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Single crystal 321 stainless steel stress corrosion cracking was studied in a 42 wt.% MgCl2 solution. Cracks
propagated macroscopically in the maximum tensile stress plane regardless of the notch orientation with
respect to the applied tensile load direction. Some stress corrosion cracks nucleated discontinuously at
the intersection of the two slip bands. Most cracks, however, were not related to the slip bands.
Cleavage-like fracture was observed, and the river-markings exhibited microshear facets along the
{1 1 1} plane. Interaction between the main crack and the discontinuous microcracks increased the
calculated stress intensity factor by 17 times and promoted crack coalescence, resulting in mechanical
fracture of the ligaments between the cracks.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Metal deformation and fracture in solutions have been studied
for many years, but, until now, the exact mechanisms have not
been clearly explained. Recently many investigators focused on
studying single crystals because of their simple structure as com-
pared with polycrystalline materials. Different testing methods
[1–5] and environments [6–10] were often used as variable param-
eters with special consideration given to the angle between the
direction of the applied load and the crystal orientation [11–17].

In face centered cubic (FCC) materials, dislocations often pile up
at the Lomer-Cottrell sessile dislocations. Dislocation pile-ups en-
hance the local electrochemical activation of these locks, initiating
the microcracks. After microcrack initiation, dislocations continue
to pile up around the crack tip, causing stress concentrations.
When the stress intensity factor, KI, ahead of the crack tip becomes
equal to the fracture toughness, KIC, the crack will open and prop-
agate. Stroh showed that in FCC materials, the number of disloca-
tions required to initiate a crack at the Lomer-Cottrell locks, just
by shear, was roughly an order of magnitude less than that re-
quired for actually opening up a crack [18]. Therefore, the fracture
of most FCC metals is ductile. The chemical environment changes
KIC and the critical shear stress. Therefore, it is possible for FCC
metals to undergo brittle fracture. Mimaki performed stress corro-
sion cracking (SCC) tests on copper bicrystals with h1 1 0i-tilt R3,
ll rights reserved.
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R9, and R11 coincident site lattice boundaries [19]. For the three
types of specimen, it was found that many cracks initiated on the
side surface, at the sites where the two slip systems intersected
with each other along the {1 1 0} trace and perpendicular to the ap-
plied stress axis. During SCC of oriented copper–zinc single crys-
tals, under various chemical conditions, fracture surfaces were
predominantly {1 1 0}, independent of the tensile axis orientation,
and had occasional appearances of the {1 1 1} fracture planes [8].
Meletis and Hochman [20] also proposed that, in copper single
crystals, dislocations moving on two intersecting {1 1 1} slip sys-
tems can combine to produce h1 1 0i sessile Lomer-Cottrell dislo-
cations. Based on detailed microfractography of transgranular
SCC in 316 and 310 stainless steels (SS), tested in a boiling MgCl2

solution, Dickson et. al. [21] and Magnin [22] reported that local-
ized slip of the {1 1 1} planes induced cleavage. The {1 1 1} facets
are often small and their size increases by increasing the KI stress
intensity factor.

Despite a considerable amount of research, conflicting views on
SCC mechanisms remain. Several models have been proposed to
explain transgranular crack propagation via discontinuous cleav-
age [8,22–25]. A film-induced cleavage model has been developed
and was based on the work with Cu–Au and Cu–Zn alloys [24].
Microcleavage is induced in the ductile matrix by the brittle crack-
ing of the surface layer, which is strongly affected by hydrogen
[26]. Two other models, involving micro-cleavage due to disloca-
tion pile-up, were proposed [8,22,23,25,27]. One was based on
the influence of localized anodic dissolution upon the plasticity
enhancement at the crack tip [22,23,25]. This localized plasticity
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Fig. 2a. SCC and slip bands under pure mode I loading with 48 MPa stress in
42 wt.% MgCl2 boiling solution for 6 h.
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enhancement leads to the formation of dislocation pile-ups, where
Lomer-Cottrell barriers, or other obstacles, occur. Microcleavage,
and/or microshear, is induced by the restricted slip conditions,
resulting in brittle transgranular microcracking. Crack propagation
is then limited and arrested by the strong relaxation effects in the
intrinsically ductile 316 stainless steel. The other model was based
on the anodic dissolution effect upon fracture toughness, KIC [8,27].
The model incorporates Stroh’s pile-up mechanism for opening up
a Lomer-Cottrell lock, but the stress state at the lock is modified by
a corrosion process occurring at the main crack tip [18]. The nucle-
ated crack grows as a result of a ‘‘burst’’ of pile-up dislocations
flowing into the fractured lock. Blunting of this crack is initially
prevented because the stress state at the crack nucleus is not suf-
ficient to activate appropriate slip and because the time available
for the activation of such slip is limited. It is postulated that contin-
ued growth is controlled by the effect of selective dissolution upon
KIC at the crack tip and is not simply due to Faraday dissolution.
Subsequent blunting depends on the direction of the crack growth
and the crack tip dissolution rate.

