
Chromium-silicon-copper-phosphorus 2.5 12 .188 .075 .84 .20 .018 124 | 1.02 .022 .428 S

steel.
29, chromium steel with molybdenum 1.5 14.5 L 145 .09 .25 .46 .010 .015 | 1.96 =ass e .49
Do RS 2.5 12 .175 . 082 .51 .46 .015 .017 2.01 .07 . 004 .57
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CHROMIUM STEELS

4 to 69, chromium steel__ = 1932 1) CO—— 2.3 10 0.154 0.13 — 0.46 0.025 | 0.012 5.05 s S o

Do = . D 1937 2.5 12 . 245 077 0.43 831 . 005 .015 5.02 0.09 0. 008 S
4 to 69, chromium steel with molyb- E 1937 2.5 12 . 188 .074 .41 .32 . 006 .013 4.67 .09 .04 0. 51 Al, 0.030; T1i, 0.022.

denum.

Dozt - H 1937 |----- do_____ =2 2.5 12 . 203 . 060 .39 .40 .014 .021 5.76 ST . 004 .43 Al 0.27.
129, chromium steel. U 1932 |----_do.____ - 4 6 . 063 . 065 .28 .38 .017 .011  (11.95 . 482 .025 o
189, chromium steel . ___________ v 1932 |.___.do ____ | 4 6 . 063 .070 .34 .36 015 .014 |17.08 . 092 021 R

X 1932 | Pipe..._.___ 1.5 12 145 .12 .277 .42 017 .016 |17.72 . 287 S S
HIGH-CHROMIUM STEELS WITH NICKEL AND MANGANESE
189, chromium steel with nickel.._...| K 1932 | Plate..._..--[ 3 11 0.025 | 0.08 0.33 (.44 0.022 | 0.015 (17.20 8.95 ey

D R 1932 Pipes=-i="-~ 1.5 12 . 145 .05 .28 .46 .011 L0156 [17.52 8.85 SRS S

[ NS — N N w 1932 | Plate___...._| 4 6 . 063 093 .42 .36 017 .008 |18.69 9.18 0.016
189, chromium steel with nickel and T 1932 ———.do_____ -l 6 10 . 063 .06 .40 6.09 S oo bR 3.83 .95 e

manganese.
e S 1932 |..___do.___. = 6 10 . 063 .07 .48 9.44 = SR 117787 8 S .74 seco
189, chromium steel with nickel, man- CM 1939 |...__.do. ___- 2 12.5 .25 .07 .40 1.24 .0e8 .016 |17.78 10. 96 S 2.63
ganese, and molybdenum.

229, chromium steel with nickel and Y 1932 |-____do_____ . 4 6 .063 .144 .59 1.80 011 .C15 |22.68 |12.94 .021 R
manganese.

229, nickel-chromium steel with man- DT 1939 |----_do_____-- 2.5 12 .25 .07 .91 1.99 .012 .014 |19.27 |22.12 1.07 3. 52
ganese and molybdenum.

a Some mill scale on the surface at the time of burial.

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

¢ Specimens composed of three layers as follows: outer layers—plain carbon steel, 0.036 in. thick; intermediate layer—2-percent nickel, 1-percent copper steel, 0.100 in. thick.




TABLE 4.

Composttion of the cast metals

Nomi- |

’ Identi- | Year . nal Thick-

Material fication | buried | Form ‘,‘)rl(iitll.l Leneth | “hoss

i ameter

Inch Inch Inch
Rattled cast iron a__ G 1932 | Pipe-...__ 1.25 13.5 0. 250
Sand-coated cast F 16320 (SN o SRS 1.25 13.5 . 250

iron.

Plain cast iron______ A 1941 1.5 13 250
Low-alloy cast iron_ 1 1932 1.25 12 350
J 1932 1.25 12 350
C 1932 1.5 12 . 250
B 1941 1.5 13 . 250
C 1941 1.5 13 . 250

NC 1941 2.5 14 .5

N 1941 2.5 14 i
D 1941 1.5 13 250
E 1932 1.5 10 . 250

C
| | | s |Mn| 8 P Cr | Ni Cu
‘ Free }(\Sde Total } [ ‘

E DT U ISR I A S (U I A AR |
1 Per- i Per- | Per- | Per- | Per- | Per-| Per- Per- [
| cent | Percent | Percent | cent | cent | cent cent | cent | cent cent
| 2.94 0. 64 3.58 | 1.64 | 0.48 | 0.074 | 0.79 SPR| R |,
| 2. 94 . 64 3.58 | 1.64 .48 .074 .79 SRR (RTINS R

S (e 3.22 | 2.19 .91 .12 SV
SIS | 2.53 | 1.43 .28 077 . 128 o |l e 0.51
S S 2.90 | 2.04 .83 . 060 A8 | | - .62
3.00 . 50 3.50 | 2.50 .70 . 050 400 | 0.30 0.15 | -____ |
e | e || 823|200 £ o0 | e oo | L27| 32
S 3.24 | 2.08| .80 | .12 | _____ IR W | .98
B 21 80N 03| TSR | R | S = 2.08 1.10
RO | 2.75 1 2.00 | oo | oo | ooeoo | ---- 3.10 | -
cmee || momees 3.21 | 2.11 .72 Y120 S 3.32 | _____
SR N 2081213 1.00 | .| - 2.61 | 15.00 6. 58
| I

& 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. HExcept as noted in tables 5 and 6, the ex-
posure periods at the different test sites did not
differ by mere 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.

52
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Specimens removed in 1946 from the test site in Hagerstown loam at Loch Raven, Md.
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Ficure 2. Corrosion of steel, cast iron, and low-alloy iron and steel in soils differing in corrosiveness—exposure 14 yr.

N, Carbon steel; A, hand-puddled wrought iron: H, Cu-Mo open-hearth iron; D, 2-percent Ni, I-percent Cu steel; G. cast iron.

Soil Corrosion of Ferrous Materials 53
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TaBLE 5. Loss in weight of wrought materials

(Average of two specimens in ounces per square foot)

