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Abstract

Stress corrosion cracking is a life-limiting factor in many components of nuclear power plant in which failure of struc-
tural components presents a substantial hazard to both safety and economic performance. Uncertainties in the kinetics of
short crack behaviour can have a strong influence on lifetime prediction, and arise due both to the complexity of the under-
lying mechanisms and to the difficulties of making experimental observations. This paper reports on an on-going research
programme into the dynamics and morphology of intergranular stress corrosion cracking in austenitic stainless steels in
simulated light water environments, which makes use of recent advances in high resolution X-ray microtomography. In
particular in situ, three dimensional X-ray tomographic images of intergranular stress corrosion crack nucleation and
growth in sensitised austenitic stainless steel provide evidence for the development of crack bridging ligaments, caused
by the resistance of non-sensitised special grain boundaries. In parallel a simple grain bridging model, introduced to quan-
tify the effect of crack bridging on crack development, has been assessed for thermo-mechanically processed microstruc-
tures via statically loaded room temperature simulant solution tests and as well as high temperature/pressure autoclave
studies. Thermo-mechanical treatments have been used to modify the grain size, grain boundary character and triple junc-
tion distributions, with a consequent effect on crack behaviour. Preliminary three-dimensional finite element models of
intergranular crack propagation have been developed, with the aim of investigating the development of crack bridging
and its effects on crack propagation and crack coalescence.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

- Stress corrosion cracking is a significant potential
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may be transgranular or intergranular in nature. The
incubation period prior to the development of a crit-
ical crack nucleus depends on several factors [3].
These include the rate of pit/localized corrosion for-
mation and growth, the transition from pit/localized
corrosion to crack initiation, and the propagation of
short cracks with a size comparable to the micro-
structure scale. Although models for these processes
have been developed [3,4], the prediction of incuba-
tion periods remains uncertain due to the complex
interaction between microstructure, environment
and the mechanisms of localized corrosion and envi-
ronmentally assisted cracking.

Resistance to intergranular corrosion and stress
corrosion cracking can be affected by the distribu-
tion of grain boundary crystallographic character
[5] In particular, the grain boundary character
may affect intergranular failure via its effect on
solute concentrations [6] and precipitation [7]. Grain
boundary engineering provides a means to improve
the resistance to intergranular stress corrosion
cracking by disrupting easy pathways through the
microstructure [8]. The interactions between the
crack and the microstructure are expected to be
most significant when the crack is a short crack.
However, very little is known about the behaviour
of short stress corrosion cracks due to experimental
difficulties in monitoring their nucleation and
growth.

This paper describes how in situ three-dimen-
sional observations of the evolution of intergranular
stress corrosion cracking in sensitised stainless steel
have provided evidence for a crack bridging mecha-
nism, by which the resistance to propagation of
short stress corrosion cracks can be influenced by
the grain boundary triple junction distribution.
Experimental data for the effect of microstructure
engineering on crack propagation resistance, and a
comparison between the crack propagation in differ-
ent environments is also presented. These observa-
tions provide the mechanistic basis for a new
three-dimensional computational model of short
stress corrosion crack propagation, which will
enable crack coalescence behaviour and the role of
residual stress gradients to be investigated.

2. Experimental methods

2.1. Tomographic imaging of SCC In 302 stainless
steel

In order to investigate the interaction between a
propagating crack and the microstructure in situ
three dimensional observations of intergranular
stress corrosion cracking were performed, using
the ID19 X-ray microtomography beam line at the
European Synchrotron Radiation Facility (ESRF),
France. An annealed and fully sensitised 302 stain-
less steel wire (400 um diameter) (Table 1) was
tested in 0.15 M potassium tetrathionate (K,S40¢)
(pH 2). Tetrathionate solutions [9], are known to
attack chromium depleted zones [10]. The degree
of intergranular corrosion is therefore determined
by the degree of chromium depletion, which is
affected by the grain boundary character (CSL)
and the sensitisation treatment [11].

