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An iterative method to simulate 3D fatigue crack propagation in crystalline materials is proposed and
demonstrated on simple test cases. The method relies on the computation of a damage indicator based
on plastic activity around the crack tip. By post-processing this quantity after a given loading sequence,
local crack direction and growth rate are estimated along the crack path. Dedicated remeshing routines
allow the crack to propagate in 3D and the iterative process can continue with the updated crack geom-
etry. Two examples in a BCC single crystal featuring different slip systems demonstrate the crack prop-
agation simulations under cyclic loading over distances comparable to the crystal size and with
non-regular crack shapes such as zig-zag crack paths. The effect of transferring plastic fields between
propagation steps is also analysed.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In many cases, the first stages of fatigue crack propagation in
metallic polycrystalline materials under low loading amplitudes
are very sensitive to microstructural features. These are called
microstructurally small cracks. Several mechanisms based on local
slip activity at the crack tip for small fatigue crack propagation
were proposed in the past [1-3]. A double slip mechanism was
introduced by Neumann that described an alternating crack prop-
agation along two slip planes [4]. This zigzag crack growth has
been confirmed experimentally in many FCC single crystals and
polycrystals by surface observations [5,6]. Since then, X-ray tomog-
raphy has steadily developed and can now be used to study com-
plex 3D crack paths [7-10]. In addition, with the substantial
progress in the microstructural characterisation techniques, it is
now possible to observe small fatigue cracks together with the sur-
rounding 3D grain microstructure. The fracture surface of small
fatigue cracks is a complex combination of slip planes which
changes from one grain to another, as characterised by Herbig
et al. [11] using synchrotron X-ray tomography coupled with
diffraction contrast tomography [12]. In addition to the complex
crack paths, the crack growth rate is influenced by grain bound-
aries, as observed by Schaef et al. using FIB tomography [13].
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In the 1980s, the first crystal plasticity models were imple-
mented by Asaro [14] and applied to simulations of fatigue loading
using the notions of shear stress and slip deformation. A phe-
nomenological model was proposed by Méric et al. [15], in which
slip systems and crystallographic orientations of the grains are
taken into account as the material parameters. This model can sim-
ulate the slip localisation at the crack tip as predicted by Rice [16].
It was later used to simulate fatigue crack propagation based on
continuum damage mechanics [17].

Simulation techniques of microstructurally small cracks have
improved steadily through the last 10 years [18] although it is still
a very difficult problem from a numerical point of view. The details
of the crack growth mechanisms and grain boundary crossing are
still under debate. Discrete dislocation simulations can bring some
insight on simplified configurations [19,20] but a physically based
criterion capable of simulating short fatigue crack growth in a
polycrystalline microstructure has not yet emerged. In that sense,
the direct comparison of numerical simulations with experiments
is very promising. In this work, a new numerical method is devel-
oped to simulate the complex small fatigue crack path, with the
local approach to fracture coupled with Crystal Plasticity Finite
Element (CPFE) simulations.

2. Methodology

The methodology proposed in this work can be summarised as
follow, see also Fig. 1. From CPFE computations of a cracked body
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Fig. 1. Principle of the proposed iterative crack propagation simulation methodology.

(Fig. 1a), a damage indicator based on the accumulated slip, the
resolved shear stress and the normal stress on each slip system
are calculated at each integration point and for every time incre-
ment (Fig. 1b). The crack growth direction is then determined by
analysing this damage indicator in the region around the crack
front (Fig. 1c). The crack is extended via remeshing at each propa-
gation event (Fig. 1d). At this point the state variables can be trans-
fered to the new mesh corresponding to the new crack
configuration. The CPFE computation is then continued. Each step
of the crack growth simulation methodology is explained in full
detail in the next paragraphs.

2.1. Crystal plasticity model

In order to analyse the slip system activity and to determine the
driving force for short crack propagation, an elasto-visco-plastic
crystal plasticity model was selected [15]. The CPFE computations
were carried out in the framework of infinitesimal strains using the
Z-set software [21], because in the experiments only small defor-
mations were observed at the crack front.

