
3.4 Corrosion Resistance of

Maraging Steels

Composition

Maraging steels are a class of high strength steels of very low carbon content.
Strengthening is achieved by the use of substitutional elements to produce
age hardening in the martensitic iron-nickel matrix. The term maraging was
thus coined from the words 'martensite' and 'age hardening'.

The development of maraging steels began in the late 1950s, on steels con-
taining 20% and 25% Ni using a combination of aluminium, titanium and
niobium as age-hardening elements. The characteristics of these steels are
contained in Reference 1. Later work2 revealed the important synergistic
age-hardening effect of cobalt plus molybdenum and led to the develop-
ment of the 18% Ni maraging steels. Using titanium as a supplementary
hardening element, and with appropriate balancing of cobalt and molyb-
denum, nominal yield strengths in the range of 1 370-2400 MNm"2 can be
achieved. Table 3.26 lists the nominal composition of the 18% Ni maraging
steels. Other types of maraging steel include an alloy (17% Ni) developed for
use as a casting, and a 12Ni-5Cr-3Mo alloy. Stainless-type alloys have also
been developed but are outside the scope of this section.

Table 3.26 Nominal composition of 18Vo Ni maraging steels

Maraging
steel type

\S% Ni 200
18<7o Ni 250
18<7o Ni 300
18% Ni 350
Cast alloy

Nominal composition (%)

Ni

18
18
18
17-5
17

Co

8-5
8
9

12-5
10

Mo

3
5
5
3-75
4-6

Ti

0-2
0-4
0-6
1-7
0-3

Fe

Balance
Balance
Balance
Balance
Balance

Nominal yield
strength

(MNm~ 2)

1380
1 720
2050
2390
1580

Data for the cast and the Cr-bearing alloys are contained in References 36
and 5 respectively. Discussion in this article is restricted to the 18% Ni
maraging steels.
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Structural Features

On cooling to room temperature after annealing, maraging steels transform
completely to martensite. The as-annealed structure consists of packets of
parallel lath-like martensite platelets arranged within a network of prior-
austenite grain boundaries. The platelets have a high dislocation density but
are not twinned.

On heat treating at 4850C a very rapid age-hardening reaction takes place
and greatly strengthens the material. Although the nature of the precipitates
formed is still uncertain, the consensus of opinion is that ageing for several
hours at 4850C results in a Ni3Mo phase while longer times produce an
Fe2Mo phase. There may also be a titanium precipitate, Tj-Ni3Ti or Ni3(Mo,
Ti)3. Ageing at higher temperatures or longer times results in some rever-
sion to austenite, which may be stable at room temperature (depending on
time and temperature of ageing), and a lower strength.

Physical and Mechanical Properties

Table 3.27 Summary of physical properties for the 18Vo Ni 200 to 18Vo Ni 350 alloys

Density 8-0-8-1 g/cm3

Crystal structure Martensite (body centred cubic); austenite (face centred cubic)
Lattice parameter Martensite 2-856-2-862 A at room temperature; austenite (retained)

3*58 A
Thermal conductivity 19-68-20-93 kW/m2 0C (20-10O0C)
Electrical resistivity 60-70 ^Q cm when solution annealed at 8150C; 35-50 /*Q cm when

maraged at 4850C for 3 h
Melting temperature 1 430-1 4450C
Transformation temperature M8 145-20O0C; Mf 77-1450C; As 4450C
Nominal length change — 0-06Vb to — 0-10Vo during maraging

Table 3.28 Summary of nominal mechanical properties for the 18Vo Ni maraging alloys

Property

Yield strength -O- 2Vo offset (MNm"2)
Ultimate tensile strength (MNm"2)
Elongation in 25 -4 mm (1 in), (Vo)
Reduction in area (Vo)
Modulus of elasticity E (kNm~2)
Hardness (Rockwell C)
Impact Charpy V-notch (J)
Notch tensile

0-0128 m bar K1 = 10 (MNm"2)
0-00762 m bar K1 = 10 (MNm"2)

Fracture toughness (Klc)
(MNm-2Vm)

Endurance limit (MNm-2)
Smooth bar 108 cycles
Notched bar 108 cycles (K1 = 2-2)

(ATt = 2-8)

18Vo Ni 200

1 310-1 550
1 340-1 580

11-15
35-67

18-0 x 107

44-48
35-68

2390

101-176

620-795
275-345

18Vo Ni 250

1 650-1 820
1 680-1 860

10-12
35-60

18-5 x 107

48-50
24-45

2350-2510
2 560-2 660

98-165

620-760
275-380

18Vo Ni 300

1 780-2 060
1 820-2 100

7-11
30-50

18-9 x 107

51-55
16-26

2 900-3 100

88-143

760-900
275-415

18Vo Ni 350

2 270-2 480
2300-2510

6-10
25-45

19-3 x 107

56-59
7-14

1 360-1 490

44-82

690

352

Note. In ali cases treatment was for 1 h at 8150C plus 3 h at 4850C.



* Data after Reference 9.
Note. /f|c is the plane strain fracture toughness (see Section 8.9).

highlighted by good ductility, toughness and a lack of notch sensitivity. The
plane strain fracture toughness of maraging steels is superior to other alloys
at comparable strength levels (Table 3.29).

Fabrication

Maraging steels have been produced both by air and vacuum melting. Small
amounts of impurities can decrease toughness significantly, sulphur in par-
ticular is detrimental and should be kept as low as possible. Silicon and
manganese also have a detrimental effect on toughness and should be main-
tained below a combined level of 0-20%. Such elements as C, P, Bi, O2, N2
and H2 are kept at the lowest levels practicable.

The maraging steels are readily hot worked by conventional rolling and
forging operations. A preliminary homogenisation at 1 21O0C-I 26O0C is
normally used prior to hot working at that temperature. During subsequent
hot working, extended times at, or slow cooling through, temperatures from
76O0C-I 10O0C should be avoided since they produce embrittlement4.
Maraging steels can be cold worked up to 85% before requiring intermediate
annealing (because of low work-hardening characteristics) but are usually
annealed after smaller reductions.

Heat treatments are relatively simple and normally consist of annealing
for I h at 8150C followed by ageing for 3h at 4850C. Recently, double
annealing treatments have grown in favour. Machining or fabrication is
easily performed in the as-annealed condition. Subsequent age hardening
generally introduces small and predictable dimensional changes.

Summaries of the physical and mechanical properties of the 18% Ni marag-
ing steels are given in Tables 3.27 and 3.28. The mechanical properties are

Table 3.29 Comparison of toughness of maraging steels and other
high strength alloys*

Alloy

18<?o Ni 200
18^0 Ni 250
18% Ni 300
D6 AC
H-Il
AISI 4340
AMS 6430
Ti-16V-2-5Al
Aluminium 7075. T6

Yield strength (MNm"2)

380
720
930
380
790
790
510
170

415-485

/Ti0(MNm-2^)

110-176
98-165
88-143
88-99
66-71
61-66
61-71
49-55
39-66



Theoretical Considerations and Characteristics of
Corrosion Behaviour

Corrosion in Natural Environments

In atmospheric exposure 18% Ni maraging steel corrodes in a uniform
manner5, and becomes completely rust covered. Pit depths tend to be more
shallow than for the low-alloy high-strength steels6. Atmospheric corrosion
rates7 in industrial (Bayonne, New Jersey) and marine (Kute Beach, North
Carolina) atmospheres are compared with those for low-alloy steel in
Figs. 3.29, 3.30 and 3.31. The corrosion rates drop substantially after the
first year or two and in all cases the rates for maraging steel are about half
the corrosion rate for HY80 and AISI 4340 steels.

The corrosion rates for both maraging steel and the low alloy steels in
seawater are similar initially, but from about 1 year onwards the maraging
steels tend to corrode more slowly as indicated in Fig. 3.327. The corrosion
rates for both low alloy and maraging steel increase with water velocity5.
During sea-water exposure the initial attack was confined to local anodic
areas, whereas other areas (cathodic) remained almost free from attack;
the latter were covered with a calcareous deposit typical of cathodic areas
in sea-water exposure. In time, the anodic rust areas covered the entire
surface6.