Details of the synchrotron tomography technique
[12,13] and the experimental set-up employed here
[14,15] are described elsewhere. In essence, the wire
was spot-welded to 3 mm diameter steel grub screws
to form a tensile specimen, which was then lac-
quered to expose a gauge length of approximately
0.5 mm. The specimen was tested under load (up
to 200 MPa) in an environmental cell on the ID19
stage (Fig. 1). Cracking was initiated by coupling
the sample to a platinum working electrode for a
few seconds to polarize the stainless steel wire anod-
ically. Preliminary experiments demonstrated that
cracking would then occur under open circuit condi-
tions, and could be suspended for tomographic
imaging by simultaneously reducing the load and
coupling the stainless steel wire to a pure aluminium
electrode to impose a cathodic polarisation. Crack-
ing re-initiated when open circuit conditions were
restored. Cracking occurred rapidly on re-applica-
tion of the stress, which was progressively reduced
as cracking was observed. The initiation of cracking
and subsequent specimen failure due to coalescence
was recorded in samples sensitised for 1 h at 923 K
(650 °C). X-ray imaging was undertaken at an
energy of 30 keV. Thousand radiographs were taken

Table 1

Chemical composition (wt%)

UNS Fe Cr Ni C Mn P S Si N
$30400 Bal. 18.15 8.60 0.055 1.38 0.032 0.005 0.45 0.038
$30200 Bal. 18.14 8.60 0.070 1.25 0.025 0.003 0.40 n.a.
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Fig. 1. Unloaded stainless steel wire sample in the environmental
cell. The inner Perspex tube contains the 0.15M potassium
tetrathionate solution, the outer tube acts as the load column.
Both are transparent to X-rays. The CCD imaging detector is to
the right of the image.

in 90 min for each tomograph and were recon-
structed by the back projection method. During
the stress corrosion experiment, five tomographic
images were acquired.

2.2. 304 Stainless test microstructures

To obtain characteristic microstructures to test
predictive models, samples of type 304 austenitic
stainless steel plate (Table 1) were thermo-mechani-
cally processed, comprising unidirectional cold
rolling to introduce 30% strain, followed by heat
treatment in argon atmosphere at 1173 K (900 °C)
for 30 min with a subsequent water quench (900/
30). This was compared with the as-received micro-
structure. Full details of the experiments, and the
results of processing a wider range of microstruc-
tures, are reported elsewhere [16]. The basic micro-
structural features were quantified by electron
backscatter diffraction (EBSD) with an HKL-EBSD
system, interfaced to a Philips XL-30 FEGSEM.
Details of the data processing and analysis are
reported elsewhere [17].

Table 2

The information obtained by EBSD included the
Grain Boundary Character (GBCD) and Triple
Junction (TJD) distributions, using the Coincidence
Site Lattice model (CSL) [18]. The low angle grain
boundary (LAGB) threshold was set to 1.6°, with
15° for high angle grain boundaries (HAGB), by
applying Brandon’s criterion (A6 = 15 x 271/2) [19]
for the maximum allowed deviation angle. The
microstructural parameters for the two microstruc-
tures are summarised in Table 2 where it can be seen
that considerable microstructural refinement and a
measured reduction in the percentage of 3 bound-
aries has been brought about by the (900/30) recrys-
tallisation treatment.

2.3. Room temperature crack propagation tests

Crack propagation experiments were performed
on the test microstructures to determine the effects
of microstructure on crack propagation behaviour.
Double-beam-bent specimens (DBB) (i.e. self-
stressed four point bending) [20] were employed
enabling us to investigate the extent of crack prop-
agation as a function of applied static stress, test
duration and microstructure. The sample size was
approximately 200 mm x 20 mm X 41.5 mm. The
test electrolyte was aqueous 0.1 M potassium tetra-
thionate solution, acidified with diluted sulphuric
acid to pH 2.5. All samples were fully sensitised at
923 K (650 °C) for 24 h. After removal from the test
environment and unloading, each specimen was
strained in tension to open the intergranular cracks
for observation. The cracks were found to lie within
a log-normal population [16], and hence extreme
value statistics, in the form of Gumbel distributions,
were applied to evaluate the crack population
[21,22]. This method allows the crack population
to be described by measuring the longest crack in
each sub-area of the sample.