The total strain tensor ¢ is partitioned into an elastic part &° and

a plastic part &P. To concentrate on the effect of the plastic activity

on the crack growth, the material is considered linear and isotropic

regarding elasticity. Depending on the material, the elastic aniso-
tropy may play an important role on the global stress equilibrium
and change the results. Here, according to Hooke’s law:

1+v

vV
E=—fp 0-glr(o)1, 1

with 1 the second-order identity tensor, the Young’s modulus

E =110 GPa and the Poisson’s ratio v = 0.3.

The plastic strain is the result of S potentially active slip sys-
tems. For instance, octaedral slip in FCC crystals can occur in 12 dif-
ferent (111)(110) systems, while slip in BCC material can mainly
occur in a combination of 12 (110)(111), 12 (112)(111) and 24
(123)(111). Here, for simplicity, simplified cases will be consid-
ered with only one slip system in Section 3.2 and 2 slip systems
in Section 4. The plastic strain rate is calculated according to

S
£=> rm, @)
s=1

where m is the orientation tensor defined by the slip plane normal

n® and the slip direction F of each system s, and 7} is the slip rate
defined by a power law:

1
ms:j(ﬂs ® !s+!s ® ﬂ5)7 (3)
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with parameters K = 300 MPa s!/" and n = 3. The critical resolved
shear stress 7o =300MPa and 7° =0 :m’ is the shear stress

resolved on slip system s. Here again for simplicity no hardening
is introduced in the material model used throughout this paper.

2.2. Fatigue damage indicator

Crack initiation is not studied here and the presence of an initial
defect in the structure is assumed. Its location and size may be pre-
dicted by suitable crack initiation models ranging from multi-axial
fatigue criteria to calculations using a continuum damage model.
Throughout this paper, an artificial crack perpendicular to the load-
ing direction but not coincident with a slip plane will be used, see
Fig. 1a. This is inspired by the small notches used in past experi-
ments to control the crack initiation location as in [13,11].

During cyclic loading of the pre-cracked sample, plastic defor-
mation occurs near the crack tip due to the dislocation movements
along the slip planes. This mechanism is described by the slip }* on
each slip system s in the crystal plasticity model. It is governed by
mode Il loading and driven by the resolved shear stress t°, as
explained in [22]. In addition, it was demonstrated that the normal
stresses o3 acting on the slip planes may also influence nucleation
and short crack propagation [23]. Therefore, in this work a damage
indicator that is the combination of y*, 7* and o3 is retained.
Previously, similar forms were proposed by Fatemi et al. [23-25].
Here, at each integration point the damage indicator D at time ¢t
is the maximum value among the slip systems s, according to

D(t) = max, / 1] + k(%) )dt, (5)

with k a material parameter controlling the sensitivity of the crack
propagation to the normal stress on the slip plane s. The parameter
k was set to 0.4 [23]. Via the operator (-), only the positive part of
the normal stress is taken into account to assist the crack propaga-
tion. Fig. 1b shows an example of the damage indicator.

2.3. Crack growth direction and distance by post-processing the
damage indicator

During the numerical procedure, an approximated smoothed
crack front I, composed of i+ 1 equidistant control points
P,(0 < k < i) on the initial crack front, is computed [26]. For each

point, a local orthonormal coordinate basis (B, T,,N,) associated

to Pis computed, B,, T, and N, locally normal to the crack front, tan-
gent to the crack front and normal to the crack plane, respectively.
The damage indicator D(t) is computed during the CPFE
calculation at all integration points. At the end of the N cycles
loading sequence, the propagation angle 0 is determined by
post-processing the radial distributions of D at each control point
P, of the curve representing the crack front in the plane

(B,“Pkﬂk) which is locally normal to the crack. Then, the crack
growth direction is selected as pointing from the origin P to the
location where the damage indicator is the maximum, at a preset
distance R, from the origin. The set of propagation directions along
the front is used to create the geometry of the crack propagation
area, which is then inserted into the FE mesh of the single crystal,
as will be explained in detail in Section 2.4.

The key point here is to be able to simulate accurately the plas-
tic activity and mechanical equilibrium at the crack tip in a small
amount of fatigue cycles (here a loading sequence of N cycles)
and use this result to propagate the crack over a distance represen-
tative of a much larger number of cycles (but small enough so that
the crack geometry remains representative).