Exposure time (years)

Fig. 3.29 Corrosion rates of maraging and low alloy steels in an industrial atmosphere at
Bayonne, N.J. (after Kenyon, Kirk and van Rooyen, Corrosion, 27, 390 (1971)7)
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Exposure time (years)

Fig. 3.32 Corrosion rates of maraging and low alloy steels in sea-water flowing at 0-6 m s
(after Kenyon, Kirk and van Rooyen, Corrosion, 27, 390 (1971)7)

Exposure time (years)

Fig. 3.31 Corrosion rates of maraging and low alloy steels 244 m from the sea at Kure Beach,
N. C. (after Kenyon, Kirk and van Rooyen, Corrosion, 27, 390 (1971)7)

Exposure time (years)

Fig. 3.30 Corrosion rates of maraging and low alloy steels 24 • 4 m from the sea at Kure Beach,
N. C. (after Kenyon, Kirk and van Rooyen, Corrosion, 27, 390 (1971)7)
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Polarisation tests8 indicate that maraging steel does not exhibit passive
behaviour in 3% NaCl, and that the polarisation curves are unaffected by
changes in heat treatment.

Corrosion in Chemicals

The corrosion rates of maraging steels in acid solutions such as sulphuric,
hydrochloric, formic and stearic acids are substantial although lower than
those of the low-alloy high-strength steels9. Polarisation studies10 indicate
that maraging steels exhibit active-passive behaviour in IN and 0- lN
sulphuric acid. The corrosion potential, critical current density, primary
passivation potential and passive current density are all affected by variations
in ageing treatment. The critical and passive current densities increase as the
structure is varied from fully annealed to fully aged. The normal heat treat-
ment produces critical and passive current densities of 0-4mA/cm2 and
0-2mA/cm2 respectively (O-1 mA/cm2 « 1 -Imm/y11). Stress corrosion of
maraging steel may also occur in acid environments.

Stress Corrosion Cracking

The 18% Ni maraging steels do not display passivity and normally undergo
uniform surface attack in the common environments. Of more serious conse-
quence, however, for all high strength steels, is the degree of susceptibility
to stress corrosion cracking (s.c.c.).

For high strength steels in general, the s.c.c. process in aqueous media is
characterised by delayed failure, which consists of an incubation period
followed by slow and, at times, intermittent crack growth. Failure can occur
on loading to some fraction of the yield stress, or through the action of
residual stresses, often in environments as mild as humid air12. The degree
of susceptibility depends on the mode of loading and is highest in cases of
plane strain loading (triaxial stresses), with tensile loading and plane stress
bending, in that order, representing less severe loading conditions13 (tensile
stresses of course are present in all the above modes of loading). In general,
susceptibility to s.c.c. increases with increasing yield strength. Different alloy
types however, vary in their degree of resistance, and at comparable strength
levels maraging steels compare favourably in cracking resistance to other
high strength steels.

There has been some controversy as to whether s.c.c. occurs by active path
corrosion or by hydrogen embrittlement. Lack of space does not permit a
full treatment of this subject here. References 14 and 15 are recent reviews
on the s.c.c. of high strength steels and deal with the mechanism of cracking
(see also Section 8.4). It is appropriate to discuss briefly some of the latest
work which appears to provide pertinent information on the cracking
mechanism. It should be noted, however, that cracking in all alloy systems
may not be by the same mechanism, and that evidence from one alloy system
need not constitute valid support for the same cracking mechanism in
another.



Recently-developed techniques16'17 have enabled studies to be made of
the electrochemical conditions near the tip of a growing stress corrosion
crack. It was found that under freely corroding conditions the pH of the
solution near the crack tip was about 3-8 for all eleven steels (including
maraging steels) studied18. Furthermore, potential measurements indicated
that thermodynamic conditions were satisfied for hydrogen ion reduction.
Further potential-pH measurements were made on AISI 4340 steel exposed
to 0-6N NaCl solutions of different pH and polarised to potentials both
negative and positive with respect to the corrosion potential17. It was found
that the pH of the solution in the crack was determined solely by elec-
trochemical reactions at the crack tip irrespective of starting pH. It was also
apparent that regardless of the impressed potential, the electrochemical con-
ditions in the crack satisfied the thermodynamic requirements for the pro-
duction of hydrogen. These results indicate that it is not necessary to invoke
an active path mechanism and that hydrogen is available even during anodic
polarisation of AISI 4340 steel.

Activation energy measurements for s.c.c. of H-Il (38 kJ/g atom)19 and
AISI 4340 (36 kJ/g atom)20 steels in water and moist air suggest that the
cracking rate in these alloys is controlled by the diffusion of hydrogen, since
these activation energies are in close agreement with the value of 39 kJ/g
atom obtained for the diffusion of hydrogen through AISI 4340 mem-
branes21. Activation energies have not been determined for cracking in
maraging steels, nor have they been determined for any steel in situations of
anodic polarisation.

There is little question that at strongly negative potentials cracking occurs
by hydrogen embrittlement. Also, the activation energy studies of H-11 and
AISI 4340 strongly suggest that hydrogen embrittlement is the controlling
mechanism in these cases. For all other cases there does not appear to be a
strong basis for favouring one mechanism over the other or to discard the
possibility that each mechanism shares in the control of the cracking process.
The latter possibility for maraging steel has been supported by a recent study
of cracking response to polarisation, fractographic studies and pH deter-
minations of the corrodent at the tip of the crack22.

Testing for Stress Corrosion Cracking

The stress corrosion resistance of maraging steel has been evaluated both
by the use of smooth specimens loaded to some fraction of the yield strength
and taking the time to failure as an indication of resistance, and by the
fracture mechanics approach23 which involves the use of specimens with a
pre-existing crack. Using the latter approach it is possible to obtain crack
propagation rates at known stress intensity factors (K) and to determine
critical stress intensity factors CK18Cc) below which a crack will not pro-
pagate (see Section 8.9).

Any test (several such tests are used) in which time to failure of smooth
specimens is determined is an overall measure of the incubation period to
initiate a crack, the ability to resist the propagation of a stress corrosion
crack and the ability to resist final mechanical fracture. Since this test does
not indicate the relative merits of an alloy in each individual aspect of the



cracking process it is probably of less benefit to a design engineer. The use
of precracked specimens in the fracture mechanics approach follows from
the philosophy that structures are likely to contain crack-like defects. The
use of precracked specimens promotes a rapid change in chemistry of the
solution at the crack tip and shortens or eliminates the initiation time for
crack propagation. Data from both types of tests are available and are
reviewed here.

Cracking Resistance in Smooth Materials

Maraging steel in the strength range 1 240-1 720 MNm"2 tested as 'U' bends
in sea-water, displayed good resistance, as it did not fracture in periods up
to 2-3 years although there was considerable general corrosion and fouling.
However, microcracks were observed after 6 months. Similar behaviour5'6

of 'U'-bends and bent beam specimens can be expected in industrial or
marine atmospheres although general corrosion is less severe. By com-
parison AISI 4340 at strength levels of 1 660 MNm"2 failed in about 1 week
in both sea-water and atmospheric tests5'6. Maraging steel of yield strength
at or above 2060 MNm"2 was not resistant and failed rapidly.

Maraging steel welds are somewhat less resistant than base plate. 'U'-bend
exposure of 1 240 MNm"2 strength welds survived for up to 2 years in sea-
water while at 1 380 MNm"2 failures occurred in 2-18 months7.

It is possible to provide cathodic protection to base plate up to 1 720
MNm"2 yield strength, by coupling to mild steel or possibly to zinc5'6, but
zinc and metals more active than zinc tend to induce hydrogen embrittle-
ment. Welds up to 1 380 MNm"2 may be cathodically protected by zinc,
but at impressed potentials of -1-25 V (S.C.E.) both 1240 and 1380
MNm ~2 welds fail rapidly due to hydrogen embrittlement7. Neither mild
steel nor zinc couples protect AISI 4340 steel5.

Yie ld s t rength (MN/m2)

Fig. 3.33 Bent-beam test results in aerated distilled water. These specimens were exposed to
the environment at a stress of 70% of yield (after Setterlund, Materials Protection, 4 No. 12,

27 (1965)24)
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Although tests on smooth specimens indicate that cathodic protection
of maraging steel is possible, tests on specimens with pre-existing cracks
indicate a greater sensitivity to hydrogen embrittlement during cathodic
polarisation7. The use of cathodic protection on actual structures must
therefore be applied with caution, and the application of less negative poten-
tials than are indicated to be feasible in smooth specimen tests is to be recom-
mended if it is assumed that structures contain crack-like defects.

Further evidence of the relative resistance of maraging steel is reproduced
in Fig. 3.33 from Reference 24. Maraging steel is shown to be superior to a
die steel and low alloy steel (both unidentified) in bent beam tests stressed at
15% of the yield strength in distilled water. Also shown is the beneficial effect
in smooth surface tests of cold rolling. Shot peening has a similar beneficial
effect7.