2.4. High temperature crack propagation tests

High temperature stress corrosion crack propa-
gation tests were conducted using the as-received

Summary of microstructure parameters for grain boundary and triple junction distribution for the as-received microstructure and after a

30% strain, 1173 K (900 °C) anneal for 30 min (900/30)

Structure Grain size, D (um)

(including twins)

Grain size, D (um)
(excluding twins)

Fraction of X3
boundaries (%)

Fraction of low CSL
boundaries (2 < 29) (%)

As-rec 20.6 + 3.1
900/30 9.5+0.2

26.5+4.5
114+0.3

352+£32
27.24+0.8

21.8+0.7
13.3+0.2
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304 stainless steel (Table 1) (fully sensitised at 923 K
for 20 h) to demonstrate that the crack bridging
mechanism was not unique to the tetrathionate
environment. A Cormet Testing Systems 10 kN
constant load autoclave comprising a manually
operated constant load unit, internal palladium
reference electrode and computer system was used
with a 0.0 M Na,SO, ceclectrolyte at 523 K
(250 °C) and a pressure of 40 bar. The tensile spec-
imens, which had a gauge length of 20 mm and
diameter 2.5 mm, were polarised to 500 mV above
their rest potential under static load (90% of room
temperature yield stress) to promote stress corro-
sion cracking.

3. 3D observations of intergranular stress corrosion
cracking

The principal finding arising from this experi-
ment was the demonstration of the formation and
failure of crack bridging ligaments. Crack bridging
is a common phenomenon in the brittle fracture of
materials, such as from ceramics [23] to fiber-
reinforced composites [24], whereby isolated regions
of material link the opposing faces of a crack and
restrict its opening. It has not been reported previ-
ously for stress corrosion cracking, to the authors’
knowledge. For example, Fig. 2(a)—(c) presents a
sequence of longitudinal slices from the recon-
structed tomographs at three different stages of
stress corrosion cracking of the test wire, each slice
taken at approximately the same location (70 um
from the sample centre). Two stress corrosion crack
tips visible in these slices (identified as cracks 1 and
2 in Fig. 2) have been studied. Discontinuity A cor-
responds to an arrested crack tip, while B and C are
crack bridging ligaments which develop and then
fail as the crack opening displacement increases.
3D isosurface rendering [25] of the tomographic
data has been used to visualise the crack bridges
in Fig. 2(d) and (e).

Fractography of the sample after testing shows
ductile features (e.g. Fig. 3(a)), with geometries that
indicate that they are defined by twin boundaries
(Fig. 3(b)). The twin boundaries are not sensitised,
which is evidenced by the lack of intergranular
cracking along the interface. EBSD analysis of a
wide range of thermo-mechanically processed
microstructures, processed with 30% strain and
annealed at temperatures between 1173 and
1373 K (900 and 1100 °C) for times between 2 min
and 24 h [16], show a high number of 2-CSL triple

junctions where a low CSL boundary (<X29,
#23) is connected to a X3 twin boundary. Data
for the effect of grain size (determined by the line
intercept method, excluding X3 twin boundaries)
on the average length of X3 twin and connected
low CSL (<X29, #ZX3) boundaries is given in
Fig. 4(a), with the as-received and 900/30 micro-
structures identified.

The connected low CSL length is proportional to
the twin length, which is shown to be equivalent to
the grain size. It is postulated that the observed duc-
tile regions correspond to an area defined by a non-
sensitised low CSL boundary, which associated with
the growth of the twin during recrystallisation
(Fig. 3(b)). The data in Fig. 4(a) indicate that the
average area of such a region is proportional to
the average grain boundary area (i.e. the square of
grain size). The tensile failure of these ductile fea-
tures implies that they have the potential to shield
the crack tip from the applied stress. High resolu-
tion electron backscatter diffraction (EBSD) of sec-
tioned crack paths (Fig. 4(b)) also suggests that such
crack bridges can result from the intersection of the
crack with twin-related features.

These observations indicate that microstructural
engineering [5-8], which aims to increase resistance
to intergranular stress corrosion crack propaga-
tion by increasing the number of twin-related non-
sensitised grain boundary segments factors in the
microstructure, will also increase the number of fea-
tures with the potential to form ductile crack bridg-
ing ligaments. It is proposed that these ligaments are
a significant factor in increasing the resistance of the
microstructure to stress corrosion cracking.

