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Stress corrosion crack propagation in
AerMet 100

A. OEHLERT, A. ATRENS
Department of Mining, Minerals and Materials Engineering, The University of Queensland,
Brisbane, Qld 4072, Australia

Fracture mechanics tests were carried out for AerMet 100 in distilled water and NaCl (3.5 and
35 gl~"). The initiation period at higher values of the stress intensity factor indicated that
load application in the stress corrosion cracking (SCC) environment is a necessary but not
sufficient factor for SCC and that time is needed for some other factor (e.g., the local
hydrogen concentration) to reach an appropriate value. The threshold stress intensity factor,
Kissc, was found to increase with decreasing NaCl concentration. The plateau stress
corrosion crack velocitywas 2 x 10 8 ms~"for NaCl (3.5 and 35 g |~ "). The fracture mode was

transgranular with small areas of an intergranular nature. © 7998 Chapman & Hall

1. Introduction

In service, stress corrosion cracking (SCC) [1] is often
characterized by slow subcritical crack growth at low
applied stresses. This means that a metallic compon-
ent or structure at stresses otherwise considered to be
safe can have a growing crack-like defect. Crack initia-
tion and growth can take long periods of time. During
the “initiation” period, there may be no outward in-
dication of any defect in the part or structure, which
may perform to specification. Nevertheless, while
conditions are appropriate, the small subcritical stress
corrosion cracks continue to grow in size at low
applied stresses until a critical crack size is reached.
When the critical crack size is reached, the combina-
tion of the crack plus the applied load causes
{macroscopic) brittle fracture. This brittle fracture
is sudden, often with little prior warning, and can be
catastrophic.

SCC often occurs under corrosive conditions where
general corrosion is not a problem. The corrosion
resistance of interest is caused by surface films that
separate the material from its environment. Such films
can cause a low rate of general corrosion despite a
large thermodynamic driving force for corrosion. For
example, stainless steels are stainless because of a very
thin passive surface layer which is essentially Cr,0;.
Although, this layer is so thin (typically less than 4 nm
[2-57) that it cannot be seen with the naked eye, this
layer is nevertheless effective in separating the steel
from its environment. The passive films on stainless
steels are usually self-repairing. The breakdown of
such films can be induced chemically (e.g., by chlor-
ides), and pitting corrosion results when the break-
down is localized. Localized film breakdown under
the joint action of a stress and an environment is the
essence of SCC.

SCC is a complex multistep process [1], in which
crack advance occurs by interaction of the applied
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loading, plastic response of the material at the crack
tip, interaction of crack-tip plasticity and surface pass-
ive protective films, and localized corrosion in the
crack-tip region in a local solution which can be very
different from that of the bulk. Crack-tip corrosion
can liberate hydrogen which can be involved in the
crack advance mechanism by hydrogen embrittlement
(HE). Fracture of the surface films can give rise to
crack advance by brittle fracture. SCC involves both
mechanical factors (such as the stress intensity factor
and crack-tip plasticity) and electrochemistry.

SCC is an ongoing concern for high-strength steels
in which the susceptibility increases with increasing
strength level [6, 7]. Our previous work has dealt
extensively with the SCC of high-strength steels.
A new test method for SCC was developed [8, 9];
linearly-increasing-stress testing (LIST) was applied to
high-strength steels [8, 9] and pure copper [10]. Stress
rate effects have been shown [8-11] to be an impor-
tant part of the SCC mechanism and, in particular,
crack-tip creep has been shown to be an important
part of the SCC mechanism for high-strength steels
undergoing SCC in water [8-11], which can provide
[11] an explanation for the stationary stress corrosion
cracks observed in service. Room-temperature creep
has been measured for high-strength steels including
AISI 4340 and AerMet 100 [12] and related to crack
initiation [13]. A new model was proposed for SCC
for quenched-and-tempered steels based on strain-
assisted dissolution [ 14]. Crack velocity was related to
heat treatment and microstructure [15, 16]. The pos-
sible causes for the intergranular crack path for high-
strength steels undergoing SCC in water have been
explored by microstructural characterization using
electron microscopy [17-19], measurements of grain-
boundary chemistry [20] and electrochemistry [21].
A precipitation-strengthened duplex stainless steel
was developed [22].
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TABLE 1 Chemical composition wt %

Element C Mn Si S P Ni

Cr Co Mo Ti Al O N

Amount (wt %) 0.23 0.02 0.01 0.0005  0.003

11.08

3.04 1340 120 0.013 0.004 0.001  0.001

This paper studies the SCC of AerMet 100 in com-
parison with that of AISI 4340. AerMet 100 is a re-
cently developed high-strength steel with a strength
comparable with that of AISI 4340 and with a much
higher fracture toughness. AIST 4340 is a high alloy
quenched-and-tempered steel [17-19]. AerMet 100 is
in contrast a low-C, Fe-Ni lath martensitic alloy
which attains its strength through the precipitation of
M,C (M = Mo or Cr) [23-25].