Resistance to Propagation of Pre-existing Cracks

Critical Stress Intensity Factor It has become common to use ^ISCC, the
critical stress intensity factor, as a measure of the resistance of an alloy to
s.c.c. Tests are performed on specimens which are precracked by a fatigue
machine and must be of sufficient dimensions to ensure plane strain con-
ditions. Recommendations on precracking and dimensions are given
elsewhere25'26.

18% Ni maraging7'27-30'37

H-1127

43O)27'28

AM3552 7

410 SS27

17-4 PH27'28

13-8 MoPH28

D6AC28

9NJ-4CO-C2 8

Denotes weld data

ocr = 0-254 mm

Yield strength (MNnT2)

Fig. 3.34 Comparison of A"ISCC
 as a function of yield strength of 18% Ni maraging and other

high strength steels

ocr = 1-27 mm
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Figure 3.29 presents a summary comparing Klscc values of maraging
steel, with values for H-Il, AISI 4340, AM 355*, 410 stainless steel, 17-4
PHt, 13-8 Mo PHt, D6ACJ and 9Ni-4Co-C§ steels. The data have been
taken from a number of sources7'27"30'37 and are for exposures in aqueous
environments, with and without NaCl. No attempt has been made to dis-
tinguish between different environments since they do not affect the results
appreciably. Plotted points marked JTrefer to data for welds. Also included
in Fig. 3.34 are lines of critical crack depth acr. The region below a line of
specified critical crack depth corresponds to combinations of strength and
^iscc f°r which a long crack of the specified depth will propagate when
stressed to the yield point, whereas the region above the line corresponds to
the strength and Klscc combinations for which the crack will not propagate.
The critical crack depth (assuming yield point stresses) for cracks whose
length greatly exceeds their depth is given by

^.o.a(fe)'

where ay is the yield stress23.
In general it is clear that maraging steels compare favourably with other

high strength steels, and offer comparatively high Klscc values over a wide
range of strength. It is also clear that maraging steels can withstand a greater
crack depth without crack propagation.

A further estimation of the corrosion resistance of maraging steel can
be obtained from data on the rate of crack propagation. Although the rate
of crack propagation has been found to be a function of stress intensity in
some alloys, for many alloys and heat treatments there is a range of stress

Table 3.30 Crack propagation rates for a number of high
strength steels*

Alloy

Maraging 250
Maraging 250
Maraging 300
Modified maraging 30Ot
Modified maraging 30Ot

(underaged)
Modified maraging 30Ot

(overaged)
4340
D6AC
H-Il
HP 9-4-25
HP 9-4-45 (bainitic)

Yield strength
(MNm"2)

1 570
1690
1950
2180
1810

1760

1430
1 540
1420
1330
1460

Crack velocity
(mm/s)

1-31 x 10~5

1-40 x 10~5

2-75 x 10~4

1-18 x 10~4

0-72 X 10~3

2-88 x 10~5

1-65 x 10~3

1-74 x 10~4

1-19 x 10~5

2-54 x 10~5

1-06 x 10~5

*Data after Carter31.
t No details on the modification were available.

* Registered Trademark of Allegheny Ludlum Industries
t Registered Trademark of Armco Steel Corporation
j Registered Trademark of Vasco-Teledyne Company
§Registered Trademark of Republic Steel Corporation



intensity above Klscc and approaching K10 where the rate of crack propa-
gation is independent of stress intensity31. Table 3.30, summarised from
Reference 31, presents a list of crack growth rates for a number of high
strength steels whose cracking rates were independent of stress intensity. The
cracking rate for maraging steel is seen to be slower than for 4340 and D6AC
and equivalent to H-Il and HP 9Ni-Co-C steels, at about 10~5 mm/s. The
fact that cracks propagate very slowly in maraging steels has an important
consequence related to their stress corrosion testing. In determining K1SCC
by dead-weight-loaded cantilever-beam tests, it has been recommended32

that maraging steel should withstand 1 000 h without failure to ensure that
the applied stress intensity is at, or lower than, Klscc. 100 h was considered
adequate for the more rapidly cracking low-alloy steels32.

Effect of Metallurgical Variables on s.c.c.

It is notable that while it is possible to produce maraging steels with con-
sistently uniform mechanical properties, the stress corrosion properties are
subject to scatter, as indicated in Fig. 3.34. To a large extent this scatter is
an indication of the greater sensitivity of s.c.c. resistance to metallurgical
variables. Although the variation in cracking resistance is not well under-
stood*, and the reaction to certain treatments not always consistent, certain
observations may be used to indicate guidelines for improved properties.

Cracking has generally been observed to be intergranular6'33"35 with
isolated cases of transgranular cracking29. Both Ti2S

29 and Ti(C, N)29'35 on
prior austenite boundaries have been suggested to be related to greater
susceptibility. Since prolonged time in the temperature range 760-1 10O0C
favours the precipitation of Ti2S and Ti(C, N) on prior austenite boun-
daries, such prolonged exposures should be avoided both in processing and
in annealing. It is preferable that annealing should be done at the minimum
temperatures required to develop desired properties.

Studies of the effect of ageing temperature on cracking behaviour have
shown rather marked effects. Underageing at temperatures of 4550C or
lower was found to increase greatly the rate of crack propagation without
affecting the mode of crack propagation (intergranular) or A^c0

31'33'34.
Table 3.30 lists crack growth rates for a modified 18% Ni 300 steel as a func-
tion of ageing treatment. Other work29 found that underageing not only
increased the crack growth rate, but also decreased the resistance to cracking
(^TISCC) and resulted in a change from a transgranular cracking mode to an
intergranular mode. Electron microscopy was unable to detect any grain
boundary phases. No satisfactory explanation for this behaviour was
apparent. Overageing appears to offer slightly slower crack growth rates
(Table 3.30), however it did not significantly improve A^ISCC

29. The best com-
bination of properties is obtained with the normal ageing treatment at
4850C.

Studies on welds showed that cracking resistance as indicated in 'U'-bend
tests7 was substantially increased by a post weld anneal ( Ih at 815° C) prior

* This aspect and the general stress corrosion and hydrogen embrittlement behaviour are con-
sidered in detail in Reference 37.



Time (h)

Fig. 3.35 Oxidation rate at 5350C of 18Ni250 maraging steel compared with a generally-
available tool steel. These tests were performed on \ in (6-35 mm) cubes placed in refractory
cubicles and exposed to still air for total times of 5, 25 and 100 h. The weight gain includes the

scale formed during heating and cooling (after Reference 9)

air at elevated temperatures results in reaction with both oxygen and
nitrogen, forming both oxides and titanium carbo-nitrides. Under some con-
ditions of reduced oxygen partial pressure, selective sub-surface oxidation of
iron can occur.

Applications

Maraging steels have found varied uses in the aerospace and aircraft indus-
tries. These uses have included rocket motor cases, landing gear compo-
nents, aircraft forgings and fasteners. Other areas of usage include machine
tool and die applications, and extrusion hardware. Marine uses include
hydrofoil foil systems and aircraft arrester hooks.

Recent Developments

During the 1970s, the price of cobalt increased enormously and then
declined. These price fluctuations, plus the concern about the future supply
of cobalt, caused serious declines in the use of the cobalt-containing grades
of maraging steel. In response to this market change, a new cobalt-free grade
of maraging steel has been developed38. In the United States, this alloy is

to the normal ageing treatment. Material aged in the as-welded condition
was less resistant. The most significant structural difference resulting from
the two heat treatments was a finer dispersion of austenite ribbons in mate-
rial annealed before ageing.

High Temperature Corrosion

Little data are available on hot corrosion behaviour. Figure 3.35 indicates
maraging steel to have better resistance to air exposure at 5350C than a
5% Cr tool steel9. Metallographic examination indicates that exposure to

5% Cr tool steel

18 Ni 250
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presently being manufactured by Teledyne Vasco under the trade name
VascoMax T-250.

The composition of this steel is given is 18-5Ni, 3-OMo, 1-4Ti, O- IAl.
Its strength is 1 720 MPa and its mechanical properties approximate those
of the 18% Ni 240 maraging steel. The stress-corrosion behaviour of this
alloy has not been studied in detail. A preliminary study39 of the crack
growth behaviour of 12 • 7 mm thick WOL specimens tested freely corroding
in a 3-5% NaCl solution at room temperature showed a threshold stress-
intensity of 27 MPaVm. This value is somewhat less than the threshold
values usually observed in the 18% Ni 250 steel. At higher stress intensities,
the crack growth data showed a plateau value of approximately 20 x
10~2mm/h over a range of stress intensities from 36 to 63 MPaVm. Com-

parable crack velocity plateaux have been seen in the older grades of marag-
ing steel.