At each control point k the growth distance can be evaluated
from the distribution of D along the crack growth direction 0y,
which decreases rapidly when moving away from the crack tip,
see Fig. 2b. It is thus possible to define a threshold D, (in MPa unit
according to Eq. (5)) to define the crack growth distance d, locally.
For instance in the case of Fig. 2b, D. = 20 MPa would give a prop-
agation distance of 2.3 um. The critical value D, may appear as a
link between macroscopic fatigue parameters and the microscopic
growth mechanisms.

For the sake of simplicity, in the two examples developed in this
paper, the crack growth distance is set to a fixed value equal to R,.
In the present case this distance corresponds to a typical value
after 1000 cycles. The parameter Ry is related to material proper-
ties, loading amplitude and other experimental conditions. The
constant growth rate will introduce some oversimplification in
the 3D crack growth but appears convenient to demonstrate the
numerical methods. Nonetheless the numerical aspect of method-
ology, which is the subject of the present paper, is not fundamen-
tally changed when using a critical value D, instead of a fixed
propagation distance.

2.4. Propagation through remeshing

All the couples (0, di)o<<;» With di = Ry in the case of the fixed
propagation distance, define a set of i +1 vectors from which a
new crack front is generated. The surface of the crack extension
is built using the initial and the new crack fronts. The 3D crack
propagation is obtained by inserting the crack extension surface
into the single crystal mesh with the Z-cracks software. Detailed
information about the crack surface extension procedure is
described in [26]. The state variable of the crystal plasticity model
carried by the integration points of the initial mesh may be trans-
ferred to the new mesh at this stage, see Section 2.5. Next, a new
CPFE computation is started with the new FE mesh containing
the updated crack geometry. Then, the whole routine as shown
in Fig. 1 is carried out again.

2.5. Field transfer of state variables

After a crack propagation event, the state variables can be trans-
ferred to the new mesh and treated as the initial state of the next
CPFE computation [27]. The variables U" at the node whose coordi-
nates are X, in the new mesh are calculated using the standard FE
interpolation functions P{ associated to the elements E° as

U" =Y P (xa)U7, (6)

icE°

with U} the value of the nodal variables at node i of the element E°
in the initial mesh. Special attention is paid to the nodes at the crack
surface because in the undeformed state, the upper and lower sides
of the crack are coinciding. Variables at integration points are trans-
ferred to the new mesh using a nearest neighbour algorithm.
Finally, after transferring the state variables from the old to the
new mesh, the system is not in mechanical equilibrium anymore,
because the previous converged state was valid only for the old
mesh. However, if the errors committed by the field transfer algo-
rithm are sufficiently small, mechanical equilibrium can be estab-
lished again using a very small time increment.

3. Crack propagation in the case of a single slip system
3.1. Finite element mesh, crystal orientation and boundary conditions

In this section, the computational crack propagation method is
demonstrated on a simplified test case. It consists of a 100 um?
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Fig. 2. (a) The damage indicator D at the end of the first loading sequence around the crack tip on the xz plane interpolated to the circles of interest of radius of 2 um on
different depths below the surface (represented by different colours). (b) The value of D at the end of the first loading sequence along two directions at 0 = 63° and 0 = 320° at
the front surface. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

single crystal with only one slip system (112)[111]. The crystal
contains an initial crack perpendicular to the loading direction
and the slip plane is oriented at an angle of 54.7° with respect to
the crack plane, see Fig. 3. With this configuration, the initial crack
plane is perpendicular to U, (the loading axis) and the crack front is
parallel to U, which is also parallel to the crystal direction [110].
The maximum loading applied in the simulations corresponds to
a nominal stress of 550 MPa.

Regarding the boundary conditions (see Fig. 1a), a displacement
of U, =0.5 um is applied cyclically (N =5) between 0 and the
maximum value. The loading rate &,, = 5 x 103 s! along the ver-
tical tensile direction z, and vertical displacements are blocked at
the bottom surface. Symmetry conditions in the y direction are
applied at the back and the front surfaces to minimise the effect
of the free surface. In this simplified case, 5 cycles are computed
at each step before analysing the plastic activity through the distri-
bution of the indicator D.

The mesh sensitivity is analysed with quadratic elements in
order to find a reasonable element size with respect to the crack

S
&

growth distance Ry. For the first crack propagation event in the sin-
gle slip crystal, the analysed element sizes near the crack front are
0.1 pm, 0.4 pm, 0.6 um and 0.8 um. The interpolated variables
along the circles and the crack growth direction were found to be
identical for every simulation except for the element size of
0.8 pm where D decreases to 23 MPa compared to 27 MPa for the
element size of 0.6 pm and 6 increases to 70° compared to 63°.
The best compromise between numerical errors and computa-
tional time was thus to set the element size to 0.6 pm at the crack
front.