4. Microstructural effects on SCC resistance

A microstructure engineering study was per-
formed to investigate the effects of thermo-mechan-
ical processing on the parameters likely to improve
stress corrosion cracking resistance. The study was
based on the proposition that the resistance to stress
corrosion cracking develops from the bridges in the
crack wake [17]. The frequency of bridge formation
depends on the probability of the crack tip encoun-
tering a grain boundary triple junction with a
resistant grain boundary (i.e. a non-sensitised
boundary). These are boundaries with a high degree
of coincidence between the crystal lattice orienta-
tions of the grains on either side of the boundary,
defined using the coincidence site lattice (CSL)
model [18]. Twin boundaries (X£3) and low CSL
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~100 um

Fig. 2. Tomography data from in situ stress corrosion cracking experiments (pH 2 tetrathionate solution, sensitised 302 stainless steel).
(a)—(c) reconstructed longitudinal slices (yz plane) of the same region of interest at three different stages in the stress corrosion test, (d)
viewed from within the crack, of a crack bridging ligament (indicated by an arrow) and (e) 3D iso-surface rendering of a region of the
stress corrosion crack. A ‘hole’ in the crack, due to the non-fracture of a grain boundary to form a crack bridging ligament is indicated.

boundaries with X~ < 29 are commonly regarded as tised boundary. Various percolation-like models
resistant to intergranular corrosion and stress corro- [26-29] have been proposed, in which crack arrest
sion cracking [5-8]. Crack propagation may also be is assumed to occur once the crack encounters a

impeded locally by an unfavourably oriented sensi- resistant feature. The maximum likely crack length,
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Fig. 3. (a) An example of ductile ligaments, observed on
intergranular facets from the fractograph of the failed wire, (b)
schematic of the grain shown in (a) with £3 twin grain boundaries
normal to the page forming a triangular corner twin and a lamella
twin. The shaded regions, which correspond to the ductile regions
in (a) are postulated to be low CSL segments of the grain
boundary formed by the twin growth.

independent of stress, is thus determined by the
distribution of resistant triple junctions or grain
boundaries.

Our observation of ductile ligaments shows that
crack arrest does not necessarily occur when a resis-
tant boundary is encountered. However, the proba-
bility of crack bridge formation at a triple junction
(P) may be expressed in a similar manner to the per-
colation-like models, using functions such as Eq.
(1). Here, frys—csy) is the frequency of occurrence
of triple junctions with n resistant boundaries (i.e.
non-sensitised low CSL, X < 29) and f, and f,, are
geometrical factors (assumed to be 1 and 0.5 respec-
tively), to account for unfavourably oriented sensi-
tised boundaries at the triple junction. The ratio
of fry1—csr) 10 fry2—csr) does not vary significantly
over a wide range of microstructures [16], thus the
actual values of f, and f;, are not critical in the rela-
tive ranking of microstructures. It is also recognised

60 >
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50 All Data Connected CSL . o o,
4 30% 900/30 Sigma 3 3 g O, S
030
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- °
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Fig. 4. (a) Effect of grain size on twin length and connected low
CSL boundary length in a range of thermo-mechanically
processed microstructures (30% strain, annealed at 1173 K-
1373 K (900 °C-1100 °C) for 2 min to 24 h). Data for the as-
received and 900/30 microstructures are highlighted and (b)
EBSD map of a metallographic section of a stress corrosion crack
in the as-received microstructure (pH 2.5 tetrathionate solution,
sensitised 304 stainless steel). Local crack arrests at 1-CSL and 2-
CSL triple junctions are circled. The crack is shown in grey, the
twin and CSL boundaries in pale grey, and the high angle grain
boundaries in black.

that 2-CSL junctions associated with narrow twins
may be characterised as 1-CSL junctions by EBSD.
The factor P thus expresses the ratio of the number
of triple junctions with potential to form crack
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bridges to the total number available to the crack
tip.
(fafT3—csL) + fofria-csL)

P =
1 — frig—csy)

. (1)

For a one-dimensional model, the probability, X,
that the crack tip will encounter a resistant triple
junction within distance L can be expressed as Eq.
(2) [28]. The distance, over which there is a critical
probability of bridge formation, say Lgg, for
X = 99%, will be related to the average distance be-
tween crack bridging ligaments on the fracture sur-
face. Since there is a probability that bridging does
not occur for a short stress corrosion crack nucle-
ated at a surface until the crack length exceeds
Loyge,, the average crack bridging stress, oy, , will vary
with length (a) for short cracks. This variation of
bridging stress with crack length may have a form
such as Eq. (3), such that the average bridging stress
depends on the fraction of the crack length (L) over
which bridging is likely to occur. The crack bridging
stress therefore rises and saturates to a maximum
value over a length scale determined by Lgg.,, which
is a function of both the triple junction distribution
(i.e. P) and the average distance (D) between triple
junctions (i.e. grain size). The crack bridging stress
acts to shield the crack tip from the applied stress.