YoInasey Jo [pumof

Test site number and soil type
L Weip Aav(;r— 51 53 55 56 58 59 60 61 62 63 64 65 66 67 70 72
etion bi:(;- Material Form ex%& e ) Mo- Mer. | Papa-
Sure | A cadia Clecﬂ ers- Lake Car- Rifle Shar-|Susque- Tidal | Docas Cl;mo have Cin- ced kqtlng
clay |-<13Y |town Charles| Muck | lisle peat key | hanna marsh | clay silt fine o St silty
loam 16a: clay muck clay clay loam | gravel- e clay
ly loam loam
Years
2.0 11.7 3.5 2.8 3.5 B0 | S 5.7 1.3 3.0 3.0 11.4 8.0 8.6
5.4 12.6 2.6 2.3 10. 8 9.8 I8 6.3 5.6 4.0 3.1 22.1 7.4 10.2
A . 1932 | Wrought iron, hand-pud- | Pipe ___ 7.4 15.1 3.3 3.5 {782 11.9 2.0 5.1 6.3 6.0 3.4 34. 4 9.0 11.6
dled. ORI E—— 3.7 3.7 | b22.8 12.6 2.4 | d14.3 6.4 7.8 d8.5 | .16.0+ 13.6 | b5.8
14.3 | ¢23.9 | 49| 3.4 26. 6 19.6 4.3 25.1 10.2 8.3 | d10.1 [©38.34| 10.4 | 20.3
2.0 8.2 3.4 2.9 4.4 SN2 ISR 5.0 a].2 4.0 2.6 13.3 6.2 7.8
5.4 13.6 3.0 2.4 a0 10. 4 1.6 6.8 489, 4.0 2.4 23.1 7.2 11.3
13 S—— 1932 | Wrought iron, mechani- | do_ ___ 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
cally puddled. OF | ES—— 3.7 3.8 19.5 12.7 2.3 416.5 5.7 9.4 4.2 |e18.4+ 11.4 10.0
14.3 | ¢26.7 4.8 3.7 26.5 17. 4 €4 2 28.8 11.9 75! d6.8 | ©36.84+ 9.2 | e17.2+
2.0 7.4 2L 2.4 4.0 823 o mm e 6.2 20.8 4.1 3.8 12.6 7.4 87
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
N._.___.__| 1932 | Low-carbon steel _________ _..do..___ 7.4 11.5 | 4.2°| 3.2 21.0 14.1 3.0 7.6 5.6 5.3 721813536 13.7 | 14.3
9.3 |- 41| 38 28.8 16.2 4.7 16.7 5.8 6.6 | 49.0 D 12.9 | 18.6
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
2.1 7.5 1.8 1.8 13.8 - 51 1.5 4.0 2.2 3.2 2.7 8.7 4.3 9.2
S S 1937 | Carbon steel ... _._.______ _o.do_____ A5 ()| R 2.9 2.6 16.0 8.8 3.3 8.1 5.0 4.3 9.2 6.0 4.6 12.3
9.0 | 817.3 3.4 4.1 27.8 17.3 7.5 17.6 4.2 5.3 10.7 4.7 7.0 | 48.0
2 11.6 1.8 2.0 14. 4 5.7 1k, 459 6.3 2.6 2.8 3.6 711 4.6 8.3
Ao 1937 | Open-hearth steel ________ Plate___ 4 3.2 2.6 18.4 9.9 4.2 9.5 5.4 3.7| b6.2 7.4 5.3 |b16.8
9 £19.1 3.9 3.8 28.0 16.9 9.9 22.0 4.3 4.2 b 8.9 oS 7.2 4.6
2.0 6.2 2.8 2.0 2.3 250 | S 4.9 80.9 3.7 2.5 16.1 7.5 8.8
5.4 11.6 2.8 1.8 8.8 10. 4 7 58 4.1 4.1 3.0 23.4 11.2 14.4
H_______| 1932 | Open-hearthiron;0.52 Cu, | Pipe_ __ 7.4 1.6 | 3.9 | 3.4 13.0 1282 2.6 4.5 4.9 5.0 4.8 | 34.6 14.7 | 14.3
0.15 Mo. Q35| SEmThEaE 40| 3.2 | 5189 14.5 2.4 13.7 5.6 7.0 6.3 D 15.0 | 14.6
14.3 | ¢21.9 | 4.2 3.2 23.0 17.3 €43 25.5 9.8 5.9 580 | 31.5 14.9 D
2.1 7.5 21| 2.0 12.4 5.8 1.3 430 3.0 3.0 b2.5 8.0 5.0 9.1
[0 J— 1937 | Open-hearthiron; 0.45 Cu, | Plate____ 470N SE=NEREE 2.9 2.8 13.8 9.9 2.9 7.4 5.6 3.6 8T 8.0 5.0 11.6
0.07 Mo. - 9.0 | £19.0 | 3.4 4.7 28.4 17.3 7.8 16.4 4.8 4.6 1 6.4 6.4 5.9
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-hearthiron;0.54 Cu, |- do-__ . N ()| ——— 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 d410.2 [.____
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 46.9 21%9; 15.0 (.-
MM____ | 1939 | Open-hearthiron;0.51 Cu, |._.do.____ { IO NS 2.3 0.9 11.2 4.7 52.2 3.4 2.3 3.0 2.1 4.1 b3.1 6.6 26. 0 10.1 |- ___
0.07 Mo. 6.9 | h241 | 3.6 | 18 45.8 1287 4.6 8.4 6.4 5.2 6.7 [b20.2 4.9 | 12,4 27.9 1.0 |-
H _ _____ 1941 | Open-hearthiron;0.47 Cu, | Pipe____. N {) | S— 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.
2.1 720 0.8 1.2 14.0 5.2 1.6 5.3 2.3 2.4 2.5 9.0 3.4 7.3 20.3 £ 0 R
Joo 1937 | Copper-nickel steel; 0.95 | Plate ___ CR( N e 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 d7.6 |______
Cu, 0.52 Ni. 9.0 | g18.1 2.4 3.5 34.6 16. 0 5.5 18.8 3.9 4.0 7.0 4.7 6.2 | d8.2 30.4 17.3 |- ___
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 [ ___
Bo______. 1937 | Nickel-copper steel; 1.96 |___do_____ 4.0 [ ikl 1.2 19.5 11.0 2.4 9.6 3.9 2.9 3.4 4.9 5.0 11.4 44.3 (72 8] |
Ni, 1.01 Cu. 9.0 | 220.2 2.8 2.6 31.2 g of 7.2 241 3.2 2.9 8.9 750 7.6 3.1 D 18.4 |______
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2.0 4.7 2.2 7 3.3 3.5 [oooooo 4.9 al 2 2.7 1.6 6.5 5.0 5.1 16.4 S [ERESE T | ESSEE
5.4 8.3 2.2 1.4 5.1 767/ 1.7 7.8 2.6 2.3 2.3 23.6 4.2 8.4 23.5 | |oo_
D________| 1932 | Nickel-copper steel; 2.47 | Pipe_____ 7.4 9.6 | 2.6 | 2.2 9.7 9.7 2.9 3.8 3.8 3.7 4.1 | 37.6 6.1 9.2 Popt In s ] e
Ni, 1.08 Cu. 9.3 |._______ 2°5 2.0 16.7 6.6 2.6 | 410.3 3.4 5.4 7.6 | b24.8 6.0 | 47.5 D |o|ao-
s 14.3 | 15.9 3.4 2.4 14.5 13.1 e3.7 17.4 6.2 3.6 10. 4 25.5 6.9 14.6 D -
Yoo 1941 | Nickel-copper steel; 1.95 | __.do.____ 5.0 [ 3.6 2.0 0.6 3.4 4.6 3.3 2.6 3.5 1.2 20. 4 3.9 15.8 D 6.9 23!
Ni, 1.04 Cu.
P________ 1941 | Compositesteel i . ___ Plate____ 5.0 |_______ 4.6 | 41| _______ 6.2 5.6 5.1 3.9 | b59 | 13.0 57| 11.3 |________
2.1 9.2 %0 1.3 12.5 4.4 1.1 5.8 2.4 1.9 2.4 4.9 4.4 6.9 1787
C._._... 1937 | Cr-Si-Cu-P steel, 1.02 Cr, |___do_____ 4.0 |ooo_____ 2.4 2.3 20.8 9.0 2.5 10.2 4.6 3.0 4.1 5.1 5.4 13. 6 13.9
0.42 Cu. 9.0 | 219.6 3.3 3.0 28.1 16.7 7.8 24.9 3.6 3.8 b5 8 5.7 11.0 3.9 26.3
TN : q L9 |oo... 2.0 0.9 13.8 5.9 1.9 491 2.0 2.6 88 3.9 3.9 9.0 17.8
R ) Iv)vt?;t;er;/tmc.hrommm e | { 6.9 | h27.1 [b29 | _____ 46.0 15.6 4.0 9.8 5.8 | b44 5.0 | 15.8 7.2 180 | 23.5
2.1 7.9 1.6 1.6 9.0 3.3 1.2 3.8 2.4 2.4 1.8 4.9 4.2 7.2 18. 1
KK 1937 | (o T Plate____ { 4.0 | 2.2 | 24 14.5 ‘8.4 285) 6.0 4.7 3.0 3.1 5.4 4.5 12.3 16. 4
9.0 | 817.9 2.9 4.7 28.9 12.9 4.8 13.8 4.1 4.3 4.9 4.6 7.7 46.0 15.0
2.0 6.4 1.4 1.2 2.5 1.8 [oo____ 4.3 2(0.8 2.4 1.3 14.0 7.2 7.7 7.4
5.4 14.6 2.0 1.2 8.2 7.4 2.0 11.6 3.3 2.6 3.6 24.1 9.7 13.9 d427.4
P 1932 | 5.05 percent chromium | Pipe____ 7.4 10.7 2.4 1.6 18.0 11.7 2.3 2.9 5.0 3.4 4.2 29. 6 13.4 13.0 7.5
steel. 9.3 |- 2.2 1L 23.6 13.9 2.8 15.6 5.1 4.6 d58 D 10.9 18.3 27.9
14.3 ©19.7 2.9 2.3 19.1 20.6 e3.4 27.4 9.1 6.1 10.0 D 11.9 D 17.5
2.1 6.6 0.9 0.7 9.4 4.1 0.4 4.5 0.6 0.7 1.8 4.5 2.3 5.8 17.1
D 1937 | 5.02 percent chromium | Plate____ 4.0 oo 1.3 1.1 17.9 5.9 .9 6.6 1.6 1.2 3.8 4.4 2.2 12.1 d18.1
stecl. 9.0 | £17.6 2.0 %7 28.8 7.5 3.0 14.8 1.1 1.8 5.6 4.4 3.6 | 43.5 12.2
2.1 7 1L 0.9 0.6 9.6 3.9 0.4 4.1 0.9 (% 7¢ N7 4.2 2.5 7.9 12. 2
E________ 1937 | 4.67 percent chromium |___do.____ 4NN | S 1.6 1.2 16.3 7.2 .8 6.2 1.8 1l 5.2 5.2 2.1 12.0 411.7
steel with Mo. 9.0 | £16.2 2.0 1.7 28.2 6.4 2:5 18,7 1.4 2.0 5.3 4.2 3.3 | d45.2 11.2
[ 2.1 b83 |b0.8 0.7 11.4 3.5 0.2 4.6 0.8 0.7 b1.7 5.9 2.5 8.4 12.6
H _______ 1937 | 5.76 percent chromium | __do_____ 4.0 [ 1.4 1.1 14.3 b 6.8 N 6.2 1.6 1.3 5.4 5.0 2.2 14.5 d412.9
steel with Mo. 1 9.0 | 816.7 1.9 2.0 |- 6.1 2.2 14.2 b1.0 1.9 6.4 4.0 3.7 | 45.0 8.9
a Exposed for 1.0 yr only. £ D, both specimens destroyed by corrosion.
b Data for 1 specimen. The other specimen was missing. ¢ Data for 8 specimens.
¢ Data for 1 specimen. The other specimen was destroyed by corrosion. b Data for 10 specimens.
d Data for the individual specimens differed from the average by more than 509%. i Specimens composed of 3 layers as follows: outer layers—plain carbon steel, 0.036 in. thick; inter-
e Data for 4 specimens. mediate layer—29, nickel-1%, copper steel, 0.100 in. thick.
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TaBLe 6. Maximum penetration of wrought materials
(Average of two specimens in mils)
Test site nu nber and soil type
X Year Aver- 51 53 55 56 58 59 60 61 62 63 64 65 66 67 70 72
Ide&g‘fca' bur- Material Form e*?ge_ M i
ied S0 - | Hag- : O Mer- | Lapa
Sure | A cadia (élem] ers- CLZ,}k,E ) < Car Rifle Shar- Sl}squle- Tidal | Docas Chino | have Cin- ced kating
= ay - harles| Muck lisle key hanna S . silt fine . * silty
clay loam | LOWIN| “olay muck | Peat clay clay | ™Mar sh | clay loam | gravel- ders silt clay
loam ’ ’ ly loam loam loam
— SN RS NN MRS N S U I I A SR
| Years
| 2.0 50 34 40 22 20 s 24 a 17 49 28 102 54 88 100 N NS
[ 5.4 144 64 79 66 68 25 38 41 54 22 129 91 85 G e .
Ao 1932 | Wrought ircn, hand pud- | Pipe____ 7.4 1224 77 70 90 84 18 30 44 69 64 1444 1104 110 145+ ---- s
dled. 1 9.3 - 50 60 b 96 118 32 ¢ 55 61 c72 100 120+ 102 b 88 1454 .- [
14.3 e 1354 72 76 145+ 96 e37 78 84 74 74 1454 98 142+ 1454 - R
2.0 60 30 42 24 18 - 24 a 10 70 16 118 66 82 98 e oo
5.4 c1294 71 84 65 64 18 37 37 56 37 110 87 106 1454 - e
B 1932 | Wrought iron, mechani- |- _do_____ 7.4 1454 76 60 1064 110 15 34 50 78 39 145+ 106 140+ 1454 .- -
cally puddled. 9.3 el 73 84 166 116 28 © 64 © 86 c 101 ¢ 55 1454 110 1304 145+ R
14.3 e1314| 66 88 145+ 78 €32 78 82 65 80 145+ 98 145+ 1454 - i
2.0 82 37 41 20 18 e 37 a 10 62 15 130 40 66 154+ .- -
5.4 1544 50 57 71 103 20 24 c 54 66 36 154+ 74 1544 1194 - S
N. .- 1932 | Low-carbon steel_ ... ___ —do____- 7.4 1354 54 57 125+ 110 30 17 63 71 70 154+ 83 154+ 1274 ---_ i
9.3 e 59 59 1544 110 c 40 e 27 c 96 c 87 54 154+ 112 154+ 1544 - [
14.3 e 1464 84 65 135+ 1544 e34 82 88 101 61 154+ 86 1544 1544 - S
2.1 52 42 33 77 29 12 15 40 40 24 80 50 1454 145+ 50 Lo
S_._..._ | 1937 | Carbon steel._____________ —_.do ... 4.0 E— 98 50 104 46 20 38 45 56 38 67 59 145+ 145+ 1184 -
9.0 128+ 74 92 1454 98 101 ¢ 58 48 68 80 80 65 78 145+ 122 S
2.1 54 40 42 80 36 6 30 34 34 18 44 47 86 46 56 I
AT 1937 | Open-hearth steel_ ... - Plate____ 4.0 m— 76 54 100 61 22 40 50 47 b 26 78 51 b 188+4| ¢ 132+ 77 [
9.0 138+ 57 90 126+ 89 98 56 90 59 b 36 87 75 66 D 13651 (Rsiers
2.0 78 54 60 20 21 27 a 14 72 30 153 94 111 65
5.4 145+ 65 75 65 60 5 c21 ¢ 59 86 c 49 137 97 1454 118+ I
H . 1932 | Open-hearth iron;0.52 Cu, | Pipe..__ 7.4 97 92 68 112+ 1454 ¢ 10 16 65 78 103 145+ 117 145+ 80 R J—
0.15 Mo. 9.3 - [c1094-| 93 b 1454+ 96 22 c 61 82 © 86 ¢ 67 145+ 166 145+ 1454 ---- e
14.3 e 1054 1054| 89 108+ 1184 38 106+ 104+ 84 b 74 1454 104+ 145+ 1454 ---- S
2.1 5 38 31 100 30 6 21 33 36 b 20 70 44 105 70 48 I
(Ot 1937 | Open-hearth iron;0.45 Cu, | Plate __ 4.0 o 74 44 116 48 20 28 66 38 c 48 75 65 84 55 ¢ 97 ey
0.07 Mo. 9.0 £2424-| 72 85 174 97 66 38 64 66 74 102 102 63 80 89 I
o : 2.1 66 38 29 7 32 6 20 32 36 33 72 32 132 50 51 I
e EIE T T A
G . g o ) J o
SRS LY Og%’;'};a;m STRT RS e { L9 | o |v4a2 | 44 60 48 | v13 16 41 4 22 47 | va3 71| 128 I
: . 6.9 2124 86 49 1604 116 26 40 62 42 76 b 84 107 144 86 80 I
H________| 1941 | Open-hearth iron;0.47 Cu, | Pipe___ 5.0 o 67 60 40 81 40 38 30 38 1144 145+ 68 1454 1454 63 24
(.8 Mo.
. 2.1 63 38 34 82 26 6 25 53 38 14 60 49 108 58 48 .
e C(gfe;:;"iell LN L || 4 ‘ 40 | | 51| ® 96 64 15 10 63 60 2 84 0 8 9 82 |
9.0 f1484| 38 M 140+ 72 33 57 84 69 40 76 58 67 102 136 e
a5 ¥ . 2.1 54 26 34 106 36 6 20 62 51 22 66 45 38 64 50 o
B 1 Ngli‘ell'%olpgzr e { 40 | | 56 | s2 | 139 52 12 28 56 69 2 88 84 73 84 I —
T : 9.0 £1614 45 88 135 97 32 73 80 70 37 80 75 51 D 142 e
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2.0 6 | 23 | 22 % 23 | | e2:8 | w12 42 | o 08 il g8 | d01 | oo | .
) . 5.4 55 | 26 | 34 42 71 3 2 30 46 17 108 48 75 | 145+ Y
Decenes- || REE Nf\“}?i’%""g“ SR 2 || Piteeall| 5 4 70 | 44 | 51 145+ 1104 14 14 51 72 41 145+ 68 41+ 145+ . | .
i T e 93 | ... | 37 | 62 | 1454 52 14 | e38 41 | e58 | 70 | b1ds+| 74 | coet| 1454+ . | ...
14.3 | e1184+| 42 | 71 1454+ 106+ e22 92 42 68 % | 145+ 1454+ 1454 .. | .
Yoo 1941 | Nickel-copper steel; 1.95 |__do.____ 50 | . | 56 | 64 16 80 29 15 50 57 2 | 2104+ 96 92 | 145+ o8 10