2. Experimental procedure

AerMet 100 was supplied by Carpenter Technology
Corporation in the form of a rod of 150 mm diameter.
The chemical composition is given in Table 1. In the
heat treatment a controlled atmosphere furnace with
high-purity nitrogen at 125 kPa and a salt bath were
used. The heat treatment was as follows: solution
treatment for Sh at 885+ 5°C, air cooling to 65°C
in 1.5-2h, freezing for 1 h at —78°C in a dry ice-
alcohol mixture, ageing for 5 h at 482 4 2 °C in the salt
bath, and air cooling to room temperature. The result-
ing mechanical properties are given in Table I1.

The double-cantilever-beam specimens had dimen-
stons as shown in Fig. 1. They were machined to final
dimensions before heat treatment. After heat treat-
ment a slot 35 mm long was cut down the centre-line
with a cut-off wheel and the loading holes were ma-
chined to their final diameter of 12.5 mm. The fatigue
pre-cracking was carried out at 20 Hz using a servo-
controlled hydraulic tensile-testing machine under
computer control with a constant stress intensity fac-
tor amplitude until the fatigue crack length reached
a value of a/W between 0.31 and 0.45. During the final
stages of fatigue pre-cracking, the maximum stress
intensity factor was kept below 65% of that used in
the subsequent SCC test. In all cases a fatigue crack
5 mm long was reached after less than 200000 cycles
and fatigue crack initiation required less than 50 000
cycles.

SCC tests were carried out in distilled water and in
NaCl (3.5 and 35 gl ') at room temperature unless
stated otherwise.

After SCC testing, additional fatigue cracking was
carried out to mark the SCC crack clearly. After
testing, the specimens were fractured in air and the
crack surfaces were examined using scanning electron
microscopy (Philips 505). Crack length measurements
were carried out with a travelling microscope with an
accuracy of +0.01 mm

Fig. 2 shows the constant-deflection SCC appar-
atus. It consisted of two massive plates separated by
four stainless steel rods, mounted on a steel frame,
and two stainless steel pull rods. One pull rod was
attached to a 3 ton load cell whereas a loading nut was
used to apply the required deflection via the other pull
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Figure I Design and dimensions of the fracture mechanics
specimen.

TABLE II Mechanical properties

Rockwell C Go.01 Yo [ IR Ultimate tensile
hardness (HRC) (MPa) (MPa) strength (MPa)
54 1290 1830 2020

~
B
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N

.

Figure 2 Schematic diagram of the constant-displacement appar-
atus. 1, load cell; 2, loading nut; 3, frame; 4, environmental cell;
S5, COD gauge; 6, double-cantilever-beam specimen; 7, O-rings.

rod. The signal from the load cell was conditioned in
an alternating-current (a.c.) strain amplifier and re-
corded with a data acquisition system. A glass envi-
ronment cell surrounded the specimen, sealed with
two O-rings located on each of the pull rods. A con-
tact thermometer in the solution was used to control



140 T
130 T
120 +
110 +
100 +

90 T

CODxBE/P

70 +

60 +

0.29 0.34 0.39 0.44 0.49
a/Ww

50

<+

T

Figure 3 Experimental and calculated compliance calibration for
the double-cantilever-beam specimens (10 mm x 100 mm x 60 mm).

the solution temperature via an electric hotplate with
electromagnetic stirrer.

The crack-opening displacement (COD), 3,,, was
measured during the test using a commercial COD
gauge mounted between two knife edges glued to either
side of the siot. The COD gauge signal was amplified
with an a.c. strain amplifier and recorded with the
data acquisition system. The crack length could be
obtained from the following experimental compliance
calibration which was valid for 0.30 <a/W < 0.5:

S8.BE
T2 = - 48.64350 + 973.349742

— 420.62440 — 101.2893 (1

where d,,(mm) is the crack mouth opening, measured
between the knife edges, H(mm) the half-width, B(mm)
the specimen thickness in mm, E(MPa) Young’s
modulus, P(N) the applied load and o the dimension-
less crack length equal to a/W. The correlation
between the crack length measured on the fracture
surface and the crack length measured with Equation
1 was very good as indicated in Fig. 3. Equation 1 was
solved numerically for each pair of load and COD
measurements allowing evaluation of a/W as a func-
tion of time. The stress intensity factor was evaluated
from the following calibration [26], which is valid for
0.2 <a/W <045 [27]:

Pa H

where P(N) 1s the applied load and a(mm) is the crack
length. The resulting stress intensity factor in N mm?>/2
is converted to MPa m!/? by dividing by (1000)!/2,