3.2. Propagation results

Fig. 2a shows the evolution of D after the first loading sequence
along the circles of interest at different depths along the crack
front, which lies along the y-axis. The different depths are repre-
sented by different colours. The crack tip is at the centre of the fig-
ure. Two branches of D appear, respectively at 0= 63> and
0 = 320°, corresponding within 10° to the slip (parallel to the slip

(112) Slip plane

Y,

~ [00T], x

U.(um)

® crack propagation

]
N cycles

()

Fig. 3. (a) Schematic representation of the pre-cracked single crystal of size 100 um?> with its slip system, (b) crystal lattice orientation and the single slip system [11T1](112)
of the example in the present section, and (c) global loading sequence showing crack propagation events after each series of N cycles.
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Fig. 4. Crack propagation steps in a single crystal with a single slip system showing both the displacement field in the tensile direction (in mm, the mesh deformation is
magnified by a factor 10 for better visualisation) and the damage indicator D (in MPa). (a) Step 8, (b) step 28 and (c) step 32.

direction I) and the kink (perpendicular to the slip direction so par-
allel to n) directions respectively [28]. In order to determine the
direction of the crack propagation, the value of D is plotted along
these two directions for up to 4 pum from the crack tip, see Fig. 2b.

For the preset distance Ry = 2 pum, the value of D along 0 = 63°
is higher than along 0 = 320°. Therefore, 0 = 63° is selected as the
crack growth direction and this holds true all along the y-axis. As a
side note, it was also found that for a mesh size chosen appropri-
ately near the crack front, the crack growth direction does not
depend on Ry, at least for Ry between 0.6 um and 4 pm. The crack
growth distance of 2 pm corresponds to approximately 3 elements
of the FE mesh.

Fig. 4 shows intermediate stages (steps 8, 28 and 32) among the
32 steps of the crack propagation in the single slip single crystal
[29]. It should be noted that at each step, 5 cycles are computed
but each step may represent much more fatigue cycles depending
on the chosen propagation distance or damage parameter thresh-
old D.. It can be observed that apart from a minor bifurcation along
the kink direction, the crack propagated steadily in a rather con-
stant direction close to § = 60°. The short bifurcation occurred
after 8 um of crack propagation, i.e. 4 crack propagation events.
This kind of crack bifurcation along the kink band direction does
exist in fatigue experiments [28].



H. Proudhon et al./International Journal of Fatigue 82 (2016) 238-246 243

pre-crack

ST

0 Damage indicator 30

Damage indicator

N\
/N
9

Q)
0
<

J >

2
7\
N

7
A

~

i
=
N
4N

N
>

!

vatay
vl

A

=)
17

AN

<F

3
P

0 Damage indicator 30

Fig. 5. Front view of the sample with damage indicator D (in MPa) at the crack tip (a) at the end of the first cycle, (b) at the beginning of the second cycle with transferred
internal variables, (c) at the end of the second cycle without transferred internal variables, and (d) at the end of the second cycle with transferred internal variables.

In addition, it was found that the crack path is rather stable with
respect to the parameter k (Eq. (5)). A second calculation with k set
to zero was carried out and the crack path remains identical except
that the crack bifurcation does not take place.

Apart from the small kink bifurcation event, the crack continues
upwards, globally in the same direction as the first steps, until the
crystal is completely broken. More precisely, as the crack moves
forward the direction of crack propagation decreases progressively
from 0 = 63° at the beginning to 0 = 56° due to the changing equi-
librium of the structure and the free boundaries. It can be observed
that the crack growth direction is not exactly parallel to the slip
plane, oriented at an angle of 0 = 54.7° with respect to the horizon-
tal direction. As a result, the crack surface does not exactly coincide
with a definite crystallographic plane. The ~ 10° difference is con-
sistent with a systematic study (not presented here) where the
crystal is rotated with respect to the loading direction in a range
[0°,180°]. In each case, according to the maximum of D, the crack
propagates in a direction close to the slip plane or the slip plane
normal (they both play an equivalent mechanical role in the orien-
tation tensor with the small strain formalism, see Eq. (3)).
However, a systematic difference of about 10° between the crack
growth direction and the slip plane or the slip plane normal is
observed, which is attributed to the competition between crystal
plasticity and the global mechanical equilibrium with the horizon-
tal pre-crack. Another calculation with the pre-crack oriented

exactly parallel to the slip plane at 0 = 54.7° shows that the distri-
bution of D is maximum at 54°, i.e. exactly along the crystallo-
graphic direction. This enforces the potential of our damage
indicator D to properly describe the crystal plasticity based fatigue
crack propagation at this scale.