Most models proposed in the literature assume that the role of
stress is to induce slip emergence on a specimen surface. The slip
emergence and anodic dissolution are regarded as separate steps.
The synergistic action of stress and anodic dissolution is neglected.
This paper aims to investigate the initiation, propagation and coa-
lescence of stress corrosion cracks, while also considering the effect
of stress on anodic dissolution and investigating the crystalline
planes of a 321 stainless steel single crystal cracking surface.

2. Experimental procedure

321 SS single crystals were used in this study. The crystals were
produced along the [0 1 0] direction with the following chemical
composition: C–0.06 wt.%, Cr–18.7 wt.%, Ni–9.87 wt.%, Mn–
1.8 wt.%, Si–1 wt.%, Ti–0.45 wt.%, Fe-balance. The crystals were ma-
chined into notched specimens with 50 � 10 � 0.15 mm3 dimen-
sions and the notch configuration shown in Fig. 1. Samples were
annealed at 1050 �C for 30 min in argon and then air cooled. The
notch tip radius was 0.15 mm. Specimen side surfaces coincide
with {1 0 0} planes. The specimen is under mode I, or mixed mode
I + II loading, when the load is applied along the [0 1 0] long axis
direction. All specimens were mechanically polished. SCC tests
were performed in a 42 wt.% MgCl2 boiling solution (143 �C) at cor-
rosion potential and under constant load. After the tests, each spec-
imen was ultrasonically cleaned; first in hot water and then in a
5 wt.% HCl + 2 g/L hexamethylenetetramine mixture. The fractog-
raphy and slip bands of the cracked specimens were observed
using scanning electron microscopy (SEM).

3. Results

3.1. Macroscopic SCC propagation

The specimens were strained under pure mode I and mixed
mode I + II loading. SCC propagation under mode I loading is shown
in Fig. 2a, where the specimen was loaded with 48 MPa nominal
stress for 6 h. The arrows indicate the loading direction. The main
crack is macroscopically perpendicular to the applied load direc-
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Fig. 1. Schematics of the stainless steel single crystal mixed mode I + II specimen.
tion. Some discontinuous cracks are also perpendicular to the load-
ing direction, except for the connecting part. No slip band can be
found around the discontinuous cracks, but two groups of slip
bands exist on both sides of the main crack, intersecting the main
crack at a 45� angle. {1 1 1} slip lines have 45� directions in {1 0 0}
planes and the intersection angle between {1 1 1} and {1 0 0}
planes is 90�. {1 0 0} are the only planes whose {1 1 1} slip lines
can intersect at 90� angle. Therefore, the slip bands are from
{1 1 1} planes and the main crack is in the (100) plane according
to the FCC crystal orientation.

For the mixed mode I + II specimens (h = 45�), the results of SCC
are similar to that of the mode I specimens. Fig. 2b shows SCC
propagation direction in the specimen loaded with 119 MPa nom-
inal stress. The time to fracture was 4 h. Similar to mode I loading
(Fig. 2a), the crack propagation is perpendicular to the loading
direction. Many cracks are parallel to the main crack. There are also
perpendicular slip lines on the side surface, in the cracked area.
There were many more slip bands in Fig. 2b because of the higher
stress level. No relationship can be found between the slip lines
and the crack direction. For specimens with h = 75�, cracks also
propagated in the plane perpendicular to the loading direction. A
previous study showed that pure mode II SCC also initiated at
the maximum normal stress site and propagated along the maxi-
mum stress direction. There were no slip lines adjacent to the crack
[15].

At lower stress levels, stress corrosion cracks could propagate a
long distance without slip lines appearing. Fig. 3 shows the low
Loading direction 
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Fig. 2b. SCC and slip bands under mixed mode I + II (h = 45�) loading with 119 MPa
stress.
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Fig. 3. SCC without any slip bands under mixed mode I + II (h = 45�) loading with
27 MPa stress.
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Fig. 4b. Corroded slip bands.
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stress example (mode I + II, h = 45�), in which less than 27 MPa of
nominal stress was applied for 13 h. The crack is perpendicular
to the applied loading direction and is not associated with any of
the slip bands. Mode I, II, and mixed mode I + II loading showed
that stress corrosion cracks always propagate macroscopically in
the direction perpendicular to the normal stress.
20 μμm 

Fig. 5a. Multi-initiation and propagation of angled micro-cracks on the slip bands.
3.2. Microcrack initiation and propagation