X =1 (1—Py", )
a — Logy,
op = ——2
a

Obmax for a > Loy, o0 = 0 forac< Loygy,. (3)

The magnitude of the crack bridging stress induced
by the ligaments is difficult to determine using a sim-
ple model, since with increasing crack opening
displacement relative to the ligament size, the liga-
ments may deform elastically, plastically or rupture.
A constant maximum crack bridging stress, o maxs, 1S
currently assumed for all microstructures. If this is
sufficient to arrest or significantly retard crack prop-
agation, then microstructures with the greatest resis-
tance to short stress corrosion crack propagation are
predicted to be those in which the bridging stress
develops more rapidly with crack length. Such
microstructures will have smaller grain size and
higher P factors. The model described above is clo-
sely related to percolation-like models for intergran-
ular stress corrosion cracking, in terms of the relative
effects of microstructure parameters. However, it re-
moves the implicit assumption in such models that
crack arrest occurs when a resistant junction is

encountered. This clearly does not occur due to the
three-dimensional nature of the microstructure, as
demonstrated by the 3D observations of crack bridg-
ing ligament formation. The new model includes the
effects of applied stress magnitude, and can be ap-
plied to short cracks in residual stress gradients to
consider the effects of surface preparation and dam-
age on stress corrosion cracking.

The effect of the bridging stress can be repre-
sented using a simple linear elastic fracture mechan-
ics model. The magnitude of crack tip shielding
available from bridging ligaments is quite low for
short cracks and there is an implicit assumption that
stress corrosion cracking occurs with very low val-
ues of crack tip strain [30]. Crack propagation
occurs if the net crack tip stress intensity factor is
greater than a short crack threshold Kjgcc, which
is assumed to be small (~0.1 MPay/m) [17]. The
critical threshold stress, o, can then be calculated
as the remote applied stress necessary to increase
the net crack tip stress intensity factor above Kigcc
(Eq. (4)). The variation of threshold stress with
crack length is illustrated in Fig. 5 for two different

""" Applied Stress

Threshold Stress 900/30

— - - — Threshold Stress 900/30 (reduced grain size)
— — — Threshold Stress As-Rec

350
300
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200
150

Stress (MPa)

100

T T T T
0 100 200 300 400 500
Crack Length (um)

Fig. 5. Predicted development of crack propagation threshold
stress with increasing crack length for the 30%/900/30 and as-
received test microstructures, compared with an applied stress of
200 MPa. The 30%/900/30 microstructure was cold worked by
30% and annealed at 1173 K (900 °C) for 30 min. The effect of
accounting for the expected 30% overestimate in the grain size of
the 30%900/30 microstructure is also shown (900/30 reduced
grain size). The maximum crack bridging stress has been taken to
be 300 MPa for both microstructures. The behaviour at very
short crack lengths (<30 pm) is an artefact of the simple linear
elastic fracture mechanics model, which is not considered to be
valid for crack lengths of the order of 1-2 grain diameters.
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microstructures. A semicircular crack, radius a, is
assumed.

V2n(K g + Kisce)
Va
K¢ = op/a/2m. (4)

The model parameters for the two test microstruc-
tures (before and after a 30% strain followed by a
30 min anneal at 1173 K (900 °C)) are summarised
in Table 3. These two microstructures have quite
similar P factors, but differ significantly in grain
size. All data was obtained using a constant EBSD
sampling step size of 5um. This large step size
was selected to obtain consistent data over a wide
range of microstructures, and measurements using
smaller step sizes (>1 pm) have shown that although
the number of triple junctions is affected by the step
size, the factor P is insensitive to step size. However,
the grain size was found to be overestimated when
the step size was larger than 20% of the grain size
[16]. This is consistent with EBSD observations in
other microstructures [31], from which the measured
grain size of the 900/30 microstructure is thus ex-
pected to be an overestimate, by approximately
30%, relative to the as-received grain size.