Ni, 1.04 Cu. j |
P 1941 | Composite steel h_________ Plate____ 5.G e 46 42 == 57 43 28 I b33 80 42 80 S 71 37
) 2.1 8 | 40 | 40 52 71 14 23 30 | 36 31 42 50 56 58 66 | ..
oo 187 Cgi;%';‘P il L0 (O, [|o- D oo { 40 | .~ | 64 | 51 T 52 42 57 4 | 41 7 44 80 47 o4 | .
- ° 9.0 | o2 | 45 | 77 84 o8 56 | 1124 7 5 | bso 60 86 58 58 | 1484 ...
NN______| 1930 | 29 chromium steel with | Pipe.__|[ 1.9 | —_ | 65 | 50 78 46 22 18 42 40 38 40 51 | 1454 1244+| 1304+ ..
Mo. | 6.9 | 107 [p100 | _ 138+ 100 23 48 76 | b6l 48 | 106 98 | 1454 1454 96 | ..
2.1 35 | 40 | 26 38 2 22 19 31 2 20 56 56 78 5 | 102 | ...
KK [ 1937 | .- do._..... ... Plate.._[{ 4.0 | . | 52 | 52 60 42 27 2 35 56 24 70 55 | 130+ 68 9 | .
9.0 | r1104+| 69 | 84 9%+ 67 34 57 76 58 11 70 76 80 784 110 | ...
2.0 69 | 46 | 42 58 36 | ... 33 | =10 52 43 124 68 86 64 L
54 | 105 | 56 | 65 | 1544 70 32 | 67 | 37 83 87 | 154+ 107 | 133 1124
P 1932 | 5.05% chromium steel_.___| Pipe____\ 7.4 | 106 | 57 | 88 | 154+ 70 | <20 62 38 1254 89 | 1544| 1384 1544| 65 | oo | ..
93 | .. | 0 | 8 136 | 111 2 110 74 70 | 1364 1544|1314 154d| 1254 .. | ...
14.3 | 134+ 66 | 85 | 1544| 1544+| 28 1544+ o4 126 | 1274 1544| 1004| 1544 1374 o | .
i ) . 2.1 62 | 43 | 34 66 48 18 32 30 32 62 48 37 59 16 87 | ...
Whemmcecl | LA || G QUL oo “‘“e"" 40 | . | 57 | 8 95 44 39 51 36 52 70 60 46 99 57 | 121 | .
9.0 | f114 | 66 | 70 104 64 66 64 42 74 | 108 62 63 92 48 | 194 | .
. ) ~ 2.1 5 | 36 | 3¢ 62 39 20 26 2 26 16 16 39 81 56 79 | ..
Moo 12 4'2}?°hr°mmm5tee1“"’h ”‘do“"{ 40 | . | 50 | 47 80 16 2% 36 36 46 73 66 48 88 52 | 106 | ...
: 9.0 | 8 | 66 | 51 108+ 56 55 72 30 54 88 46 52 57 52 | 154 | ...
21 | b64 [b32 | 30 | beo 48 18 2% 24 32 | b42 16 50 72 41 88 | ...
H__ _____| 1937 | 5.769, chromium steel with |-__do_____ 4.0 57 39 90 b 44 33 32 32 58 72 72 56 117 44 94
Mo. 9.0 | r109 | 71 | 58 | _.__ 52 64 76 | b3s 56 78 70 63 76 54 | 1324 ...

