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a b s t r a c t

In this study, three dimensional finite element calculations taking into account cubic elasticity and crys-
talline plasticity are performed in order to quantify the influence of the crystallographic orientation on the
development of the plasticity at the crack tip of microstructurally short cracks in 316L stainless steel. The
case of a transgranular stage I crack that ‘propagates’ towards a grain oriented for multiple slip is consid-
ered. The values of the crack tip opening/sliding displacements are calculated for the crack located at dif-
ferent distances of the ‘multiple slip’ grain. Two multiple slip orientations are considered for this
adjacent grain: a h111i orientation and a h1 �10i orientation. Calculations show that the opening/sliding
displacement at the crack tip is higher (up to a factor 1.7) if the crack propagates towards a h1 �10i grain
than towards a h111i grain. This could imply that propagation towards a h111i grain is more difficult
than towards a h1 �10i grain.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Austenitic stainless steel 316L(N) has been selected for vessel
and in-vessel components of ITER. Its low cycle fatigue properties
have been extensively studied [1–3]. This paper extends the inves-
tigations to the high cycle fatigue regime, where a large scatter in
results is observed, making life assessment of nuclear power plant
components difficult.

In the high cycle fatigue regime, microstructurally short cracks
(i.e. cracks with a size comparable to the grain size) generally ini-
tiate during the first thousand cycles. The major part of the total
fatigue life would hence be dedicated to the propagation of short
cracks [4]. During their propagation, these short cracks strongly
interact with grains, which would suggest that the local variability
of the crystallographic orientation may contribute to the scatter
observed experimentally between samples [5]. In this paper, the
cause of this large scatter is examined through finite element sim-
ulations of short fatigue crack propagation from one grain into the
neighbouring grain.

More precisely, the propagation of a short crack from one grain
to another is governed by its ability to develop cyclic plasticity at
the crack tip depending on the local crystallography. To better
understand short crack propagation, a first step is hence to simulate
and quantify the development of cyclic plasticity at the tip of a crack
propagating along a slip plane in the case of different crystallo-
graphic configurations.
ll rights reserved.
In this aim, three dimensional (3D) elastic–plastic finite ele-
ment (FE) calculations taking into account elastic–plastic crystal-
line anisotropy are performed. A simple post processing routine is
used to calculate the displacements at the crack tip. The results ob-
tained for two multiple slip crystallographic configurations will be
compared.

2. Finite element mesh of the crack and the grains

From an experimental point of view, fatigue crack propagation
in 316L stainless steel is a complicated process that involves inter-
granular, transgranular propagation as well as interaction with
twins. For the sake of simplicity, in the modelling, we will consider
the case of a stage I fatigue crack initiated in a grain called G1 lo-
cated at the sample surface (see Fig. 1(b)). This grain containing
crack is oriented for easy slip (Schmid factor of 0.5) and slip occurs
along the h111i crystallographic plane in the [1–10] direction (see
Fig. 1(a)). The crack is located on this slip plane and the direction of
G., and hence, the crack front is along the z-axis as represented in
Fig. 1(b)). As we are interested in the influence of local crystallo-
graphic orientation on crack propagation, we will also consider
the grain adjacent to G1, which is called G2 (see Fig. 1(b)). Grains
have the shape of a hexagon (or part of it) inscribed in a circle of
50 lm diameter that corresponds to the average grain size of
316L stainless steel [6–8].

The grain containing crack, G1, and its neighbouring grain, G2,
are embedded in a matrix that represents the polycrystalline med-
ium (see Fig. 1). In order to capture large stress and strain gradients
at the crack tip, a radius of curvature of 100 nm,as well as a very
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Fig. 1. Finite element mesh representing grain G1 containing the stage I crack, the adjacent grain G2 and the surrounding polycrystalline matrix. The displacement is applied
on the upper surface along the y-axis.

1 UMAT routines are subroutines developed by the user in order to introduce in a
finite element code (such as Cast3m) a specific user-defined mechanical laws and
material properties.
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fine radial mesh with cubic elements, are used to model the crack
tip. To mimic crack propagation towards G2, five different meshes
with a crack size varying from 21.5 lm to 28 lm have been
generated.