Concerning the mechanism of stress corrosion in maraging steels, the
common view in recent years has been that cracking in chloride solutions was
due to a hydrogen-embrittlement mechanism. A recent study by Craig and
Parkins40, however, has shown good evidence that cracking can proceed by
hydrogen embrittlement at low potentials, by anodic dissolution at high
potentials, and possibly by combinations of both mechanisms at inter-
mediate potentials. The effects of precracking or pitting of smooth specimens
was also examined. In many instances the local changes in chemistry of the
test solution in the cracks or pits was more important than the stress concen-
trations at these locations.

D. P. DAUTOVICH
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3.5 Nickel-Iron Alloys

Use of Nickel-Iron Alloys

Nickel-iron alloys have a number of important applications that are derived
from such special physical properties as their unique magnetic character-
istics in the regions of 35, 50 and 80% nickel and from their abnormally
low thermal expansion in the region of 36-50% nickel. Although not
specifically used as corrosion-resistant materials, their high resistance to
attack from many common environments is of benefit in their specialised
applications.

Electrochemical Characteristics

The potentiodynamically-derived polarisation curves of Beauchamp1

(Fig. 3.36) demonstrate the effect of increasing nickel content on the anodic
behaviour of iron-nickel alloys in IN H2SO4. The maximum current in the
active region is reduced and the potentials moved to more noble values; the
current in the passive region is increased and some evidence of secondary
passivity appears. The greater nobility with increasing nickel content in the
active region is of importance in acid environments where hydrogen evolu-
tion is the major cathodic reaction, and results in significantly lower rates of
corrosion. In neutral environments, the protection provided by a layer of
insoluble corrosion products is of greater significance.

Atmospheric Corrosion

The addition of small amounts of nickel to iron improves its resistance to
corrosion in industrial atmospheres due to the formation of a protective
layer of corrosion products. Larger additions of nickel, e.g. 36% or 42%,
are not quite so beneficial with respect to overall corrosion since the rust
formed is powdery, loose and non-protective, leading to a linear rate of
attack as measured by weight loss. Figure 3.37 of Pettibone2 illustrates the
results obtained.
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Fig. 3.36 Effect of nickel on the anodic behaviour of iron alloys in 1 N H2SO4 at 250C. Curve
1 Fe; curve 2 Fe-IONi; Curve 4 Ni (after Beauchamp1)

With respect to resistance to pitting corrosion, there is an increasing advan-
tage to be obtained by increasing the nickel content up to 50%. There is little
distinction between the Fe-SONi alloy and pure nickel. Data on the corrosion
of Fe-36Ni alloy at an industrial site in the USA are reported by La Que and
Copson3 and at a European site by Evans4.

In marine atmospheres the overall rates of corrosion are reduced pro-
gressively with increase in nickel content up to about 35%, but with small
improvement thereafter. The rates of corrosion at various sites, reported by
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Friend5, show the superiority of Fe-36Ni over mild steel with respect to
both average and localised corrosion (Table 3.31)

Sea-water

The average rates of corrosion of Fe-36Ni alloy exposed to alternate immer-
sion in sea-water are appreciably greater than those that occur when the alloy
is exposed to marine atmospheres. Although the rates of corrosion are
significantly below those observed for mild steel (Table 3.32) the superiority
over mild steel in not so great with respect to pitting attack.

Time (years)

Fig. 3.37 Resistance of nickel-iron alloys to corrosion by an industrial atmosphere (Bayonne
N. J., USA) (after Pettibone2)

Table 3.31 Resistance of Fe-36 Ni and mild steel to corrosion in marine atmospheres5

Corrosion after exposure for 15 years

Location

Colombo, Ceylon
Auckland, New Zealand
Halifax, Nova Scotia
Plymouth, England

A verage
(gm-'d-1)

Fe-36Ni

0-08
0-02
0-03
0-08

Mild steel

5-5
1-5
0-65
3-5

Localised
(max. pit depth, mm)

Fe-36 Ni

O
O
0-1
0-19

Mild steel

2-43
1-64
1-09
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100 % Fe
Fe-36 Ni

Fe-A2Ni Fe-BNi

100% Ni

Ni-20 Fe



Nickel-iron alloys fully immersed in sea-water may suffer localised cor-
rosion which can be severe under conditions where oxygen is constantly
renewed at the surface and the formation of protective corrosion products
is hindered, e.g. in fully-aerated flowing sea-water. In quieter, less oxy-
genated conditions, average corrosion rates of Fe-36Ni are low and well
below those for mild steel, as exemplified in the data given in Table 3.335.
However the resistance to localised attack is not improved to the same
extent.

Table 3.33 Resistance of Fe-36Ni alloy and mild steel to corrosion in sea-water5

Corrosion after exposure for 15 years

Fresh Water

Nickel-iron alloys suffer significantly less corrosion than mild steel when
exposed to a soft, fresh water but Friend5 found that the resistance to pit-
ting is only slightly greater (Table 3.34).

Table 3.34 Resistance of Fe-36Ni and mild steel to corro-
sion in fresh water5

Corrosion after exposure for 15 years

Average
(Bm-2CT1)

Fe-36Ni

0-07

Mild steel

0-94

Localised
(max. pit depth, mm)

Fe36Ni

2-00

Mild steel

2-20

Location

Colombo, Ceylon
Auckland, New Zealand
Halifax, Nova Scotia
Plymouth, England

Average
(g m-2 d-1)

Fe-36Ni

0-8
0-5
1-3
0-8

Mild steel

2-0
2-0
2-2
1-5

Localised
(max. pit depth, mm)

Fe-36Ni

2-5
1-08
3-49
1-82

Mild steel

6-5
2-59
1-23
2-75

Table 3.32 Resistance of Fe-36Ni and mild steel to corrosion during alternate immersion in
sea-water 5

Corrosion after exposure for 15 years

Location

Colombo, Ceylon
Auckland, New Zealand
Halifax, Nova Scotia
Plymouth, England

Average
(g m-2 d-1)

Fe-36Ni

0-64
0-09
0-24
0-36

Mild steel

3-4
0-32
1-5
1-4

Localised
(max. pit depth, mm)

Fe-36Ni

1-0
0-24
2-59
0-25

Mild steel

2-55
0-36
2-15
1-58



Resistance to Acids

Much of the information available on resistance of nickel-iron alloys to cor-
rosion by mineral acids is summarised by Marsh6. In general, corrosion
rates decrease sharply as the nickel content is increased from O to 30-40%,
with little further improvement above this level. The value of the nickel addi-
tion is most pronounced in conditions where hydrogen evolution is the major
cathodic reaction, i.e. under conditions of low aeration and agitation.
Results reported by Hatfield7'8 show that the rates of attack of Fe-25Ni
alloy in sulphuric and hydrochloric acid solutions, although much lower
than those of mild steel, are still appreciable (Tables 3.35 and 3.36). In solu-
tions of nitric acid, nickel-iron alloys show very high rates of corrosion.

Table 3.35 Resistance of Fe-25Ni and carbon steel to corrosion by
sulphuric acid

Corrosion rate (mm/year)

Alloy

Carbon steel
Fe-25Ni

5% H2SO4

150C

62
0-45

4O0C

183
1-4

25<7o H2SO4

150C

93
0-45

4O0C

378
1-8

50% H2SO4

150C

0-95
0-9

4O0C

2-8
1-8

Table 3.36 Resistance of Fe-25Ni and carbon steel to corrosion by
hydrochloric acid

Corrosion rate (mm/year)

Alloy

Carbon steel
Fe-25Ni

5% HCl

150C

23
0-45

4O0C

40
2-3

6O0C

41
5-4

25% HCl

150C

63
0-9

4O0C

188
0-9

6O0C

185
19

Res/stance to Alkalis

Addition of nickel improves the resistance of iron and steel to corrosion
by alkaline solutions. The beneficial effect is most pronounced in hot,
strong caustic solutions as illustrated by the results9 on nickel cast irons in
Table 3.37.

Table 3.37 Resistance of nickel cast irons to corrosion by hot caustic soda*

% Nickel in
cast iron

O
3-5
5

Corrosion rate
(mm/year)

l - 8 t o 2 - 3
1-2
1-2

% Nickel in
cast iron

15
20
30

Corrosion rate
(mm/year)

0-8
0-09
0-01

* Specimens immersed for 54 d in evaporator concentrating caustic soda from 50 to 60% under
88 kN/m 2 vacuum.