Stress corrosion crack initiation and propagation may or may
not be associated with slip bands, according to the above results.
To clarify this, microcrack initiation and propagation were charac-
terized. Fig. 4a shows microcrack initiation on intersection sites of
two groups of {1 1 1} slip bands in the (0 0 1) plane. The slip lines
are perpendicular to each other and some of them corroded. De-
tails of corroded slip bands are shown in Fig. 4b. Corrosion oc-
curred along the crystalline planes, but did not form microcracks.
The specimen was loaded with 66 MPa stress for 220 min along
the [0 1 0] direction. Therefore, microcracks propagated in the
(0 1 0) plane, perpendicular to the loading direction. Fig. 5a shows
corroded slip bands in the specimen presented in Fig. 2b. Slip lines,
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Fig. 4a. Initiation of discontinuous micro-cracks on the (1 0 0) plane at intersection
sites of slip bands from (1 1 1) planes.
almost perpendicular to the loading direction, corroded heavily,
with many initiated microcracks as compared with slip lines al-
most parallel to the loading direction. However, the microcracks
are inclined and are not directed along the slip lines. They are
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Fig. 5b. Initiation of discontinuous micro-cracks and microcrack coalescence with
the main crack.
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perpendicular to the normal stress planes. No microcracks formed
in other slip bands, forming a small angle with the applied stress
direction. Figs. 5 and 6 indicate that cracking is not related to the
slip band formation. The slip bands are probably the result of high
stress and merely accompany SCC. SCC can occur without any slip
bands, as shown in Fig. 5b, which presents the crack tip of the spec-
imen shown in Fig. 3. It can be seen that cracks initiated discontin-
uously and then connected with each other through breaking of
the ligaments between the main crack and the microcracks. The
last microcrack just initiated and is not connected with the previ-
ous one yet, as indicated by an arrow.
3.3. Cracking plane

The above results showed that SCC could occur with and with-
out appearance of the slip bands. However, fracture surfaces of SCC
generally exhibit highly crystallographic cleavage or cleavage-like
features. Fig. 6a shows a configuration of the cracking surface
and the crystallographic plane. The lower-left part is the side sur-
face of the specimen. There are many parallel lines which are slip
bands from {1 1 1} slip planes. The upper-right part is a typical
fracture surface observed in many SCC situations. There are many
stepped cleavage planes on the SCC surface. Stepped cleavage
planes compose river or fan patterns on the SCC surface of stainless
Side 
surface 

SCC 
surface 

15 μμμμm
Slip bands 

Fig. 6a. Configuration of cracking planes on the SCC surface and slip bands on the
side surface: the cracking planes located on the same planes as dislocation slip
bands.

25 μμm 

Fig. 6b. Most often observed SCC morphology of stainless steels in 42 wt.% MgCl2

boiling solution.
steels in many situations, as shown in Fig. 6b. It can be seen from
Fig. 6a that the stepped cleavage planes are located in the same
dislocation slip planes, i.e., the cleavage surfaces are {1 1 1} planes.
This is consistent with other results. Magnin et. al. [22,27–29] ana-
lyzed cracking using the corrosion-enhanced plasticity model. The
authors pointed out that {1 0 0} and {1 1 0} planes formed by
microcracking of the {1 1 1} planes, in a zigzag manner.

4. Discussion

4.1. Discontinuous crack initiation

For an elastic material, the stress distribution can be calculated
using linear elastic fracture mechanics with the maximum stress
located at the crack tip. As a result, the crack propagates directly
from the crack tip. The stress distribution in front of the crack
can be calculated approximately using linear elastic fracture
mechanics. The stresses in front of the crack tip are [30]:
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2
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However, the situation is different when plastic deformation takes
place. Similar to confined ductile thin film geometry [31], maximum
stress is no longer at the crack tip if dislocations are emitted from
the crack tip because of the dislocations’ shielding stress. The
shielding effect causes the maximum stress position to shift away
from the main crack tip [32]. A highly stressed zone forms ahead
of the crack tip in the case of plastic deformation. The shift distance
depends on the level of the applied KI [33]. A shifted and highly con-
centrated normal stress could result in discontinuous initiation of
the microcrack [34]. The distribution of dislocations, the normal
stress and a discontinuous microcrack in front of the main crack
are shown schematically in Fig. 7a.