‘ ‘ ‘

LS

a Exposed for 1.0 yr only.

b Data for 1 specimen. The other specimen was missing.

¢ Data for the individual specimens differed from the average by more than 509,

d 4, one or more specimens contained holes because of corrosion.

e Data for 4 specimens.

f Data for 8 specimens.

& Data for 10 specimens.

h Specimens composed of 3 layers as follows: outer layers—plain carbon steel, 0.036 in. thick; intermediate layer—29, nickel, 19, copper, 0.100 in. thick,




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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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

=0T (1)

Taking logarithms of both sides, this equation
takes the form of the linear equation

log y=log a-+n log . (2)
Expressing the logarithm of the pit depth as log
P, the logarithm of the time as log 7, and the
y-intercept as log k, the following equation is
obtained:

log P=log k-+n log T. (3)
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Frgure 3.

Average loss in weight and mazimum penetration-time curves of wrought pipe spectmens in 13 soils.

A, Wrought iron, hand-puddled; B, wrought iron, mechanically puddled; H, open hearth iron. 0.52-percent Cu, 0.15-percent Mo; N, low carbon steel; D,

steel, 2.47-percent Ni, 1.01-percent Cu; P, steel, 5.05-percent Cr.
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Ficure 4.

Average loss in weight and maximum penetration-time curves of wrought plate specimens in 14 soils.

0, Open-hearth iron, 0.45-percent Cu, 0.07-percent Mo; N, open-hearth iron, 0.54-percent Cu, 0.13-percent Mo; S, plain carbon steel; A, open-hearth steel;
J, steel, 0.95-percent Cu, 0.52-percent Ni; B, steel, 1.96-percent Ni, 1.01-percent Cu; C, Cr-8i-Cu-P steel—1.02-percent Cr, 0.42-percent Cu; K, steel, 5.02-percent
Cr; E, steel, 4.67-percent Cr, 0.51-percent Mo; H, steel, 5.76-percent Cr, 0.43-percent Mo.

By similar substitutions, a linear equation ex-
pressing the relation between weight loss W, and
time was obtained:
log W=log k,+u log T. 4)
These equations, which were derived originally
by Logan, Ewing, and Denison [3] and by Martin
[4] to express, respectively, the progress with
time of the pitting and weight loss of wrought
ferrous metals in soils, were fitted to the data
shown in figure 3 by the method of least squares.
The mean values of weight loss and pit depth given
in 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

Soil Corrosion of Ferrous Materials

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 respective
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 texts on statistical methods [6]:

i o
=2 6
NN, (6)
59



TaBre 7. Comparison of average corrosion at all test sites of wrought materials exposed 1/ years

Loss in weight (0z/ft?) Maximum pit depth (mils) \
e ‘ Differ- | \ Differ- | ‘ ;
ﬁi‘lt Material Mean Stand- tﬁ?fﬁe(:)xfn Stt‘?r%;l%{‘d‘ Mean | Stand- 1 tlﬁp:r(n(?lfn ‘\(E;}r}(‘)(;:gfd |
tion b ‘ard from the dif- | 20, | X ‘urd from the dif- 2%,
(Wr=14y1) cr;_or material | ference # | (Pr=11 yr) eTIOT | material | ference a v {
|N op | | N oD | i
| | | > | I
I - e | ‘77— —‘7777 [ -‘771‘*>7777 DR
N Plainsteel ... ... 16.7 L4 | . ‘ ,,,,,, ‘ ,,,,, |13 4.0 ‘ ,,,,,, [ ooeeee S
A Hand-puddled wrought iron-________ 14.8 1.2 —1.9 1.8 3.6 | 103 4.1 —10 | 5.7 1.4 |
B Mechanically puddled wrought iron- - 14.3 1.2 —2.4 1.8 ; 3.6 | 107 585 —6 6.9 13.8 |
H Open-hearth iron_ 13.6 | 1.0 —-3.1 1.7 | 3.4 109 1.5 =4 4.3 8.6 f
P 5%, Crsteel - _______ 13.5 1.2 =342 1.8 3.6 125 5.0 +12 6.4 12.8 |
D 2% Ni-197Guaisteel SEmr s mn e n o ‘ 10.7 1 2 e o3U; i 1.8 3.6 | 92.2 8.3 —20.8 9.1 ‘ 18.2

siar— ,\/7%—-1_7:2 (see text).
where

o, =standard deviation of first sample,

o,=standard deviation of second sample,

N,;=number of observations of first sample,

N,=number of observations of second sample.

By comparing the standard error of the differ-
ence op with the difference between the two
means X, and X., the probability that the observed
difference is significant can be found by reference
to tables of probability corresponding to the num-
ber of times the observed difference exceeds the
standard error. For the present study, a differ-
ence between means of at least twice the standard
error was selected. A difference of this magnitude
corresponds to a probability of 21 to 1 that the
observed difference is significant.

On the basis of this criterion, only material 1),
containing 2 percent of nickel and 1 percent of
copper, can be considered definitely to be more
resistant to weight loss and to pitting than the
plain steel, N. However, there is some probability
that material P, containing 5 percent of chro-
mium, is slightly 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 maximum of 9 yr
indicate that all of the materials except those con-
taining 2 percent or more of chromium, namely,
materials K, D, K, and H, corroded essentially
alike. The beneficial effect of chromium in higher
concentration is indicated by the lower average
weight losses for the 5-percent chromium steel D.

60

The effect of molybdenum in reducing the corro-
sion of chromium steels is indicated by the curves
for materials £ and H, both of which contain
approximately 0.5 percent of molybdenum in
addition to 4.67 and 5.76 percent of chromium,
respectively.

The benefit conferred by chromium in reducing
weight loss apparently does not extend to maxi-
mum penetration, because the 5-percent chromium
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 hand, the effect of
molybdenum in reducing the depth of the deepest
pits as well as weight loss 1s indicated by the fact
that the materials containing approximately 0.5
percent of molybdenum, F, I, and K, also show
relatively low values for maximum 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 /£ and #, both
of which contained from two to three times as
much chromium.

Although 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 contain molyb-
denum, there 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 that chromium carbides
precipitated along grain boundaries might have
served as local centers of attack and so might have

Journal of Research
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FIGURE 5.

Longitudinal sections of /=6 percent chromium steel specimens.

X 500.

D, 5.02-percent chromium; E, 4.67-percent chromium with 0.51-percent molybdenum; P, 5.05-percent chromium.

accelerated pitting, microphotographs of material
P were prepared for comparison with chromium
steels  that considered  to show normal
behavior.

Microscopical examination of steel P (fig. 5)
reveals that the carbides are in lamellar form,
partly spheroidized. By contrast, the carbides of

steel D are completely spheroidized and are com-

were

pletely dispersed throughout the matrix. Because
neither of these steels contains molybdenum, the
arbides are probably chromium carbides. As
the microstructure of material 7 is considered to
be that of a normal 4- to 6-percent chromium
steel, the apparent accelerated pitting of this
material cannot at present be accounted for.

The carbides of steel £ (fig. 5) are localized
around the grain boundaries. Because this steel
contains an appreciable amount of molybdenum
most of the carbon was probably combined with
molbydenum, and the chromium remained in
solution in the ferrite. This may account for the
slightly improved resistance of steel /£ as compared
with steel D.

The results of the tests of steels B and 1), con-
taining 2 percent of nickel and 1 percent of copper,

Soil Corrosion of Ferrous Materials

are conflicting.  Material D is definitely superior
to plain steel with respect to weight loss and pitting
(fig. 3), whereas material #, having the same
nominal composition, shows no advantage from
its content of nickel and copper. A probable
explanation for this difference in behavior is the
acceleration of corrosion from the presence of mill
scale on material 5, which unlike ), had not been
pickled.