Resistance to Salt Solutions

Nickel-iron alloys are more resistant than iron to attack by solutions of
various salts. In alternate immersion tests in 5% sodium chloride solution
Fink and De Croly10 determined values of 2-8, 0-25 and 0-5 g m~2 d"1 for
alloys containing 37, 80 and 100% nickel compared with 46 g m~2 d"1 for
iron. Corrosion rates of about 0.4 g m~2 d-1 are reported by Hatfield7

for Fe-BONi alloy exposed to solutions containing respectively 5%
magnesium sulphate, 10% magnesium chloride and 10% sodium sulphate;
the same alloy corroded at a rate of about 1.2 g m~2 d"1 in 5% ammonium
chloride.

In a study of the corrosion of ten binary nickel-iron alloys in 3% sodium
chloride solution, Schwerdtfeger11 found the average corrosion rate to
decrease from l-4-l-6g m~2 d"1 for alloys containing 0-16% nickel alloy
to 0-1 g m~2 d"1 for a 57% nickel-iron alloy. There was little further reduc-
tion in rate of weight loss for the higher nickel alloys. However, the alloys
showed increasing tendency to suffer from pitting and crevice corrosion with
increasing nickel content.

Stress Corrosion

In tests lasting for 14 days, Copson12 found that the susceptibility of steel
to stress-corrosion cracking in hot caustic soda solutions increased with
increase in nickel content up to at least 8-5%. Alloys containing 28% and
more of nickel did not fail in this period. In boiling 42% magnesium chloride
the 9% nickel-iron alloy was the most susceptible of those tested to cracking
(Table 3.38). Alloys containing 28 and 42% nickel did not fail within 7 days.

Table 3.38 Resistance of iron-nickel alloys to stress corrosion cracking in boiling 42Vo
magnesium chloride12

Couper13 reports cracking of an Fe-36 Ni alloy in 10-55 days in this
medium. Radd etal.14 have noted cracking of Fe-36 Ni alloys at ambient
temperatures in an unspecified environment, but this possibly may have been
residual traces of acid copper chloride etching solution.

Bimetallic Corrosion

Bimetallic corrosion of nickel-iron alloys may be of significance in weld-
ing operations. Ni-45 Fe alloys are used as filler materials in the welding of
cast irons but the favourable area relationship of weld metal to base plate

Composition of alloy
Ni

nil
2-02
4-96
8-67

27-88
41-79
99-41

C

0-19
0-19
0-15
0-10
0-03
0-02
0-10

Mn

1-65
0-46
0-51
0-76
0-18
0-18
0-24

Si

0-20
0-18
nil

0-23
0-06
0-08
0-02

Fe

bal.
bal.
bal.
bal.
bal.
bal.
0-13

Hardness

89RB
77RB
96RB
24Rc
81RB
77RB
20Rc

Time to cracking
(days)

No cracking after 1 1 days
7

<3
<3

No cracking after 7 days
No cracking after 7 days
No cracking after 7 days

Comments

Few shallow cracks
Profuse deep cracks
Cracked in two



*Area ratio NhNi-Fe = 10:1.

calcium chloride or sodium hydroxide solutions. It is evident that in the
calcium chloride solution, 5% iron contamination of weld metal can be
tolerated whilst in the sodium hydroxide solution bimetallic corrosion would
not become significant until contamination had exceeded 20%.

Recent Developments

In recent years some additional data on the corrosion resistance of the Ni-Fe
alloys has been generated, but it is fairly limited and the foregoing material
summarises the majority of the available information. The additional data
falls into the categories, electrochemical, resistance to acids and resistance
to hydrogen cracking.

mitigates the effect of the more noble characteristics of the nickel-iron alloy.
Thus their application in corrosive environments is rarely of concern.

Of more serious practical significance is iron contamination of nickel-
clad steel welds. Tables 3.39 and 3.40 show the increase in corrosion of
various nickel-iron alloys which may occur when coupled to nickel in

Table 3.39 Bimetallic corrosion between nickel
and nickel-iron alloys in 16% calcium chloride

solution2

Alloy

100Ni
Ni-5 Fe
Ni-IO Fe
Ni-20 Fe

Corrosion rate* (mm/y)

Coupled

0-045
0-7
1-0

Uncoupled

0-02
0-045
0-055
0-044

* Room temperature test of duration 120 days, solution agitated.
Cathode: anode area = 100:1.

Table 3.40 Bimetallic corrosion between nickel-iron alloys in sodium hydroxide2

Corrosion rate* (mm/y)
Galvanic
couple

[Ni-5 Fe
(Nickel
f Ni-IO Fe
(Nickel
(Ni-20 Fe
(Nickel
f Ni-30 Fe
(Nickel
f Ni-40 Fe
(Nickel

23% NaOH
Coupled

0-04
0-015
0-07
0-01
0-095
0-015
0-04
0-02
0-04
0-02

Uncoupled

0-035
0-01
0-03
0-01

0-01

0-01

50% NaOH
Coupled

0-06
0-02
0-48
0-015
0-04
0-01
0-2
0-01
0-21
0-01

75% NaOH
Coupled

0-0250
0-04
0-38
0-02
0-05
0-03
0-31
0-02
0-34
0-02

Uncoupled

0-02
0-04
0-035
0-04
0-015
0-04

0-04

0-04



Electrochemical Characteristics

This work has been carried out by Marcus and his co-workers 15~18 and deals
with the influence of sulphur on the passivation of Ni-Fe alloys. For sulphur-
containing Ni-Fe alloys, sulphur segregates on the surface during anodic
dissolution. Above a critical sulphur content a non-protective thin sulphide
film is formed on the surface instead of the passive oxide film.

Resistance to acids

It is in this area that most work has been carried out, particularly in rela-
tion to corrosion resistance in sulphuric acid solutions19"23. Bourelier etal.19

and Raicheff etal.20 investigated the inhibitive effect of chloride ions on
corrosion in sulphuric acid. The inhibition efficiency was found to depend
on the alloy composition, alloy surface and chloride concentration. The
more aggressive the environment, the greater the inhibition efficiency.
YagupoPskaya etal.21 studied the effect of iodine additions to sulphuric
acid on the corrosion resistance of Ni and Ni-Fe alloys. Again there was an
inhibitive effect caused by the halide ion.

Uto etal22 studied Ni-Fe-Si alloys, adding Si to improve the cast ability
of the simple Ni-Fe materials. They found that alloys containing 0-70% Fe
and 5-10% Si, with the balance being Ni, are usable in 0-85% sulphuric acid
at temperatures up to 8O0C and in 0-10% hydrochloric acid at temperatures
up to 4O0C.

Cid etal23 studied the corrosion resistance of Ni, 5% Fe-Ni and 10%
Fe-Ni alloys in the trans-passive region in sulphuric acid. For a given acid
concentration the addition of iron reduced the corrosion rate. It was con-
cluded that the addition of small percentages of Fe was doubly beneficial,
decreasing both general and intergranular corrosion.

Resistance to Hydrogen Cracking

Marquez etal24 studied the effect of cold rolling on the resistance of Ni-Fe
alloys to hydrogen cracking. It was found that low carbon, 10-19% Ni-Fe
alloys become considerably more resistant to hydrogen cracking after severe
cold rolling. The observed resistance decreased with increasing carbon con-
tent and the improvement was directional, the optimum effect applying to
specimens stressed in the longitudinal direction.

G. N. FLINT
J. W. OLDFIELD
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3.6 Cast Iron

Composition and Structure

Cast iron is the term applied to a wide range of ferrous alloys, whose prin-
cipal distinguishing feature is a carbon content in excess of 1-7%. The
relatively low melting point of these alloys compared with that of steels
and their tendency to expand slightly on solidification, which make them
admirably suited for the production of components by casting, result from
this feature of their composition.