The previously described 2D mesh is extruded along the z-axis
(see Fig. 1) in order to create a 3D mesh of 0.5 lm thick (plane
stress problem) and containing one element in the thickness. The
mesh geometry is ‘pseudo 3D’ but the FE calculations are 3D as
the 12 slip systems of the FCC crystallographic structure are taken
into account. Particular grains that exhibit multiple slip activity
can hence be modelled.

The finite element mesh as well as the calculations crack tip
opening/sliding displacements described in hereafter are per-
formed using the 3D elastic–visco–plastic finite element code
developed at the CEA called Cast3m.

3. Mechanical models for the grains and the surrounding matrix

3.1. Mechanical model for the grains: cubic elasticity and crystalline
plasticity

Elastic behaviour: considering the strong elastic anisotropy of
316L stainless steel (2C44/(C11–C12) � 3.36), cubic elasticity of the
grains is taken into account in the FE calculations. The values of
the elastic constants used are C11 = 197.5, C12 = 125 and
C44 = 122 GPa.

Plastic behaviour (hardening law): The hardening law governs
the evolution of the shear stress on each slip system of the grains.
In order to model as well as possible the cyclic behaviour of the
grains, the choice of the hardening law is based on experimental
observations performed by Laird et al. [9] on stainless steel single
crystals. These authors observed that the increase of the stabilized
resolved shear stress for increasing values of applied plastic strain
is mainly due to the contribution of the back stress (long range dis-
locations interactions) as the friction stress decreases slightly
(short range interactions). In our model, the friction stress is as-
sumed to remain constant (no isotropic hardening); and the evolu-
tion of the back stress ss
x is governed by a non linear kinematics

hardening law (see Eq. (1).)

dss
x ¼

2
3

A � dcs � B � ss
x � dcsj j

where dcs is the increment of plastic slip on each system:

ð1Þ

The crystalline constitutive laws have been introduced in Cast3m,
via UMAT1 procedures that have been built from sub-routines ini-
tially implemented by Heraud [10].

To determine the values of the coefficients A and B, inverse iden-
tification is generally used. However, this method is not so appro-
priate to account for the local behaviour of thegrain. Therefore, in
this study, identification using cyclic strain stress curves obtained
on stainless steel single crystal by Gorlier et al. [11] is preformed in-
stead. Further details on the identification can be find in [12].

3.2. Mechanical model for the material surrounding the grains

The elastic behaviour of the matrix surrounding the grains is
assumed to be isotropic with a Young modulus of 185 GPa. Its
stabilized cyclic plastic behaviour is described using a non-linear
kinematic hardening law identified using cyclic strain stress curves
obtained on 316L polycrystals by different authors [6–8].

4. Calculations of the opening and sliding displacements at the
crack tip

4.1. Definitions of CTOD and CTSD

The crack tip opening displacement (CTOD) and the crack tip
sliding displacement (CTSD), defined in Fig. 2, are calculated in
the local axes (m, n) of the crack tip where m is the Burgers vector
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Fig. 2. Schematic representation of the crack tip opening displacement and crack
tip sliding displacement. The vector m is the slip direction and n is the normal to the
slip plane.
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Fig. 3. (a): Schematic representation of the crack located at a distance d to the grain
boundary between G1 and the h1 �10i grain (4 slip systems with a Schmid factor of
0.408). (b) Evolution of the CTOD and CTSD with d, defined as the distance between
the crack tip and the grain boundary along the [�110] direction; decreasing values of
d correspond to the propagation towards grain h1 �10i.
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(slip direction) and n the normal to the slip plane. The CTOD can be
defined as the displacement in the n direction of the lower part of
the crack with respect to the upper part. Similarly, the CTSD is the
displacement along the sliding direction m.

4.2. Calculations of CTSD and CTOD for different crystallographic
orientations for grain G2

The upper sample surface is subjected to a displacement along
the y-axis which results in a macroscopic strain of 8.10�4 (Fig. 1).
Only a monotonic loading is applied, but as the hardening law used
account for the stabilized strain stress behaviour, such a monotonic
analysis would give a good approximation of cyclic behaviour at
the crack tip.

To quantify the influence of the crystallographic orientation on
the development of the plasticity at the crack tip in grain G1, the
CTSD and CTOD are calculated considering two different multiple
slip crystallographic orientations for the grain G2 and keeping the
orientation of G1 constant (F = 0.5: easy slip):

– G1/h1 �10i configuration: G2 is a h1 �10i grain with 4 slip systems
and F = 0.408 (see Fig. 3).