In order to assess the effect of microstructure
engineering on crack growth, crack propagation
tests were performed on the two test microstructures
using the double-beam-bent specimen geometry
described in the experimental section. Typical crack
growth results after 144 h at 200 MPa are given in
Fig. 6 for the microstructure processed at 1173 K
(900 °C) and annealed for 30 min (900/30), com-
pared to the as-received microstructure. When con-
sidering the results it is important to note that X-ray
diffraction (XRD) analysis demonstrated that the
surface residual stresses introduced by sample prep-
aration were not significant, having a magnitude of
less than 50 MPa. The applied stress was also mon-
itored during the tests using XRD, and stress relax-

om = where

Table 3

|
i
(=
=
c
©
T
£
£ * 900/30
[}
- W As rec
'2 T T T 1
0 500 1000 1500 2000

Crack Length (um)

Fig. 6. Crack population data, expressed as the reduced variant
() as a function of the observed crack length for the 30%/900/30
and as-received microstructure tested under an applied stress of
200 MPa for 144 h. The 30%/900/30 microstructure was cold
worked by 30% and annealed at 1173 K (900 °C) for 30 min.
Solid lines are least square best fits to the data. Dashed lines are
the 95% confidence limits.

ation was not observed. The effects of test duration
and test reproducibility were also investigated. The
crack populations were stable in each microstruc-
ture, demonstrating that measurable crack propaga-
tion has ceased within the duration of the test.
Further details of these tests for materials having
a range of microstructures are described elsewhere
[16].

Simple inspection of the data summarised in
Fig. 6 shows that the 900/30 microstructure has
the greater resistance to stress corrosion cracking,
developing a population of significantly shorter
cracks than the as-received microstructure. The
parameter y, which is derived from the rank of the
crack size in the ordered series of n observations

Summary of microstructure model parameters for grain boundary and triple junction distribution for the as-received microstructure and

after 30% strain, 1173 K (900 °C) annealed for 30 min (900/30)

Structure P Triple junction distribution (%) Logy,
Jio—csL) Ja—csi) Jo—csn) Jo—csn)

As-rec 0.43 +0.01 278 £ 1.7 524+1.0 13.8+ 1.1 59+3.1 84.4 +12.7

900/30 0.34 4+ 0.01 43.0+1.0 438+1.0 11.6 £0.8 1.6 +£0.3 52.6 +1.1

Average and range calculated from three measurements. The parameter Lgg,, Was determined from the grain size (including twins)

(Table 2).
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[21], describes the probability of occurrence of a
crack of a given size. This provides a convenient
method of describing the population of observed
cracks, with comparisons in the maximum likely
crack length in the test specimen being made at
equivalent values of y. The observed difference in
maximum crack size is consistent with the relative
rates of development of crack bridging predicted
for the two microstructures, as defined by the differ-
ence in Logy, (Table 3). The predicted variation of
threshold stress with crack length is given in
Fig. 5, assuming a maximum crack bridging stress
of 300 MPa in both microstructures. The proposed
model therefore appears reasonable, although it
predicts a less significant difference between the
two microstructures than is observed. This may be
attributed in part to the overestimate in the grain
size of the 900/30 microstructure. The predicted
effect of reducing the measured grain size by 30%
is shown in Fig. 5. Non-random connectivity of sus-
ceptible boundaries may also be a factor. The data
for the as-received microstructure also does not fit

the extreme value distribution well. This indicates
that there may be two populations of cracks present.
This might be explained by loss of significance of the
crack bridging mechanism at longer crack lengths as
the crack opening displacements increase.

Current work aims to investigate the crack prop-
agation behaviour in a range of microstructures to
determine whether the maximum crack bridging
stress is affected by significant variations in P. The
effects of non-random connectivity of susceptible
boundaries and near-surface residual stresses are
also being investigated.