Four main types of iron are commonly encountered, viz. white iron in
which all the carbon is in solid solution; grey iron in which most of the
carbon is present as graphite flakes; nodular or ductile iron in which most
of the carbon is present as graphite nodules, produced during solidification
of the casting; and finally malleable iron in which most of the carbon is
present as graphite nodules, produced subsequent to solidification by heat-
treatment of the casting. These classes can be further sub-divided by con-
sideration of their matrices. White iron has a matrix of pearlite containing
amounts of free carbide which depend on the carbon content of the iron.
Grey iron usually has a pearlitic matrix; this is the form usually meant by
the term cast iron and is the most common alloy of the family. Nodular

Table 3.41 Composition ranges of cast iron alloys

Type of
iron

White iron

Grey iron
Nodular
graphite
iron*

Blackheart
malleable

Whiteheart
malleable

Microstructure

Graphite
form

None

Flake
Nodules

Nodules

Nodules

Matrix

Pearlite +
carbide

Pearlite
Pearlite
or
ferrite

Ferrite

Pearlite

Total
carbon

(%)

1-7-3-0

2-7-4-0
3-3-3-9

2-0-2-7

3-3-3-9

c.ct
W

All

<0-9
<0-9

None

0-1-2

Si
(°7o)

0-8-1-3

0-5-3-3
1-6-2-5

0-8-1-2

0-3-0-8

Mn
W

0-4

0-3-1-0
0-4

0-1-0-6

0-1-0-5

S
(*)

<0-15

<0-15
<0-01

<0-15

<0-4

P
(»7o)

<0.5

< l - 4
<0-1

<0-2

<0-1

* Nickel 0-1-5%, magnesium 0-04-0-10%
t Combined carbon.



graphite irons solidify with a pearlitic matrix, but in order to develop the
full ductility of the iron, the castings are often subsequently annealed to give
a ferritic matrix. Malleable irons are produced by two different processes
which result in either ferritic or pearlitic matrices depending on the process
adopted, but even the pearlitic iron is usually produced with a surface layer
of ferrite.

The figures quoted in Table 3.41, while not authoritative in indicating
upper and lower limits, give some idea of the range of analysis to be expected
for each type of iron. Because of this variation in composition, cast irons are
usually specified in terms of their mechanical properties rather than on an
analytical basis.

Effect of Structure and Composition on Corrosion
Resistance

Structure

An essential difference may be observed between the behaviours of steel
and cast iron components immersed in an environment in which rust is
precipitated at some distance from the corroding surface. The steel will waste
away at a steady rate and its overall dimensions will steadily diminish,
whereas cursory examination of the cast iron may suggest that it has not
corroded at all, since its dimensions appear to be substantially unchanged.
This difference arises from the fact that the cast iron contains in its micro-
structure several more or less corrosion-resistant components which are
largely or completely absent from the microstructure of a steel. The most
important of these corrosion-resistant micro-constituents are graphite,
phosphide eutectic, and, to a lesser extent, carbide. When the cast iron cor-
rodes in such a way that the corrosion product is deposited at some distance
from the corroding surface, a skeleton is left behind comprising graphite
flakes stiffened, in the case of phosphoric irons, by phosphide-eutectic cells
and plugged by the carbonaceous debris resulting from the decomposition
of the pearlite, silicic acid derived from the oxidation of the silicon dissolved
in the iron, and whatever rust is precipitated relatively close to the metal (see
Fig. 3.38). This skeleton, although much inferior in strength to the original
iron, nevertheless retains sufficient strength to resist moderate erosion and
may preserve the original contour of the component quite well.

The amount of graphitic residue retained on a corroding surface depends
partly on the morphology of the graphite and partly on the corrosivity of the
medium. In general, a coarse flake graphite tends to give a more permeable
and less strong residue than a finer graphite, while nodules produce an even
weaker residue. However, these differences are only clear at very high corro-
sion rates. For example, while flake graphite iron retains virtually all the
graphitic residue when corroded in 0-5% sulphuric acid, the residue from a
nodular graphite iron is largely detached; in 0-05% sulphuric acid, however,
there is little difference in the amounts retained by the two irons'. The effect
of the graphite in the iron on the corrosion process depends on the residue
the residue thickness —thus in 0-5% acid, graphite stimulates attack on the
nodular graphite iron because of its ability to act as an efficient cathode for
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Fig. 3.38 Typical graphitic residue, containing graphite flakes and some unattacked phos-
phide eutectic

hydrogen evolution, but in 0-05% acid, once the residue thickness reaches
about O-1 mm the attack tends to become stifled1. An interesting sidelight
on this aspect is that flake graphite irons exposed in hot 70% sulphuric acid
often do not evolve hydrogen, which surprisingly is apparently adsorbed by
the graphite, presumably because of the high surface tension forces involved
in bubble formation in this medium.

The general increase in the use of nodular graphite iron for the production
of castings has led to work on the effect of graphite morphology on the cor-
rosion resistance of the iron. In neutral environments the effect of graphite
form seems small, but Russian work has reported that irons with finely-
dispersed or nodular graphite have a much higher resistance to sulphuric acid
solutions than normal flake graphite iron2, while pipes produced by cen-
trifugal casting processes, which necessarily have fine structures, are claimed
to have better general corrosion resistances, whether they are grey or ductile
iron, than pipes produced by casting in non-rotating moulds3.

Berenson and Wranglen4 have suggested that the presence of magnesium
sulphide inclusions in ductile cast irons may act as corrosion-initiating sites
and may therefore make ductile iron more liable to corrosion than grey iron
but this view has been contested by Collins5.

Composition

Small variations in the composition of cast irons, or even the addition of
small amounts of alloying elements, generally have little effect on the cor-
rosion resistance.



Silicon (%)

Fig. 3.39 Weight loss for cast iron exposed in 70Vo H2SO4 at 13O0C for 16 h (after Graham
et a/.2)

Whittaker and Brandes7 followed up this work, carrying out tests on
irons containing small amounts of copper and nickel. The addition of 0*6%
Cu to irons containing 2% Si gave a significant improvement in corrosion
resistance, but the addition to irons containing less than 1 -5% Si decreased
the corrosion resistance, which nevertheless remained greater than that for
the higher silicon irons; nickel additions produced a smaller effect.

Copper additions appear to have the particular effect of reducing the cor-
rosion stimulating effect of the sulphur content of an iron exposed to acid
and the effect is thus less marked in low sulphur irons. Because sulphur can
stimulate corrosion in acidic environments, it is usually kept as low as possi-
ble in irons to be used under these conditions. A low sulphur content is in
any case metallurgically desirable.

Nickel has often been added to castings to be used with alkalis, either
molten or in solution. There is, however, no conclusive evidence to support
any belief in its efficacy.

Graham et al.6, however, working on the corrosive wear of automobile
cylinders and piston rings exposed to high sulphur fuels, showed that irons
exposed to 70% sulphuric acid at 13O0C are attacked at rates dependent on
the silicon content of the iron, the rate being relatively low at below 1 % Si
but rising to a peak at about 2% Si (Fig. 3.39). The effect seems to be
associated with the development of a corrosion stifling film on the lower
silicon irons. The laboratory work was broadly substantiated by piston-ring
wear results and tests in boiler-combustion simulation rigs.
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Corrosion in Natural Environments

Atmospheric Corrosion

Because cast iron components are normally very heavy in section, the rela-
tively low rates of attack associated with atmospheric corrosion do not con-
stitute a problem and little work has been carried out on the phenomenon.
A summary of some of the data available is given in Table 3.42. The most
extensive work in this field was initiated by the A.S.T.M.8 in 1958 and some
of the results produced by these studies are quoted in Table 3.43. It will be
noted that there is a marked fall in corrosion rate with time for all the metals
tested.

Corrosion by Waters

The corrosivity of a natural water depends on the concentration and type
of impurity dissolved in it and especially on its oxygen content. Waters of
similar oxygen content have generally similar corrosivities, e.g. well-aerated
quiescent sea-water corrodes cast iron at rates of 0-05-0-1 mm/y while most
well-aerated quiescent 'fresh' waters corrode iron at 0-01-0-1 mm/y.

Those waters in which the carbon dioxide content is in excess of that
required as bicarbonate ion to balance the bases present are among the most
aggressive of the 'fresh' waters. Hard waters usually, though not invariably,
deposit a carbonate scale and are generally not appreciably corrosive to cast
iron, corrosion rates of less than 0-02 mm/y being frequently encountered.
Water-softening processes do not increase the corrosivity of the water pro-
vided that the process does not result in the development of an excess of
dissolved carbon dioxide.

Waters of pH less than 6 may be expected to be corrosive, but, because
any weak acids present in the solution may not be fully ionised, it does not
follow that water of pH greater than 7 will not be corrosive. Mine waters are
particularly corrosive to cast iron, often to such an extent as to preclude its
use with them, because of their relatively high acid content, derived from the
hydrolysis of ferric salts of the strong acids, mainly sulphate, and because
the ferric ion can act as a powerful cathodic depolariser.

While well-aerated near-neutral waters are normally much more corrosive
than poorly-aerated waters, waters with near zero oxygen contents may
cause high rates of corrosion if active sulphate-reducing bacteria, which can
act as very efficient depolarising agents, are present. A corrosion rate of
1 -5 mm/y has been observed on cast iron exposed to such a water.