Comparison of the average corrosion resistance
of the different materials in all of the soils reveals
nothing concerning the behavior of these materials
in any one soil or environment. Consequently,
superior corrosion resistance of a material in any
one environment might be obscured by inferior
resistance in another. In order to compare the
behavior of the materials under specific environ-
mental conditions, the corrosion data for the
soils classified according to environment (table 2)
were calculated on a relative basis for each period
of exposure, the standards of reference, carbon
steel (V) and open-hearth steel (A), being taken
as 100 percent. The averages for all periods and
for all soils in the same environmental group are
given in tables 8 and 9.
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TaBLe 8. Effect of composition on the corrosion of low-alloy iron and steel pipe specimens in
different soil environments—maximum exposure 1/ years

Composition of steel (percent) Environment
Organic Inorganic
Identification — — e
Cr Ni Cu Mo Reducing Oxidizing Cinders
Reducing
acid
Acid Alkaline Acid Alkaline
AVERAGE LOSS IN WEIGHT FOR 5 PERIODS OF EXPOSURE—RELATIVE BASIS (PERCENT)
. - I I 100 100 100 100 100 100
s, 2.47 1.08 N 70 76 63 67 53 100
- i 0. 52 0.15 78 96 78 94 104 81
5.05 - R S 75 94 81 62 94 59

AVERAGE MAXIMUM PENETRATION FOR 5 PERIODS OF EXP

OSURE—RELATIVE BASIS

(PERCENT)
N S S coer 2o 100 100 100 100 100 100
) S — e 2.47 1.08 I 85 66 90 75 78 99
H_o____ S . 0. 52 0.15 103 97 94 132 127 80
| IR 5.05 o= G oo 156 82 132 118 124 74
TasLe 9. Effect of composition on the corrosion of low-alloy iron and steel plate specimens in
different soil environments—maximum exposure 9 years
Composition of steel (percent) Environment
Organic Inorganic
Identification =
Cr Ni Cu Mo Reducing Oxidizing Cinders
Reducing .
acid
Acid Alkaline Acid Alkaline

AVERAGE LOSS IN WEIG

HT FOR 3 PERIODS OF

EXPOSURE—RELATIVE B

ASIS (PERCENT)

0.049
.02
.02

1.02
2.01
5.02
4.67
5.76

0.034
.15
.14
.52

1.96
.22
.07
.09
.09
J17

0. 052
.45
.54
.95

1.01
. 428
. 004
. 008
. 004
. 004

cems 100
0.07 83

13 82
S 79
. 90
85
.57 62
- 52
.51 51
.43 52

100 100
98 94
94 96
87 96
82 93
90 88
88 80
53 85
54 85
54 76

100
104
102
73
59
80
89
41
43
42

100
93
92
87
91

102
91
60
61
72

100
133
102
124
145
84
et
68
51
50

AVERAGE MAXIMUM PENETRATION FOR 3 PERIODS OF EXPOSURE—RELATIVE BASIS

(PERCENT)

Ao 0.049 | 0.034 | 0.052 | ____ 100 100 100 100 100 100
.02 15 45 | 0.07 102 123 110 97 97 62
.02 14 .54 .13 97 106 104 95 84 56
.52 95 | 81 113 102 93 86 76
| res | onor | 85 113 111 100 82 91
102 | 0.22 | 0.428 | ____ 130 81 88 91 80 50
2.01 .07 004 | .57 82 78 90 93 96 60
5.02 .09 008 | 149 77 105 97 76 46
4.67 .09 004 | .51 130 62 94 83 72 49
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 are seen from the data
reported in table 8 (material /) and in table 9,
materials O and N, to have had no significant
influence on the rate of corrosion. As a matter of
interest, it may be noted that the addition 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
B and D, each containing 2 percent of nickel and 1
percent of copper, has been previously commented
upon.

As was previously noted, the effects of additions
of chromium are difficult to evaluate because most
of these steels also contain molybdenum. All of
the chromium steels lost less weight than the
reference material A (table 9). The maximum
penetration is also less for all environments except
the organic-reducing. This benefit of chromium
is especially marked in cinders. In general, the
maximum resistance to corrosion is shown by steel
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Frcure 6. Effect of chromium content on loss in weight and
pitting of steels in three poorly aerated soils, exposure 9 yr.
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I, containing slightly less than 5 percent of
chromium and 0.5 percent of molybdenum.

The curves shown in figure 6 indicate that the
advantage gained in reduction of pitting by the
addition of small amounts of chromium may be
lost if the amount added exceeds a certain optimum
value. In fact, the pit depth curves for Acadia
clay and Lake Charles clay in figure 62 indicate
that steels containing 18 percent of chromium
show a slight acceleration of pitting over plain
steel. The tendency for chromium to accelerate
the pitting of steels in natural waters has pre-
viously been noted; LaQue [7] cited the work of
Speller on the corrosion of steels in river water,
and on the basis of his own observations in sea
water, concluded that addition of chromium to
steels for the purpose of reducing weight losses in
natural waiers should probably not exceed 3
percent, because larger amounts may accelerate
pitting.

(b) High-Alloy Steels

Corrosion data for the high-chromium and
chromium-nickel steels, some exposed for 7 yr and
some for 14 yr, are given in table 10; and the
effects of composition on the corrosion of three
steels in three soils are illustrated in figure 7.
[t is unfortunate that complete information con-
cerning the rolling and heat treatment of the
various steels is not available, because these
factors undoubtedly played a part in the corrosion
of the materials. It is shown quite conclusively,
however, that plain chromium steels are subject
to severe pitting, and that steels containing at
least 18 percent of chromium and 8 percent of
nickel 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 steels are 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
in table 3 because the complete analysis of this steel is not available.
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n SOIL 84 ~ SOJL 65 SOIL 66

Frcure 7. Specimens of high-alloy steels ajter exposure for 14 yr.

U, 12-percent-chromium steel; V, 18-percent-chromium steel; W, 18-percent-chromium, 9-percent-nickel steel.
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TaBLE 10. Loss in weight and depth of pits of high chromium and chromiwm-nickel steels exposed for 7 years and for 1/ years *

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

Specimen... .- . - o Ub Ve ‘ x K [ R W d Y d CcM DT
AISI Type NO_ - 410 430 | 430 304 304 302 309 316
\
e (5) ()] 2 (2) (2) () (5) 2 (2)
0.065 0.070 0.12 0.08 0.05 0.093 0.144 0.07 0.07
.38 .36 .42 .44 .46 .36 1.80 1.24 1.99
_____________ .02 R .02 0.02 SRS 1.07
11.95 17.08 17.72 17.20 17. 52 18.69 22.68 17.78 19. 27
0.48 0.09 29 8.95 8.85 9.18 12. 94 10. 96 22,12
........................................................................................... 2.63 3.52
Max- Max- Max- Max- .| Max- .| Max- Max- Max- Max-
Soil No.f Lossin | imum | Lossin | imum | Lossin | imum | Lossin  imum L.0§s in | imum Lyoss in| imum | Lossin| imum | Lossin | imum | Lossin | imum
weight | pene- | weight | pene- | weight | pene- | weight | pene- | weight | pene- | weight | pene- | weight | pene- | weight | pene- | weight | pene-
tration tration tration tration tration tration tration tration tration
0(ft? | Mils | oz/ft? | Mils | oz/ft? | Mils | oxuft® | Mls | oz/ft? | Mils | oz/ft2 | Mils | oz/ft? | Mils | oz/ft2 | Mils | oz/ft2 | Mils
- I S I -——- | 0.03 20+ R S ——-- | 0.0004 M 0.001 0
- . 0009 0 R P . R .03 0 .03 0
0.0002 | M 0. 0001 0 — ot — ——-- | 0.0005 0 0. 0003 0 .002 0 . 0007 0
S s e e — IV .20 324 e - s A SN e . 002 8 0 0
S P 0.85 52 . 002 0 0. 0008 11 S s . 0003 0 0 0
.0002 | M .001 M S .0007 0 . 002 12 . 001 P . 0009 0 . 0006 0
5.4 37+ 1 164 . . 0006 0 .003 M . 001 M .002 0 . 0003 0
e I s — e S . 0004 P S - S— sooe p— e 0 0 . 004 0
s e i p— .03 6 . 0004 M .003 6 D o . s . 0007 0 . 0007 0
S S - .33 13 .06 i 12 13 T s S Sy . 002 0 . 0004 0
5.7 63+ | 1.4 63+ .34 48 . 003 P | .04 7 002 0 . 0007 0 . 0004 M . 0004 0
0.46 62+ | 0.7: 614 .01 16+ - |0 M .00004| 0 . 002 0 .001 0
3.2 62+ | 2.3 62+ S L0009 | P |0 M 0 M 0 0 0 0
SO I 5.19 73 .0008 | 12 .002 8 S - . 002 M .002 0

a Specimens “CM”’ and “DT” were exposed to the soils for 7 yrs. The remaining specimens

b Annealed at 1,400° ¥, pickled, lightly cold-rolled.