– G1/h111i configuration: G2 is a h111i with 6 slip systems and
F = 0.27 (see Fig. 4).

For each G1/G2 configuration, in order to mimic crack propaga-
tion towards the grain boundary, the calculations are performed
considering the crack tip at different distances, d, from the grain
boundary (d is defined in Figs. 3 and 4(a)). The evolution of CTSD
and CTOD for different values of d are represented in Fig. 3(b) for
G1/h1 �10i configuration and Fig. 4(b) for G1/h111i.

For G1/h1 �10i configuration, the values of the CTOD and CTSD
increase as the crack gets closer to the grain boundary. For the
G1/h111i configuration, the CTOD and CTSD values increase be-
tween 7.5 lm and 5 lm with the same trend as for G1/h1 �10i con-
figuration. However, for d > 5 lm, CTOD and CTSD remain nearly
constant. And even a slight decrease is observed for d < 1 lm
which would suggest that the grain h111i prevents the develop-
ment of the crack tip plasticity.
At 0.5 lm from the crack tip, the CTSD/CTOD values in the G1/
h1 �10i are respectively 1.7 times and 1.55 times higher than in
the G1/h111i configuration. Post processing analysis shows that
the total plastic slip at the crack tip is of 13% for the G1/h111i,
and reach the value of 18% for G1/h1 �10i, which is coherent with
the CTOD and CTSD values obtained.

Mesh sensitivity has been investigated and the values of CTSD
and CTOD calculated with a mesh 4 times finer are represented
in Fig. 4(b). Other calculations have been performed and show that
the influence of the mesh size is around 5%, which is much smaller
than the difference of CTOD and CTSD observed between the two
different crystallographic configurations studied.

4.3. Crack growth and crystallographic orientation

The correlation between fatigue crack growth rate and CTOD for
microstructurally short crack have been observed experimentally
in 316L by Blochwitz et al. [13]. The difference between the value
of CSTD and CTOD computed for two different crystallographic
configurations can be hence interpreted in terms of propagation
rate: crack propagation would be easier towards a h111i grain than
a h�110i grain.

The influence of the orientation of the neighbouring grain on
CTSD/CTOD values has been also shown by Bennett et al. using a
2D planar slip model where only 2 systems among the 12 slip sys-
tems of the FCC are considered [14]. Simonovski et al. performed
also 2D calculations but only single slip grains have been considered
(no multiple slip grains) [15]. 3D calculations, but only for a mode I
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Fig. 4. (a): Schematic representation of the crack located at a distance d to the grain
boundary between G1 and a h111i grain (6 slip systems with a Schmid factor of
0.27). (b)) Evolution of the CTOD and CTSD with d, defined as the distance between
the crack tip and the grain boundary along the [1–10] direction; decreasing values
of d correspond to the propagation towards grain h111i.
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crack in a single crystal (no grain neighbouring grain effect) have
also been performed by Johnston et al. [16]. Therefore, our ap-
proach is rather original as it is 3D and focuses on the effect of a
‘multiple slip neighbouring grain’ on the crystallographic propaga-
tion (i.e along a slip plane) of a short crack.
5. Conclusions

In this study, a stage I crystallographic crack and its adjacent
grain embedded in a polycrystalline matrix have been modelled
using a 3D elastic–plastic finite element code taking into account
cubic elasticity and crystalline plasticity. The adjacent grain is con-
sidered to be a multiple slip grain (h111i or h1 �10i) and its influence
on values of the opening/sliding displacements (CTOD and CTSD) at
the crack tip of the stage I crack has been investigated. Values of
displacements have been calculated for the crack located at differ-
ent distances from the grain boundary in order to mimic crack
propagation. Care has been taken to chose and identify a hardening
law using experimental data obtained on single crystals.

Calculations show that the values of the CTOD/CTSD in the grain
G1 depend on the crystallographic orientations of the neighbouring
grain. For the G1/h1 �10i configuration, the CTOD/CTSD values
increasecontinuously when the crack approaches the grain h1 �10i.
For the G1/h111i configuration, the CTOD/CTSD values are lower
(up to a factor 1.7) and exhibit only a slight increase and even de-
crease as the crack gets closer to the grain boundary. It would im-
ply that h111i orientated grain do not favour crack propagation.
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