5. High temperature crack propagation behaviour

Intergranular stress corrosion cracking is a prob-
lem in pressurised water cooling systems operating
at high temperature. Crack initiation was found to
be very difficult in 0.01 M Na,SO, electrolyte at
523 K (250 °C) in short times under static load.
However intergranular stress corrosion cracking
did propagate under autoclave conditions after an

Fig. 7. Crack propagation in the high temperature autoclave environment: (a) metallographic section of intergranular stress corrosion
crack (propagating from left to right), (b) ductile ligament on intergranular fracture surface and (c) transgranular cracking (indicated with

arrow).
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initial exposure of electropolished samples to tetra-
thionate solution (pH 2.5) for 4 h at room tempera-
ture to initiate intergranular corrosion damage at
the surface (Fig. 7(a)). The high temperature
fracture surface was similar to the room tempera-
ture behaviour, with ductile ligament formation
(Fig. 7(b)). There was also evidence for some trans-
granular cracking (Fig. 7(c)). Crack bridging there-
fore occurs, and microstructure engineering has
potential to influence stress corrosion cracking
resistance.

The effects of test duration on the depth of stress
corrosion crack (SCC) penetration and the depth of
the intergranular corrosion damage (IGC) are
shown in Fig. 8 for the as-received microstructure.
The extreme value distribution for the crack popula-
tion has been determined.

The data in Fig. 8 shows that the maximum
depth of intergranular corrosion, which initiated
cracking, is not affected by test duration, whereas
the maximum depth of stress corrosion cracking
increases with time. This data also suggests that
some shorter stress corrosion cracks and intergran-
ular corrosion damage are not clearly distinguished,
and there is thus some overlap of the two measured
populations. These preliminary results demonstrate
that crack propagation rates for short stress corro-
sion cracks can be determined from these static
tests. Measurements of the effects of test duration

6 -
5 .
T 4
t 3
z
e 2]
£ 1 A IGC 160 hours
_5.= A IGC 300 hours
l; 0 A o SCC 160 hours
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Fig. 8. Effects of test duration on the observed populations of
stress corrosion cracking (SCC) and intergranular corrosion
damage (IGC) in high temperature autoclave tests in as-received,
fully sensitised 304 stainless steel. Solid lines are least square best
fits to the data. Dashed lines are the 95% confidence limits.

and stress on the crack population can therefore
be employed to investigate the effects of microstruc-
ture engineering on stress corrosion crack propaga-
tion resistance.

Work is in progress to investigate the effects of
microstructure in this environment, and to confirm
whether transgranular cracking in the autoclave
environment is associated with the plastically
strained crack bridging ligaments. This would have
a potentially detrimental effect on the crack shield-
ing mechanism and stress corrosion cracking
resistance.

6. Three dimensional modelling of crack
propagation

While simple models of crack propagation such as
that given above provide important insights into
stress corrosion cracking, the observation of ductile
ligaments due to crack bridging, and the demonstra-
ble effects of microstructure engineering on crack
propagation behaviour provide a mechanistic basis
for 2D and 3D models for intergranular crack prop-
agation. The aim is to provide a tool for theoretical
investigations of the interaction between multiple
cracks and the influence of residual stress gradients.
Such a model will also provide a better understand-
ing of the elastic/plastic behaviour of crack bridging
ligaments and their effect on the crack shielding stres-
ses. A simple 2D model for intergranular crack
percolation with crack bridging has been developed,
and is described elsewhere [32]. The 3D model is
described briefly below. In its present form, the
model does not consider the kinetics of crack growth.

At the physical level, the geometry of the micro-
structure can be represented by a regular tessellation
of space into identical cells. As in previous works on
percolation modelling of three dimensional inter-
granular cracking, e.g. [26-29,33,34], the unit cell
is chosen to be a truncated octahedron, known also
as tetrakaidecahedron or mecon. This is a polyhe-
dron having six square and eight regular hexagonal
faces (Fig. 9). The unit cell diameter, D, is the edge
of the cell bounding cube. This may be considered
as a measure of the average grain size. The faces
common to neighbouring cells represent grain
boundaries, which are classified as either resistant
or sensitive to intergranular fracture.

Susceptible boundaries are assumed to fail at a
very small strain, &, and without significant inelastic
deformations in their vicinity, when encountered
by a propagating crack. Resistant boundaries are
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Fig. 9. Physical model of a grain (mecon) for the three-
dimensional polycrystalline model and its discrete counterpart
using beams.

assumed to fail in a ductile mode after a significant
amount of accumulated inelastic strain. These prop-
erties are consistent with the observed failure mech-
anisms (e.g. Figs. 2 and 3).