The presence of active sulphate-reducing bacteria usually results in
'graphitic corrosion' and this has led to a useful method of diagnosing this
cause of corrosion. The leaching out of iron from the graphitic residue which
is responsible for the characteristic appearance of this type of corrosion leads
to an enriched carbon, silicon and phosphorus content in the residue as com-
pared with the original content of these elements in the cast iron. Sulphur
is usually lost to some extent but when active sulphate-reducing bacteria are
present, this loss is offset by the accumulation of ferrous sulphide in the
residue with a consequent increase in the sulphur content of the residue out
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Steel
Grey iron
White iron
Malleable iron

(a) <0- l<?oS
(b) >0-l% S

Nodular iron
(a) Pearlitic
(b) Ferritic

Table 3.42 Corrosion rate of steels and irons in the atmosphere (g m~2 d !)

Newark, N. J.

(industrial)

Kure Beach,

MC. (marine)

State College,

Pa. (rural)Location

123112311231Duration (years)

0-17
0-12
0-15
0-10
0-20
0-27

0-51
0-36
0-43
0-30
0-70
0-81

1-29
0-88
0-15
0-70
1-53
1-75

0-72
0-60
0-37
0-27
0-75
1-38

0-85
0-63
0-53
0-47
1-11
2-01

1-51
0-90
0-96
0-82
1-41
3-02

0-11
0-09
0-10
0-07
0-15
0-23

0-36
0-31
0-30
0-22
0-40
0-52

0-90
0-56
0-62
0-50
0-75
0-97

Metal Condition

Ferritic ductile iron ^s c™1 .Machined

Pearlitic ductile iron ^f 0JJ?1 ,Machined
Malleable iron >0-1% S As cast
Mild steel Rolled

Table 3.43 A.S.T.M. atmospheric corrosion data (g m 2 d !)



of all proportion to the content of the other elements present. The figures
quoted in Table 3.44 illustrate the point.

Table 3.44 Increase in sulphur content of graphitic corrosion residue due to the presence
of active sulphate-reducing bacteria

Metal
Graphitic corrosion residue (G. C. R.)
Ratio G.C.R. metal

Total
carbon
W

3-39
10-3
3-0

Si
W

2-31
7-4
3-2

P
W

1-17
3-1
2-7

S
W

0-10
4.4

44-0

Velocity of water As the velocity of flow of a water over cast iron increases,
the supply of oxygen to the corroding surface is increased. Eventually, the
supply of oxygen to the surface will reach a level sufficient to permit the
formation of a strongly adherent, impermeable rust scale on the corroding
surface. When this level is reached, the corrosion rate either ceases to change
with increasing water velocity (Fig. 3.4014) or decreases, sometimes to negli-
gible values.
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Fig. 3.40 Effect of velocity upon cast iron in sea-water; Rotor test at a water temperature of
250C (after Higgins14)

Very rapid and highly localised pitting is sometimes observed on com-
ponents exposed to very turbulent flow conditions leading to cavitation in the
stream. In general, these conditions appear to induce corrosion rather than
erosion on cast iron surfaces, in contradistinction to what usually happens
with other metals, apparently because the erosive component of the liquid
flow scours away corrosion-stifling films and allows the development of very
active electrochemical cells on the exposed metal surfaces15.



Soil Corrosion

Since buried pipes for water, sewage and gas are a major use of cast iron,
the corrosion of buried iron structures needs special consideration in any
study of the corrosion properties of cast iron. It is also a very complex topic
that is not fully understood.

Because pipes are used to contain fluids, failure occurs when there is leak-
age. With grey iron pipes, leakage usually arises because the pipe fractures
as a result of soil stresses or top-loading exceeding the hoop strength of the
pipe. With ductile iron pipes, leakage is usually through small corrosion pits.
For this reason grey iron pipes are susceptible to both uniform and pitting
corrosion while ductile iron pipes are only seriously affected by pitting.

A characteristic of the corrosion on buried ferrous metals is that the attack
is usually mostly in the form of pitting, especially with the cast irons. This
raises a problem in measuring the extent of corrosion in burial trials. Usually
both the weight loss, measuring the average loss of section, and the deepest
pit, measuring the maximum loss of section, are reported. For assessing the
severity of the attack on buried pipes, the second parameter is clearly the
most important.

The rate of attack on buried iron will of course depend on the corrosivity
of the soil in question. The best guide to this at present is the work carried
out by the National Bureau of Standards in the United States between 1922
and 195516. In this very detailed and extensive study, the chemical charac-
teristics of more than 100 soils drawn from all over the US were examined
and compared in relation to the corrosion behaviour of small steel and iron
specimens that had been buried in them for up to about 17 years. Detailed
study of the published results suggests, however, that the only parameter to
give any useful correlation with the severity of the corrosion is the electrical
resistivity of the soil. Even this is only valid up to about 2000 ohm cm with
a correlation coefficient of about — O-5n . However electrical resistivity is
the factor most often used at present for dividing soils into corrosivity
classes. In the UK it is usually assumed that all soils having a resistivity
greater than 4000 ohm cm (measured at pipe depth by the four-pin Wenner
method) are not aggressive to bare iron pipes, while soils of lower resistivity
will require the pipes to be given some protection. The setting of the
resistivity value greatly above that suggested by the NBS data reflects the
risk of inaccuracy in measuring the soil resistivity and the relatively poor
correlation between resistivity and severity of corrosion. However, the
application of protection in accordance with this rule has worked well in
practice and Booth18 has confirmed its general utility in a survey he carried
out on 89 soils in the UK, although he has suggested that a better basis for
classification would be:

Aggressive Non-aggressive
Resistivity and/or < 2 000 ohm cm > 2 000 ohm cm
Redox potential at pH 7 <0-40 V (N.H.E.) or >0-40 V (N.H.E.) or

<0-43 V if in clay or >0-43 V if in clay
Borderline cases resolved > 20% w/w < 20% w/w
by water content

Much more detailed schemes have been proposed in the USA19 and in
Germany20 but examination of these shows that they also depend essen-
tially on the resistivity measurement21.



Although resistivity surveys can decide which soils along a projected
pipeline are probably aggressive to buried ferrous metals and which are
not, it has been found that when unprotected pipes fail in service the local
soil resistivity does not correlate to any significant extent with the corrosion
rate at the pitted site. Indeed, Stokes22 showed from a survey of statistics of
ductile iron pipe failures in the UK that the most likely pitting rate for an
aggressive soil is about 1 mm/y with a range of about 0-3 to 3 mm/y. Since
the soil electrolyte in most of these aggressive soils is likely to be a dilute salt
solution of low dissolved oxygen content and pH about 8-5, such a consis-
tent corrosion rate seems logical. Collins23 has suggested that the tendency
for low resistivity soils to be aggressive is due to the fact that for the most
part they are poor draining and poorly aerated heavy clays of low flowability
and compactability and thus more liable to create differential concentration
cells on the pipe surface than free-flowing soils such as sands. He argues on
this basis that, as the soil resistivity falls, the probability of serious pitting
increases but the pitting rate remains substantially constant. They would
explain the poor correlation between the chemical parameters of the soil and
its corrosivity. It also suggests that the physical characteristics of the soil
should be better indicators of its corrosivity.

It is common experience that corrosive soils tend to be the heavy clays,
especially if they have been subjected to working by, for example, heavy
earth-moving machinery. Lighter soils are usually only corrosive if they have
been contaminated by industrial debris, especially ashes, ferrogenous slags
and carbonaceous material such as cinders.

It should be noted that it is extremely difficult to predict service lives of
buried pipelines from the results of controlled trials with small specimens,
whether in the laboratory or in the field. For example a study on the com-
parative corrosion resistances of ductile and grey iron pipes carried out
jointly by European pipemakers in 1964-197324'25 indicated a mean pitting
rate of O- 35 mm/y for uncoated ductile iron pipe exposed in a typical heavy
Essex clay of 500-900 ohm cm resistivity for 9 years. This is clearly at odds
with the rate of 1 mm/y normally found on a corroded service pipe from
such a soil. The discrepancy appears to be due to the use of specimens that
were only a third of a pipe length each and were buried separately. It may
reflect the contribution of the total surface area of the pipe as a cathode to
the corrosion current at the anodic area at the pitting site.

Although iron pipes suffer from the same corrosion risk as steel pipelines,
associated with the generation of a galvanic cell with a small anode and a
large cathode, the risk is mitigated for iron pipelines because the electrical
continuity is broken at every pipe joint. For this reason long-line currents
are uncommon in iron lines and cathodic protection is rarely necessary. It
also accounts for the ability to protect iron lines by the application of non-
adherent polyethylene sleeving26.