¢ Annealed at 1,600 F, pickled.

& Heated to 1,850° F, air quenched, pickled.

e The numbers in parentheses indicate the number of specimens removed from each test site.

t See table 1 for names and location of soils.

were exposed 14 yrs.




TaBrLe 11.  Results of exposure of high-alloy steels to a poorly aerated soil containing sodium chloride (Docas clay, soil 6)

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

= = =
. B . . | . | . ‘ Low car- |
Specimen_________________________. U V EX K R W | Y | CM DT ol
PO - e | U | S P | A ——
AISI Type NO_ oo oo . 410 430 430 304 304 302 309 1 316 | ______. E———
. e — I S e .
Composition:
0.065 0.070 0.12 0.08 0.05 0.093 0. 144 0.07 0.07 | ...
38 .36 42 44 46 .36 | 1.80 1.24 100NN R e
....... .02 o T, e PRSI .02 0.02 R 1.07 e
11.95 17.08 17.72 17.20 17.52 18.69 22. 68 17. 7 19.27 | . .C
0.48 0.09 0.29 8.95 8.85 9.18 12.94 10. 96 22128 NN
_________________________________________________ l 2.63 3.52 e
Loss in weight (oz/ft2)
0.67 0.53 0. 50 0.01 0.01 0.002 0.€03 0. 006 0.002 12. 6
10 .28 .30 . 002 .01 002 S 002N S | 25.3
N7 .44 () . 003 .02 .002 ‘ . 005 ; . 004 . 004 35.6
3.2 1.2 (®) .08 .06 .002 | 006 | oo | oo D
5:1 1.4 0.34 .003 .04 .002 ' 20007 |l D
|
Maximum penetration (mils)
| | |
634 634 (») 17 8 8 5 | M 0 130
63+ 54+ 10 <6 0 4 <6 [ | VN 154+
63+ 63+ 21 8 0 M | <6 | M 0 154+
63+ 63+ 96 14+ 36 <6 <6 154+
63+ 63+ 48 <6 7 0 0 [ [ _______ 154+
I

a 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 air and its high content of sodiura 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.

(c) 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

66

maximum penetration for all materials were
approximately the same for each period except for
alloy FE, 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

Journal of Research
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Ficure 8.

Average loss in weight and maximum penetration-time curves of cast iron pipe specimens exposed in 14 soils.

G, Rattled cast iron; F, sand-coated cast iron; I, cast iron, 0.51-precent Cu, 0.28-percent Mn; T, cast iron—0.62-percent Cu, 0.83-percent Mn: C, cast iron—
0.30-percent Cr, 0.15-percent Ni; E, cast iron—15.0-percent N1, 6.6-percent Cu. 2.6-percent Cr

copper-molybdenum open-hearth iron 77. Values
are given for five periods of exposure except for
those soils in which the number of perforations
rendered the corrosion data meaningless.

It is evident from the corrosion-time curves
shown in figure 13 that the rate of corrosion
with respect to both weight loss and maximum
penetration varies from zero after a short period
of exposure to a rate that is proportional to time.
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Fraure 9. Average loss in weight and maximum penetration
of specimens of cast irons exposed for 5 yr in 1/ soils.

Soil Corrosion of Ferrous Materials

In general, it may be said that curves showing a
marked diminution of the rate of corrosion with
time (soils 53 and 55) are typical of corrosion in
well aerated soils, whereas curves indicating a
linear rate (soil 56) are typical of poorly aerated
soils.

Within the limits of the accuracy of the data,
the curves obtained by plotting the values for
maximum penetration and weight loss against the
length of exposure conformed to the following
equations, which were employed in comparing
the corrosion of the low-alloy irons and steels:

P=kT",

and

where P=maximum pit depth at time 7
W=weight loss at time 7'
As will be recalled, these equations are linear on
logarithmic coordinates, the constant £ (k) being
the y-intercept and n (u) the slope. The values of
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TABLE 12.

Loss in weight of specimens of cast iron

(Average of 2 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
Ideggléica- t]’g(;. Material Form 0;!%)%_ ) ) Mo-
sure | pcuia oo g ke | | 08 | iy | S (oot mian | moas | OBz | oo
clay |yoam [ town | eclay muck | Pt | clay | clay |™Marsh | clay | oo | gravel-
loam 1y loam
Years
2.0 11.9 4.7 207 9.5 5.8 —— 10.6 | s 1.1 6.7 3.8 12.6 10.3 6.0
5.4 18.4 2.0 2.4 14.8 12.1 2.6 7.2 4.8 5.6 3.2 21.8 6.2 6.2
G________| 1932 | Rattled castironb________| Pipe __. 7.4 20.8 2.6 3.1 22.0 19.0 ©3.9 4.9 4.5 5.0 1.4 35.5 7401 5.6
9.3 o 3.2 3.6 4D 20.1 3.6 20.8 7.1 8.1 6.1 D 7.6 4.0
14.3 eD 3.3 2.4 fD D 6.8 28.6 12.3 85 |c13.1 D 9.0 D
CANI ~-_| 1941 | Plain castiron____________ do_.___ 5.0 . 3.2 2.2 6.5 6.8 14.4 6.5 6.8 3.6 3.8 |219.7 8.6 6.2
2.0 14.9 3.0 2.8 5.1 4.6 S 9.8 | 20.9 6.5 2.8 15.5 11.9 5.1
5.4 24.8 N7 1.5 9.5 12.4 2.3 7.2 5.6 4.2 2.8 26.6 8.1 5.4
) R _. | 1932 | Low-alloy; 0.51 Cu, 0.28 |.__do.___ 7.4 21.1 157 2.4 4.7 20.6 3.0 7.2 5.3 4.2 3.5 39.4 8.0 4.7
Mn 9.3 . 2.8 2.7 37.3 2.1 4.1 (°c18.2 7.5 6.6 |10.0 46.8 1HN0; 8.2
14.3 |127.6+| 2.3 2.3 42.0 37.1 e5.1 33.6 11.0 6.7 7.4 49.6 12.3 18. 6
2.C 14.7 3.1 3.9 5.1 3.7 = 7.8 s1.0 6.8 4.6 15.9 11.0 6.0
5.4 22.9 1.8 185 12.5 11.5 2.5 7.2 6.2 4.6 3.6 26.7 9.2 7.0
JESeRe 1932 | Low-alloy; 0.62 Cu, 0.83 |___do.___ 7.4 21.0 1.8 2.4 22.7 20.0 3.2 5.7 5.3 4.8 3.0 44.1 9.0 7.6
Mn 9.3 —=oC 2.6 2.1 33.7 27.1 2.9 [¢17.0 6.9 6.4 |c1l.4 44.6 10.3 12.2
14.3 |i31.14| 3.4 2.6 [£43.0 |h39.64| 6.2 30.7 10.7 7.5 8.5 57.7 12.5 22.6
2:0 15.1 3.9 3.4 752, 9.0 S 9.0 al.2 6.4 3.1 14.4 12.9 8.3
5.4 29.3 1.9 1.5 10. 4 14.3 1.9 6.7 4.7 4.6 1.8 31.2 12.2 11.2
(Bl -| 1932 | Low-alloy; 0.30 Cr, 0.15 |___do _-- 7.4 23.7 1.6 | 2.0 19.6 18.0 2.2 4.3 5.0 2.5 12,1 4.7 1051 6.0
Ni 9.3 S 2.2 2.0 29.7 21.9 ©2.4 (c13.1 7.2 6.9 2.6 |141.9 14.6 10.7
14.3 eD 3.5 3.3 | h34.04+ D 5.0 25.3 10. 8 6.6 c4 5 |h36.14| 17.5 D
B________| 1941 | Low-alloy; 1.27 Ni, 0.32 |.__do____ 5.0 S 3.9 2.5 3.9 4.4 13.3 2.0 5.7 3.5 2.4 20.4 7.7 8.2
Cu
(6 1941 | Low-alloy; 1.71 Ni, 0.98 |___do____ 5.0 e 3.5 2.6 4.1 3.5 kil 1.9 5.6 3.8 2.3 18.7 9.9 9.3
Cu
NC..___. 1941 | Low-alloy; 2.08 Ni, 1.10 | Plate ___ 5.0 —— 3.3 1.6 4.8 3.6 5.4 4.4 3.4 3.1 14.3 15.5 7.9 6.6
. Cu
N____ | 1941 | Low-alloy; 3.10 Ni________| _do.___ 5.0 o 3.0 2.1 7.3 3.2 5.4 3.6 3.4 2.5 £3.5 15.8 8.2 |110.2
D.______ | 1941 | Low-alloy; 3.32 Ni_______ Pipe . _ 5.0 e 3.5 2.6 2.9 1.4 756 3.5 5.2 2.6 2.6 14.4 7.0 8.3
2.0 4.6 1.2 0.8 3.3 0.8 e 4.2 a(.3 1.7 .6 4.4 1.5 3.1
5.4 4.1 0.7 .6 4.6 4.9 0.4 4.9 1.8 il it o) 3.1 3.0 3.0
.. 1932 | High-alloy; 150 Ni, 6.6 |.__do.___({ 7.4 3.9 7| a4 8.6 e 6 | 1.3 1.7 1.0 7 5.8 2.0 3.5
Cu, 2.6 Cr 9.3 ———- | 1.4 7 14.6 9.9 .7 1¢10.0 273 2.7 1.6 12.8 2.6 3.3
14.3 © 957 ‘ 1,97 ) 17.3 10.0 e1.3 11.6 5.2 2.3 1.5 4.8 a3l 7.6
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Cin-
ders

26.8
48.2
23.0

30.3
48.9

h6l. 44

24.6
51.4

b 65. 0+
b 51. 5+
21.5
35.9
26.7
45.7

52.3

70

Mer-
ced
silt

loam

4.8

4.2

72

Papa-
kating
silty
clay
loam

0.8

1.0

0.9

a Exposed for 1.0 yr only.
b Ordinary cast iron horizontally cast in green-sand molds and rattled to remove sand.