At the computational level, a discrete representa-
tion of the assembly of mecons is employed. This is
done in view of the subsequent finite element formu-
lation of the crack propagation problem. In the dis-
crete representation, each mecon is substituted by a
node at its central point and the mecon’s fourteen
faces are substituted by beam elements linking it
to the central points of the neighbouring mecons.
This is shown schematically in Fig. 9, where cylin-
ders represent the beam elements. This leads to a
significant reduction of the nodes and elements in
a model and hence of the computational effort,
which is crucial for three dimensional problems.
The element cross sections were varied to ensure
that the assembly behaved like a solid under the
same deformation when subjected to tensile defor-
mation in the elastic range.

The modelled assembly contains 30000 grains,
which form 198310 internal grain boundaries (mod-
elled by 30000 nodes and 198 310 beam elements) in
the finite element model. A small intergranular
pre-crack is introduced by removing three beam ele-
ments. The elements are assumed be elastic—plastic
with linear isotropic hardening. Properties typical
of an annealed austenitic stainless steel were
selected, where relevant, although no attempt has
been made to relate the model behaviour to experi-
ment. The modulus of elasticity £ = 200 GPa and
Poisson’s ratio v =0.3. In the current formulation,

1.0- o
g /e, <1
0.84
. 0.6 g Resistant
© : i
\b ' Susceptible boundaries
0.4- boundaries behaviour
: failure
024 /i
\
0.0 T T ) y
0 1 2 8 4

Fig. 10. Schematic illustration of behaviour of susceptible and
resistant boundaries employed in the three-dimensional model.

the resistant elements have a yield stress o, =
200 MPa with yield strain &, = 10~* and ultimate
strength o, =400 MPa at ultimate strain &, = 0.1.
Elements representing susceptible boundaries are
assumed to fail at strain & <e, (Fig. 10). The two
types of behaviour are randomly distributed among
the elements, depending on a given fraction of resis-
tant boundaries, f. The load is symmetric and
applied via prescribed displacements which intro-
duces a homogeneous strain in the assembly ¢, =
5% 107% equivalent to a homogeneous remotely
applied stress g ~ 0.50,.

The modelling of crack propagation is handled
by two separate software components. Equilibrium
is found using the commercial finite element pro-
gram ABAQUS [35]. The solution is then analysed
by a program developed in-house, which examines
all elements in contact with the crack surface. Ele-
ment conditions are compared against their failure
criteria, and at most one boundary, being either sus-
ceptible or resistant, is allowed to fail per step. Equi-
librium is then re-established using ABAQUS, and
the analysis is repeated until crack propagation
ceases or the simulation is terminated.

Simulations have been performed for different
fractions of resistant boundaries. Fig. 11 illustrates
the crack configuration after 200 steps of growth,
i.e. approximately 200 failed boundaries, in a mate-
rial with 30% resistant boundaries. A number of
crack bridges are clearly identified along the crack
surface. This demonstrates the ability of the model
to simulate 3D crack propagation.

Current work in progress aims to quantify the
effects of crack bridging on the crack shielding in
the 3D model, and to study the effects of residual
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Fig. 11. Three-dimensional crack generated after 200 crack
growth steps, showing bridges. The fraction of resistant bound-
aries was 30%. Only the cracked boundaries are shown — some
bridging ligaments are evident as ‘holes’ in the crack.

Surface

stress gradients and crack interactions. Further
refinement of the model using experimental results
will be necessary before it becomes a useful predic-
tive tool.

7. Summary

e Observations of intergranular stress corrosion
cracking in sensitised stainless steel show that
resistant grain boundaries can bring about crack
bridging. It is proposed that these bridges pro-
vide resistance to the propagation of short stress
corrosion cracks. The development of these
bridges and thereby this resistance is affected by
the grain boundary triple junction distribution
and the grain size.

e This proposition is supported by experimental
data for the effect of microstructure engineering
on crack propagation resistance. The level of
resistance provided by this mechanism may vary
with the environment. Transgranular cracking
may occur in high temperature/pressure condi-
tions for example.

e The observations provide a mechanistic basis for
a new three-dimensional computational model of
short stress corrosion crack propagation. Preli-
minary results demonstrate that the 3D model
captures experimentally observed behaviour.
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