Corrosion in Industrial Environments

Corrosion by Acids

In general, unalloyed grey or white cast irons possess no useful resistance
to dilute mineral acids. In very dilute acids the presence of air, or other



oxidising agents such as ferric salts, appreciably increases the corrosion
rate. If corrosion rates are to be held below O-25 mm/y in moderately
aerated solutions, it is unwise to exceed a total acid concentration of
O-001N, irrespective of the acid concerned.

Mineral acids Unalloyed cast iron possesses no useful resistance to hydro-
chloric acid at any concentration or temperature. Dilute sulphuric, nitric and
phosphoric acids are also very aggressive, corrosion rates amounting to
several centimetres per year in some cases. Owing to the insolubility of sur-
face films of ferrous sulphate in strong sulphuric acid, however, concentra-
tions of this acid in excess of 65% can generally be withstood by cast iron
at room temperature, corrosion rates being less than O- 12mm/y. Concen-
trations of sulphuric acid greater than 91% at temperatures up to 30O0C do
not corrode cast iron at more than O-12 mm/y. Free SO3 (oleum) does not
increase the corrosion rate. Any influence operating against the formation
or retention of the insoluble sulphate film, for example high liquid velocities
or abrasion of the metal surfaces, may lead to excessive corrosion rates, even
in acid concentrations greater than 65%. Collins27 has described some grey
iron castings which had suffered deterioration when handling oleum or
sulphur trioxide due to penetration of the sulphur trioxide into the iron,
apparently along graphite flakes, which generated an accumulation of
internal stress and eventually caused blistering or even fracture of the cast-
ing. In no cases, however, was there any marked corrosion of the iron.

While concentrated nitric acid passivates steel, the phenomenon is too
unreliable to permit cast irons to be used with confidence, even for strong
nitric acids. The evidence available28'29 in relation to mixed nitrating acids,

%HN03% H2SO4

°/oH20

Fig. 3.41 Corrosion rates (mm/y) for cast iron in contact with mixed acids (H2SO4, HNO3,
H2O). Figures indicate corrosion rates at room temperature in acid of the composition

indicated



however, suggests that the corrosion rates may be lower here than in solu-
tions of pure nitric or sulphuric acids of comparable dilution. Typical results
are shown in Fig. 3.41.

Organic acids Dilute solutions of organic acids, especially if well aerated,
attack cast iron at uneconomical rates. Temperature and velocity are also
accelerating factors.

Corrosion by Alkalis

Dilute alkali solutions do not corrode cast iron at any temperature, but hot
solutions exceeding about 30% concentration will attack it, with an accom-
panying evolution of hydrogen, to form a ferrite. Broadly speaking, if corro-
sion rates are to be held below 0-2 mm/y the temperature should not exceed
8O0C. Corrosion rates may range as high as 1 -25-2-5 mm/y in boiling solu-
tions of more than 50% concentration. Molten caustic soda (65O0C) may
attack cast iron initially at rates around 20 mm/y, but it is probable that this
figure decreases somewhat after a few days. In spite of these high corrosion
rates, caustic-concentration and fusion pots are made from cast iron, since
the material is relatively cheap, and the thick wall necessary for mechanical
strength also gives the pot long life. It is of the utmost importance to ensure
that concentration and fusion pots are cast in sound metal, as any unsound-
ness, particularly at the bottom of the pan, will lead to pitting attack and
premature failure. The addition of 1 to 3% nickel to metal for these castings
is said to be beneficial.

Corrosion by Salt Solutions

The corrosivity of a salt solution depends upon the nature of the ions present
in the solution. Those salts which give an alkaline reaction will retard the
corrosion of the iron as compared with the action of pure water, and those
which give a neutral reaction will not normally accelerate the corrosion rate
appreciably except in so far as the increased conductivity of the solution
in comparison with water permits galvanic effects to assume greater impor-
tance. Chlorides are dangerous because of the ability of the anions to
penetrate otherwise impervious barriers of corrosion products.

Those salts which hydrolyse to give an acid solution, e.g. the strong acid
salts of aluminium, iron and, to a lesser extent, calcium, give solutions which
may be very corrosive to cast iron, particularly if they are well aerated. When
oxidising salts are also present in these acid solutions, a particularly
dangerous system may be created. It is owing to this combination of oxidis-
ing and acidic character that mine waters are so corrosive.

If oxidising salts are present in neutral solutions they may reduce cor-
rosion of the iron by the establishment of thin protective films on the metal
surface. Their effectiveness is considerably diminished if much chloride ion
is also present in solution.

Ammonium salts are more corrosive than those of the alkaline metals, the
difference increasing directly with concentration and temperature. If free



ammonia is also present, however, the pH value may be raised to a point at
which little corrosion can occur. If ammonium salt solutions are exposed to
locally high temperatures, it is possible that ammonia may be lost from the
salts with a corresponding increase in the free acid content of the solution,
and the development of a more corrosive character.

Corrosion under Stress

Irons exposed under conditions of cyclic stress are liable to corrosion
fatigue. Some data on this effect have been given by Collins and Smith30,
but a more extensive study has been reported by Palmer31. By its nature, it
is difficult to give absolute values for resistance to corrosion fatigue since
this will be affected by the duration and frequency of cycling and the cor-
rosivity of the environment. Palmer exposed specimens in a Wohler fatigue
machine to sprays of demineralised water, 3% sodium chloride solution and
demineralised water containing various inhibitors, using a cycle frequency of
about 3 000 cycles/min and a duration of 50000000 or 100000000 cycles.
The results for the uninhibited solutions are summarised in Table 3.45.
Palmer found that corrosion fatigue due to water spray could be elimi-
nated or mitigated by some of the inhibitor systems examined, but it was

Table 3.45 Corrosion fatigue limiting strengths (MN/m2)

* Fatigue strength based on SO x 106 cycles,
t Fatigue strength based on 100 x 106 cycles.

apparently easier to inhibit damage on grey irons that on ductile irons which
could only be inhibited by 0-25% potassium chromate solution. He sug-
gested this was due to an inability of the other systems to maintain a con-
tinuous passive film on the iron; grey iron is less sensitive to a notch effect
in fatigue so that the presence of local sites of attack would be less impor-
tant to this metal provided that the overall corrosivity of the solution were
depressed.

Brown etal.32 have reported that there have been reported that there have
been several incidents of cracking of steel components carrying and storing
reformed or coal gas. They suggest this was due to a stress-corrosion crack-
ing mechanism associated with the partial inhibition of the steel surface by
carbon monoxide absorbed from the gaseous contents. The phenomenon
was more fully investigated by Kowaka and Nagata33 who showed that the
presence of carbon monoxide, carbon dioxide and water was essential for
the cracking to take place. Similar cracking was subsequently observed
on a ductile iron pipeline carrying a wet mixture of carbon monoxide and
carbon dioxide. Studies to define the conditions which permit this corrosion

Environment

Pearlitic grey iron
Ferritic grey iron
Pearlitic ductile iron
Ferritic ductile iron

Air*

126
93

270
208

Water*

100
77

224
178

3% NaCl
Solution t

39
23
46
46



mechanism indicated that a partial pressure of carbon monoxide in excess
of about 0-5 bars is necessary to induce cracking in ductile iron stressed
to about 300MN/m2. Higher CO partial pressures may, however, induce
cracking at somewhat lower tensile stresses.

Harkness34 has described a mode of stress accelerated corrosion of flake
graphite iron pipes that he refers to as 'fissure corrosion'. This is produced
on pipes buried in corrosive soils under significant bending stress and is
manifested by deep narrow fissures, often largely filled with graphitic corro-
sion residue, oriented at right angles to the direction of stress. The nature
of the attack and the factors affecting its incidence have been described in
more detail by Palmer35. He showed that under very corrosive conditions,
fissure corrosion could be produced in flake graphite irons by bending
stresses of the order of 120MN/m2. It is not known whether there is a
threshold stress below which the attack does not occur. Nodular graphite
irons require a bending stress of the order of 250MN/m2 before fissuring
occurs, and in this material the fissures are much less deleterious than in flake
graphite irons since they are more shallow and less notch-like in character.
Flake graphite irons exposed to fissures are liable to fail mechanically after
relatively minor penetration of the pipe wall by the fissures, but no nodular
graphite iron pipe has yet been caused to fail by fissure penetration alone.

H. H. COLLINS
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