3. Stress conversion cracking velocity
measurements

Figs 4-8 show typical examples of crack propagation

in which the crack length is shown as a function of

testing time. For low applied stress intensity factors in
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Figure 4 Crack length as a function of time for AerMet 100 in NaCl
(3.5g!7 ') at room temperature at 21 MPam'2.
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Figure 5 Crack length as a function of time for AcrMet 100 in NaCl
(3.5g17 ') at room temperaturc at 24.4 MPam'2.
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Figure 6 Crack length as a function of time for AerMet 100 in NaCl
(35g17") at room temperature at 35 MPam'2.

region II, the SCC initiated immediately after load
application and propagated with a constant rate (Figs
4 and 5), whereas an initiation period could be detec-
ted at higher stress intensity factors (Figs 6-8). During
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Figure 7 Crack length as a function of time for AerMet 100 in NaCl

(3.5¢g17 ') at room temperature at 63 MPam®/2.
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Figure 8 Crack length as a function of time for AerMet 100 in NaCl
(35g17 ') at room temperature at 38.5 MPam'/2.

this initiation period, the stress corrosion crack star-
ted to propagate and its propagation rate accelerated
until it reached a steady value. This steady-state value
was taken as the SCC velocity in Fig. 9. For the
specimen in Fig. 8, no crack propagation was detected
during the first 750 min, after which the crack velocity
was approximately constant at 4.5x 10" 8 ms™".

The SCC velocity is shown in Fig. 9 as a function of
the applied stress intensity factor; the steady-state
value was taken as the SCC velocity. No SCC was
observed in distilled water in separate tests lasting
24 h at 30 (two tests), 38, 43 and 51 MPam!/%. Sim-
ilarly, there was no SCC in 100 h and 24 h, respective-
ly, for two specimens, loaded at 149 and
184 MPam'? in NaCl (3.5¢gl™ 1) at room temper-
ature. In contrast there was SCC for two specimens
loaded for 10 daysin NaCl (35 g1~ "Yat 14.6 MPam!/?
and 17.4 MPa m!/?, with average crack velocities
equal to 4.1 x 107" ms™ ! and 83x 107" ms™ !, re-
spectively. All other specimens, with one exception,
exhibited crack propagation corresponding to region
II as shown in Fig. 9. One specimen, loaded at
57MPam!? in NaCl (3.5gl™") did not experience
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Figure 9 Stress corrosion crack velocity for AerMet 100 in distilled
water (V), in NaCl (3.5 g1~ 1) (Q) and in NaCl 35 g1~ ') (@).

SCC in 1830 min; it was again fatigue pre-cracked and
reloaded in the same solution at 58 MPam !; then
SCC started immediately after load application.

The piot of average crack velocity as a function of
the applied stress intensity factor (Fig. 9) is typically
divided into stages I and II. The stage Il or plateau
crack velocity was 2x 1078 ms™! and exhibited a
relatively small scatter within a factor of two, indepen-
dent of NaCl concentration, which was in contrast
with the influence of NaCl concentration on Kgec.

4. Fractography

The transition between the fatigue pre-crack and SCC
was very sharp in the form of a straight line over the
whole specimen width (Fig. 10). The stress corrosion
crack morphology was predominantly transgranular
(Fig. 11), with some areas appearing intergranular
(Figs 12 and 13), particularly the secondary cracks
(Fig. 13) which were most often observed at the start of
the stress corrosion cracks.

A typical specimen cross-section is illustrated in
Fig. 14; the SCC initiated at a distance of 1.25 mm
from the specimen edge with no SCC at the specimen
centre. With increasing time, the SCC extended over
the whole specimen width and developed the typical
shape depicted in Fig. 14 with the crack length at the
specimen centre about 1 mm less than the longest
crack length. Cracks which had propagated less than



Figure 10 Transition between fatigue (right) and SCC (left) in NaCl
(3.5g171)

Figure 13 Area with intergranular sccondary SCC.

Figure 14 Curved stress corrosion crack front which was observed
on all AerMet 100 specimens in NaCl at room temperature.

1 mm had not extended over the whole specimen
width.

There was no significant change in fractography
with stress intensity factor or with NaCl concentration.

5. Discussion

Figs 4-8 showed that there was an initiation period at
higher stress intensity factors (Figs 6-8) whereas, for
low applied stress intensity factors in region II, the
SCC initiated immediately after load application and
propagated with a constant rate (Figs 4 and 5). During
this initiation period, the stress corrosion crack
started to propagate and its propagation rate acceler-
ated until it reached a steady value. This seems to
indicate that load application in the SCC environment
is a necessary but not sufficient factor for SCC and
that, at higher stress intensity factors, time is needed
for some other factor to reach an appropriate value.
An obvious candidate is the production and/or accu-
mulation of hydrogen concentration in the crack-tip
area which would be consistent with the widely held
view that HE is involved in the mechanism for SCC of
high-strength steels [28]. The hydrogen source could
be internal inside the metal, or hydrogen could enter
the metal after liberation at the crack tip by a localized
corrosion reaction. If hydrogen is from a localized
crack-tip corrosion reaction, then the requirement for
crack-tip strain can be understood in terms of rupture
of a protective film which exposes the crack tip to the
electrolyte and allows corrosion to occur.