< Data for the individual specimens differed from the average by more than 50 percent.

4D, both specimens destroyed by corrosion.
e Data for 4 specimens.

f Data for 1 specimen. The other specimen was missing.
¢ Data for 3 specimens.
h Data for 1 specimen. The other specimen was destroyed by corrosion.
i Data for 3 specimens. The other specimen was destroyed by corrosion.




Fraure 10.  Corrosion of unalloyed steel exposed 14 yr at 1/ test sites.

See table 1 for identification and properties of soils.

Soil Corrosion of Ferrous Materials
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Frcure 11.

65 66

Corrosion of plain cast iron exposed 14 yr at 1/ test sites.

See table 1 for identification and properties of soils.
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Ficure 12.  Corrosion of open-hearth iron plates exposed 9 yr at 15 test sites.

See table 1 for identification and properties of soils
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Fraure 13.

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

Because the eonstants £ and %’ represent, re-
spectively, maximum penetration and weight loss
at 1 yr., the 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 relatively large values
for the constant £ for the group of six soils of fair
to good aeration, No. 64, 66, 62, 65, 55, and 53
(table 14) are to be ascribed largely to the depolar-
ization of the cathodic areas by the oxygen of the
soil atmosphere. The low values of £ for the re-
maining poorly or very poorly aerated soils are a
consequence of cathodic polarization because of the
deficiency of oxygen in these soils.

Comparison of the values for £ and n shows that
there is a good inverse correlation between these
two constants, from which it follows that the higher
the initial rate of pitting the more rapidly does the

72

Weight loss and pit depth-time curves for wrought materials in typical soils

rate of pitting 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 conditions.

A probable explanation for the inverse correla-
tion noted between the constants £ and n is as fol-
lows: In poorly aerated soils, characterized by low
values for the constant £, ferrous ions, migrating
and diffusing from the local anodes have a negli-
gible effect on the rate of corrosion, the rate being
determined entirely by the depolarization of hy-
drogen at the cathode. However, in soils that
contain oxygen in excess of that required for cath-
odic depolarization, ferrous ions are oxidized and
precipitated in close proximity to the local anodes.
The tubercles formed in this manner prevent the
further migration and diffusion of ferrous ions with
consequent reduction in the rate of corrosion by
anodic polarization. The mechanism of tubercle
formation and its significance in soil corrosion have
been considered in previous papers [8, 9].

Journal of Research



? TasrLe 13.  Mazimum penetration of specimens of cast iron
= (Average of 2 specimens in mils)
Q
o
<] Test site number and soil type
2
g. e Niear Aa\g;r- 51 53 55 56 58 59 60 61 62 63 64 65 66 67 70 72
] tion l:‘l’l‘i e o es){ﬁ%_ . | Cecil | B2 | pake Car- i Shar- |Susque-| . Chino Ill\;[\(l)é i ey ﬁ‘x’é’g
- Acad}a clay | ™" | Charles] Muck | lisle Rl,ﬂe key | hanna Tidal | Docas silt fine Cin- ced silty
2] cay |1oam |tOWD | “ilay muck | P8 | (lay | clay | ™arsh | cay | oo | gravel- | ders silt clay
[} loam 1y loam loam | 1o0m
a N . S =t
o
g Years -
2.0 90 48 48 41 34 - 50 a 24 70 38 131 46 56 129 I B
z 5.4 |c 250+ 49 66 119 104 52 60 48 66 43 116 74 71 250+ SR —oos
Q ¥ 1932 | Sand-coated castiron______| Pipe___|{ 7.4 | 2504 | 102 | 126 | 250+ | 200+ | 46 35 56 106 52 150 86 122 2504+ | .. | ...
o 9.3 S b 75 98 250+ 250+ 44 b 1634 78 90 131 250+ 145 118 250+ S E—
g' 14.3 |4 250+ 128 135 |& 250+ 2504 | 4 64 142 98 109 b 1644 2104 1824 250+ 2504 smie -
E' 2.0 118 42 48 36 26 SEEN 52 s 43 64 24 124 50 60 160 e A
5.4 250+ 51 50 109 179+ 33 68 55 95 74 126 94 79 2504 e —
G 1932 | Rattled cast irone.__.____ __.do.____ 7.4 250+ 71 126 | 250+ | 250+ 52 26 76 118 61 122 112 1814 210+ I —
9.3 S 57 123 250+ | 250+ 52 b 175+ 8 » 81 114 250+ 131 152 250+ P P
14.3 |4 250+ 138 149 250+ 250+ | 4 70 197+ 98 140 156 250+ 146 250+ 250+ o B
A 1941 | Plain cast iron____________ __.do___. 5.0 —e-- 1794 110 124 106 89 52 78 53 99 151 113 67 250+ 104 39
2.0 102 30 28 22 41 S 38 a 30 100 20 136 56 57 128 R o
5.4 305+ 47 56 98 107 43 50 83 71 60 116 95 60 b 2174 o s
1 1932 | Low-alloy; 0.51 Cu, 0.28 |___do . _ 7.4 304+ 50 90 191 192 44 80 90 94 b 90 146 110 149 240 SIS S
Mn. 9.3 S 58 108 249 240 74 b 140 113 91 104 317+ 172 214 327+ s s -
14.3 (4 317+ 92 132 210 2984 | 4 93 218 118 103 130 2614 141 350+ 350+ I -9
2.0 106 54 36 30 28 S 38 a 26 68 51 120 58 54 108 Shem Y
_ 5.4 309+ | 45 59 93 109 35 57 60 80 83 104 100 70 b 210+ s R
4] 1932 | Low-alloy; 0.62 Cu, 0.83 |___do_____ 7.4 260 60 97 184 179 57 25 78 84 72 156 118 200 276+ S -
Mn. 9.3 I 62 b 96 215 233 49 b 130 80 b 63 85 246 156 193 266+ I Y
14.3 |4 350+ 57 108 |2 230 3144 | 4 57 152 124 112 g 78 2564 150 350+ 314+ N s
2.0 112 39 26 32 44 oo 34 a 15 80 10 142 58 68 119 O e
5.4 250+ 40 58 101 124 11 7 44 76 12 146 91 120 250+ SN S
C 1932 | Low-alloy; 0.30 Cr, 0.15Ni_|___do.____ 7.4 2504 | 88 95 | 150 176 b 20 18 53 83 g 132 143 128 161 250+ S -2
9.3 —--- |b 66 123 216+ 250+ 24 b 93 119 80 40 5 2504 161 141 1954+ . it
14.3 |4 2504 | 1714+| 184 2224 250+ | 4 56 250+ 137 124 144 226+ 193+ 2504 2504 - I
B 1941 | Low-alloy; 1.27 N1,0.32Cu_|___do_____ 5.0 — 124 114 96 140 89 39 122 77 102 187+ 148 80 250+ 106 30
(0] 1941 | Low-alloy; 1.71 Ni,0.98 Cu_|___do_.__. 5.0 B 144 123 64 109 111 32 112 112 86 210+ 129 80 250+ 90 52
NC 1941 | Low-alloy; 2.08 Ni, 1.10 Cu_| Plate.. _ 5.0 S 133 110 110 118 7! 56 84 94 =z 110 138 149 88 250+ 101 32
N 1941 | Low-alloy; 3.10 Ni_________|___do..___ 5.0 s 120 113 120 119 80 66 96 76 |= 106 138 100 = 80 2504 | 107 29
D 1941 | Low-alloy; 3.32 Ni_________ Pipe_.__ 5.0 S 136 96 50 144 87 94 104 104 24 226+ 157 80 250+ 93 34
2.0 30 30 30 42 50 I 24 a 36 b 43 22 28 26 26 94 B I
5.4 50 36 37 32 34 14 b 80 39 49 16 27 42 36 250+ R I
E 1932 | High-alloy; 15.0 Ni, 6.6 |___do_____ 7.4 35 51 41 53 b 58 28 g 22 30 37 55 40 42 38 208+ . S
Cu, 2.6 Cr. 9.3 P 33 34 58 53 26 b 45 b 36 53 b 32 74 35 40 250+ R R
14.3 | d78 44 51 72 54 430 72 58 60 30 34 59 54 250+ R o

a Exposed for 1.0 yr only.
b Data for the individual specimens differed from the average by more than 50%,.