The slip emergence and anodic dissolution are regarded as two
separate steps in most anodic dissolution models. The synergistic
action of the stress and anodic dissolution were neglected in previ-
ous slip-dissolution models. In fact, dislocations play two roles in
SCC. First, dislocations generate slip steps, disrupting the surface
protective film. As a result, freshly exposed metal is subjected to
corrosion. Second, dislocations pile-up, resulting in highly localized
stress, which cause atoms to dissolve preferentially. Only the first
Microcrack
Main crack 

σy

σy

Dislocations 

ig. 7a. Schematics of dislocations distribution, normal stress and discontinuous
icrocrack in front of the main crack.
F
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role of stress is considered in most SCC models in the literature.
Synergistic effects of stress and chemical medium should be taken
into account to explain the mechanism. The effect of stress on ano-
dic dissolution current can be expressed as follows [35]:

iðrÞ ¼ iA � exp
Mr2

2EqRT

� �
ð4Þ

where M is the atomic weight, r is the applied stress, E is the Young’
modulus, q is the density, R is the gas constant, T is the absolute
temperature, i(r) and iA are anodic currents with and without the
applied stress, r, respectively. Elastic stress in bulk specimens is
typically small and has little effect on anodic dissolution, based
on Eq. (4). The local stress around the tip of a dislocation pile-up,
however, could reach the theoretical cohesive strength. For stain-
less steels, Young’s modulus E is about 200 GPa. Substituting
r = 0.1 E = 20 GPa, M = 56 g/mol and R = 8.31 J/mol into Eq. (6)
yields i(r) = 18iA for T = 298 K. The effect of highly localized stress
on the anodic process plays a critical role in SCC.

Dislocations could pile up against various obstacles, such as
sessile dislocations, surface films, inclusions and interfaces. Such
pile-ups at different obstacles may result in different cracking
behaviors. For instance, pile-up against grain boundaries probably
results in intergranular cracks. The pile-up against surface film or
obstacles in grains will result in transgranular cracks. For austenitic
stainless steel, the slip system is {1 1 1}–h1 1 0i. Dislocations glid-
ing on {1 1 1} planes will form a Lomer-Cottrell sessile dislocation
in the {1 1 0} planes. Dislocation pile-up against the Lomer-Cottrell
barrier results in a highly localized stress concentration, which
forms a local high stress region. Discontinuous microcracks will
initiate in the high stress zone ahead of the main crack, as observed
in Fig. 5b. Dislocation slip on different planes with the same direc-
tion may result in many parallel Lomer-Cottrell sessile disloca-
tions, consequently resulting in multiple microcracks nucleating
on the slip band, as illustrated in Fig. 7b. This situation is consistent
with the observed result in Fig. 5a. Dislocation pile-up against the
surface film results in the slip bands and crack planes seen in
Fig. 6a.

Stress corrosion cracks can initiate and propagate without any
slip bands if the applied stress is low, as seen in Figs. 3 and 5b.
σ

σ

Fig. 7b. Schematics of multi-slip systems and discontinuous microcracks.
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Fig. 7c. Configuration of the main crack and the micro-crack under mode I loading.
Although microcracks can occur on slip bands for the case of a high
stress level, the cracking direction is inclined to the slip bands. This
is not consistent with the ‘‘slip-dissolution’’ model prediction. Dis-
locations play an important role in the SCC process via slip and
pile-up at particular obstacles, resulting in high local stress. The
slip bands were just an accompanying result at a high stress level
and, consequently, did not contribute directly to the SCC process.

4.2. Coalescence of discontinuous microcracks with the main crack

The stress intensity factor at the main crack tip is amplified
when a discontinuous microcrack initiates ahead of the main crack
tip. For an arbitrarily located and oriented microcrack under mode
I loading, as shown in Fig. 7c, the stress intensity factor KM

I of the
main crack can be written as [36]:

KM
I ¼ KI 1þ a

c
8d

� �2
� �

ð5Þ

where c is the half length of the microcrack, d is the distance from
the main crack tip to the center of the microcrack, and

a ¼ 2 cosð2/þ hÞ þ 4 cosð2/� hÞ þ 8ð2/� 2hÞ � 6 cosð2/� 3hÞ
�8 cosð2/� 4hÞ � 3 cosð3hÞ þ 8 cosð2hÞ þ 11 cosðhÞ

ð6Þ

where h is the location angle and / is the microcrack orientation an-
gle, as indicated in Fig. 7c.

A microcrack could either shield or enhance the stress intensity
factor at the main crack tip based on the / and h angles values.
When the microcrack is collinear with the main crack (h = 0), a is
16 and does not depend on the microcrack orientation angle /.
The maximum value of a could reach 28. The c/d ratio is about
3–6, as shown in Fig. 5b. The stress intensity factor of the main
crack could be increased up to 17 times by the discontinuous
microcracks. The increased stress intensity factor facilitates crack
coalesce at a lower applied stress level.

5. Conclusions

(1) Stress corrosion cracks in stainless steel single crystals prop-
agated in the normal stress planes for all notch orientations.

(2) Stress corrosion cracks can initiate and propagate without
any slip bands.

(3) For the case of a high stress level, slip bands appeared on the
surface with many microcracks present on the slip bands
themselves. The microcrack direction is not along the slip
bands. Instead, microcracks are aligned with the tensile
stress plane.

(4) The main crack interaction with discontinuous microcracks
enhanced the effective stress intensity factor and facilitated
crack propagation.
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