The stress corrosion crack path was observed to be
mainly transgranular with some areas showing inter-
granular features. This is in contrast with SCC of
high-strength steels such as AISI 4340 where SCC is
predominantly intergranular. This indicates that the
details of the crack propagation mechanism are differ-
ent for AerMet 100 and AISI 4340.

Fig. 15 compares the SCC behaviour of AerMet 100
as measured in the present work (from Fig. 9) with
literature data for AISI 4340 [7]. Similar threshold
stress intensity factors were observed for both steels.
However, the plateau crack velocity of AerMet 100 is
two orders of magnitude lower than that of AISI 4340
despite the lower yield strength of AISI 4340;
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Figure 15 Comparison of SCC behaviour of AerMet 100 in NaCl
(3.5g17")(O) and in NaCl (35g1™ ') (@) at oy, = 1890 MPa and
room temperature with that of AISI 4340 in distilled water at
Gy = 1700 MPa and 23°C [7] (V).

increased yield strength usually results in a strong
increase in plateau crack velocity [6, 7]. This provides
a further indication that the details of the crack propa-
gation mechanism are different for AerMet 100 and
AISI 4340. Furthermore, the plateau SCC velocity for
AerMet 100 was the same in NaCl at both 3.5 and
35¢17 0

The threshold stress intensity factor, Kigce, for Aer-
Met 100 increased with decreasing NaCl concentra-
tion; SCC was observed at 14.6 MPam ™! at an NaCl
concentration of 35 g1~ *; no SCC was observed until
above 18.4 MPa m'/? at an NaCl concentration of
3.5g17! and no SCC was observed in distilled water
even at 51 MPam?'/2. These observations allow esti-
mates to be made for values of Kg¢c as summarized in
Table II1. The decrease in K goc with NaCl concentra-
tion is attributed to increased NaCl concentrations,
leading to easier breakdown of the protective film at
the crack tip and thereby facilitating SCC at a lower
value of the stress intensity factor. This i1s consistent
with observations on the initiation of SCC with
smooth specimens [13] where SCC initiation was as-
sociated with strain-assisted breaking of a surface film.
Although these experiments suggest the importance of
a surface film in the SCC mechanism, the propagation
mechanism could indeed be HE as argued above. The
importance of a surface film indicates that it might be
possible to develop from AerMet 100 a high-strength
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TABLE III Values of the threshold intensity factor, Kiscc, for
AerMet 100 in different environments

Environment Kiscc (MPa m'/?)
This work Neu [29], Neu {29]
10000 h 1000 h
Distilled water >52
NaCl (3.5g1™1) 19
NaCl(35gl™ ") ~14 23 32

high-toughness steel with a very high resistance to
SCC (i.e., Kigcc = Kj¢) by increasing the quality of its
passivity by for example alloying to much higher Cr
levels as was done in the development of a precipita-
tion-strengthened duplex stainless steel [22].

Table IIT compares the results for Kgec from the
present work with literatures values [29]. Neu [29]
evaluated Kgcc from the final stress intensity factor at
the tip of a stress corrosion crack for constant-
displacement fracture mechanism specimens exposed
for long time periods to 3.5% NaCl. On exposure of
such specimens, the stress intensity factor at the crack
tip decreases as the stress corrosion crack grows in
length. As Kigec 18 approached, the crack velocity
decreases by orders of magnitude; therefore, at best,
Kscc is only approached asymptotically and very long
testing times are needed. Furthermore, situations
when stress corrosion cracks grow into regions of
decreasing applied stress intensity can lead to crack
arrest for applied stress intensity factors considerably
above Kigee [11].

6. Conclusions

Fracture mechanics tests of AerMet 100 in dis-
tilled water and NaCl (3.5 and 35 gl ') revealed the
following.

1. The initiation period at higher values of the
stress intensity factor indicated that load application
in the SCC environment is a necessary but not sufh-
cient factor for SCC and that time is needed for some
other factor (e.g., the local hydrogen concentration) to
reach an appropriate value.

2. The threshold stress intensity factor, Kisee, in-
creased with decreasing NaCl concentration.

3. The plateau stress corrosion crack velocity was
2x1078ms~! for NaCl (3.5 and 35gl11).

4. The fracture mode was transgranular with small
arcas of an intergranular nature.
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