¢ +, one or more specimens contained holes because of corrosion.

d Data for 4 specimens.

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

f Data for 3 specimens.

€L

& Data for 1 specimen.

The other specimen was missing.




TABLE 14.

Corrosion of wrought and cast materials at 1/, years and constants of equations connecting weight loss and mazimum

penetration with duration of exposure *

\ Soil ! ‘Weight loss Maximum penetration
- T | Aecration i - L B o ‘ B - -

i No. Type 1‘II T4 ur|0 Py, k' 4 u Ou | Pregt yr { TPr_yy i k Tk n Tn

|
2 WROUGHT MATERIALS
| |
} [ ozjft2 | ozfft? | ozift2 | oz/ft® | Mils Mils | Mils | Mils
GANR T 0 CaS LAy A S —————— T 21T ‘ 50.9 9.0 8.41 171 [0.68| 0.13 | (D) | ceme || comeil some S
66 | Mohave fine gravelly loam_____| ___.do_______ 15.0 1.6 7.12 1.12 .28 .09 [C N DR | | R
65 Chino silt loam .. ._______ Good....--.-| 13.1 L il 6. 04 0.89 .29 .08 108 9 57.9 8.9 .24 | 0.08
62 | Susquehanna clay._. .- --| Fair___ = 6.9 1.0 3.18 .87 .29 .14 83 5 55.7 | 6.4 | .15 .06
550 [MH agerstowniloamEsesmns s nues Good.. -_.| 3.4 0.4 2.08 .52 .19 .13 82 6 40.8 | 5.6 | .27 .08
53R Ceciliclayiloam B SN —— Seoodofinas 4.2 .4 2. 46 .44 .20 .09 7 8 34.1| 6.3| .31 .09
60 Riflepeat.- - - oo IBOOT S T8N 652 2. 61 1.78 .73 .33 56 16 16.4 9.0 .46 .27
63 Tidalmarsh--- .- _____________ Very poor._. . 7 0f 1.5 1. 58 0. 64 .60 .20 81 11 13.8 | 3.8 .67 .14
6108 NSharkeyiclayScSn=sEunassss s 9.3 0.8 1.12 .14 .80 .07 92 8 13.5| 1.7| .72 .06
56 | Lake Charleselay-..-.._ ... 30.5 2.3 1872 .25 | 1.09 .08 (1) | R R (R s T
58 VL Gl S 21.0 1.8 1.85 .31 0.92 .08 194 54 9.1 2.8 1.16 7
GOMNINEArlisleimu clcimmas S ———— 4.1 0.1 0.49 .02 .81 .02 36 2 44| 0.7 /0.8 07
SINNINA'cadinlclay RIuaEEu e 20.9 2 5. 59 .10 .50 .09 ((0) B T RN | RIS | gy | -
67 | Cinders__.__.__. .. ___ -.| Very poor_..| 41.0 3.0 8. 67 .76 .59 .06 [ et || ceen | cate e
CAST MATERIALS

64 D ocasiclay MR Kairissseass 58.0 5.8 9.12 1.4 0.70 0.09 140 20 120 20 0.06 | 0.10
62 Susquehanna elay_ ... 5.9 ikt 5.53 1.8 .03 16 98 10 70.5 | 14.0 | .13 .10
65 | Chino silt loam_ s 10.7 | 1.4 9.91 2.4 .03 .12 163 14 40.5 | 6.4 | .53 .08
66 Mohave fine gravelly loam______ 8.0 1.5 5.78 0.68 [ .12 .16 224 58 34.5 | 13.3 5 Ak .22
53 Cecil clay loam _ 2.4 0.5 3.13 1.4 |—.11 .22 81 10 28.5 6.8 .39 .12

| 61 Sharkey clay. - ORI 1.0 1.12 0.17 .84 .08 110 8 28.1 3.0 .52 .05
60 Rifle peat __ 17.0 8.0 4.45 4.3 ool .43 72 68 23.7 | 29.0 .42 .59
55 | Hagerstown loam.___.___..._______ Good_ ... 283 0.4 2.82 0.96 [—.07 Al 146 17 2.5 | 4.3 | .74 L11
58 Muck.- ... . 32.0 2.4 3.05 .35 .89 .06 369 26 14.9 1.3 | 1.22 .05
63 Tidal marsh.___ 6.1 2.3 1. 96 1459 .70 .09 126 7 14.8 1.8 | 0.81 .06
56 Lake Charles clay.__....__ ] o [ S 40.5 6.8 3.12 1.0 .97 .16 369 51 12.1 2.0 | 1.30 bl
59 Carlislemuek . ... ___|_ = 5.4 0.5 0. 51 0.16 | .89 .14 67 11 10.5 | 4.3 |0.70 .26
51 | Acadiaclay.....- .. _____._______| Poor._..___. 29.6 6.0 11.4 .96 | .36 .16 (1D) I R PR [TV | QPSR S5
67 | Cinders._.___. Very poor__.| 60.3 14.0 19.4 7.0 .43 .20 ((5) RN SRS DR | P | . Soen |

| | |

» Wak' T, P-k'T», where W=weight loss at the time, 7; and P=depth of the deepest pit at the time, 7"

b Specimens perforated at an early period. See table 6 for data on pit depths.

Although the permeability of the soil to air
appears to be the major factor in determining the
value of the constant 7, it should be noted that
any property of the soil that tends to increase the
solubility of ferrous ions at the local anodes, such
as high contents of chloride, sulfate, or hydrogen
ions, would also have the effect of increasing the
magnitude of n and consequently the depths of
the deepest pits.

The inverse correlation between the values of
the constants for maximum penetration, 4 and
n, is also to be noted between the constants for
weight loss, £’ and u, showing that weight loss
and pitting follow the same general tendencies
with respect to the soil environment.

The average values of the constants &, £/, n,
and u for the cast materials that corroded at
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approximately the same rates are also presented
in table 14. The materials represented are plain
cast iron @, and the low-alloy cast irons C, I,
and J. In this table the same general tendencies
noted in the case of the wrought materials are
to be observed, but with more numerous excep-
tions.

3. Comparison of Wrought and Cast Materials

Because of dissimilarities in the dimensions of
the wrought and cast ferrous specimens in the
previous field tests, no comparison could be made
of the relative corrodibility of the two classes of
materials. However, in the present series of
tests, the dimensions of the cast 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 connec-
tion 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 error 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.

TABLE 15.

High

V. Summary

This report contains the results of measurements

salts or in acidity.

of

rates

Comparison of wrought and cast materials at 1/ years

corrosion

of corrosion made on a variety of wrought and
cast ferrous materials after exposure to different
soil conditions for periods up to 14 yr.
containing small amounts of nickel and chromium
showed increased resistance to soil corrosion, but
the resulting improvement was small.
certain wholly austenitic steels containing high
percentages of chromium and nickel were com-
pletely resistant to corrosion.
which there was a significant difference in the
pitting of cast iron and wrought materials, cast
iron usually pitted at somewhat higher rates.
sustained
generally in poorly aerated soils high in soluble
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.

Steels

However,

In -those soils in

occurred

Maximum pit depth (mils)

Loss in weight (oz/ft 2)
‘Wrought . .
materials Cast materials Differ- |Standard

: _ ence error

Soil » between | of the

Stand- Stand- the differ-

Mean ard Mean | ard means ence b

error error
}1 a1 | X;z T2 X —:‘?2 ;n 20,
U | A | S— ‘,;,1,*,,, i | S S—

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
55 3.4 -4 2.3 .4 +1.1 .6 1.2
56 30.5 2.3 | 40.5 6.8 —10.0 7.2 14.4
58 21.0 1.8 | 320 2.4 —9.0 3.0 6.0
59 4.1 0.1 5.4 0.5 =12 0.5 1.0
60 17.8 6.2 17.0 8.0 40.8 10.1 20. 2
61 9.3 0.8 10.1 1.0 —f) 1.3 2.6
| 62 6.9 1.0 5.9 1.1 Srett) 5 3.0
63 Uil 1.5 6.1 2.3 +1.6 5.6
64 50.9 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
66 15.0 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

|

Cast materials

Wrought
materials
Stand-
Mean ard
error
Xi 7
7 8
82 6
194 54
36 2
56 16
92 8
83 5
81 11
108 9

Stand-
Mean ard
error
X 2
81 10
146 17
369 26
67 11
72 68
110 8
98 10
126 7
163 14

= See table 1 for type, location, and properties of soils.

2
g3

"p=.‘/i —2 (see text)
M N

Soil Corrosion of Ferrous Materials

\
Differ-
ence
between
the
means

Standard|
error
of the
differ- |
ence b |
“p ‘ 20
12 ‘ 24
18 36
60 120
11 22
70 140
1hi 22
11 22
13 26
17 33

15



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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