3.3. Effect of the field transfer of state variables

Fig. 5a shows the damage indicator map at the end of the first
cycle. Then, the crack was propagated by a distance of 2 um along
the direction 0 = 63° through remeshing. The new computation is
initialised with the transferred variables, as shown in Fig. 5b. It can
be observed that the extent of D around the crack tip is rather
small with respect to the crack growth distance. Next, the compu-
tation continues and the distribution of D at the end of the second
loading sequence is shown in Fig. 5d. Compared to the simulation
without field transfer, in Fig. 5c, the interpolated value of D to the
circles increases slightly in the direction of 0 = 320°. However, the
crack propagation direction remains the same at this step. This was
expected due to the single slip system and the 2 pm propagation
length, a distance where the accumulated plastic activity is rather
small. Another comparison of the FE simulations with and without
field transfer will be given in Section 4 for a single crystal with two
slip systems.
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4. Crack propagation in the case of two slip systems

In this section, the simulations of crack propagation in a single
crystal with two slip systems, (112)[111] and (112)[111], are pre-
sented. These two slip planes are symmetric with an angle of
+54.7° with respect to the pre-crack plane (perpendicular to U,)

and the slip directions are normal to the crack front [110]. The
minimum element size at the crack tip is 0.1 pm and except for
those elements, the simulation parameters remain identical to
those presented in Section 3.

4.1. Propagation results

The first simulation is carried out without transferring state
variables. The crack propagation distance is the same as in the

Displacement Uz

0.0002 0.0004

0

single slip case with Ry = 2 pm. Applying the same boundary con-
ditions as in Fig. 3, the results of 22 crack propagation steps are
shown in Fig. 6a. Before the crack propagation, the value of
D = 18.5 MPa along 0 = 61° is slightly higher than D = 17.3 MPa
along 0 = 299°. Therefore, the initial crack growth direction is
selected along 0 = 61° with respect to the horizontal direction.
The geometry, boundary conditions and slip systems are perfectly
symmetric. The slight difference between the two slip systems
activation therefore comes from small numerical discrepancies
during the resolution, and interpolation of D within a non regular
mesh (tetrahedron free meshing is used here). Once the crack
started to propagate, the geometry is not symmetric any more.
Then, the CPFE continues and the value of D along the second
slip system increases as imposed by the global mechanical equilib-
rium. The crack thus propagates along 6 ~ 300° for the second step.
In this way, the crack grows alternatively along the two directions

Fig. 6. (a) Simulation results of crack propagation in the double slip single crystal, (b) crystal geometry, (c) experimental crack bifurcation in a (001)[110] nickel-based
superalloy CT specimen in fatigue at 650° [6], and (d) fatigue crack propagation in a Al-Cu-Mg alloy [10].
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to form a zig-zag shape as shown in Fig. 6a. This type of crack bifur-
cation was observed in nickel-based superalloy at 650 °C as well as
in a 2024 aluminium alloy, see Fig. 6b and c respectively. In each
case, the particular crystallographic configuration is such that
two slip systems equally activated are in competition.

Compared to the distribution of D in the single slip case (see for
instance Fig. 2a), the maximum value of D in the double slip calcu-
lation is lower. This was expected since here two slip systems can
accommodate the plastic strain at the crack tip. In a real situation,
this would be associated to different values of the driving force for
the crack (here modeled by D) which would lead to different crack
growth rates.

It is important to note here that in this case, since the plastic
fields are not transferred from one step to the next, the crack will
bifurcate at each step whatever the propagation distance R,.
Indeed, it appears that as soon as the crack grows into one direc-
tion, the mechanical equilibrium tends to promote the plastic
activity in the other direction. This is confirmed by complementary
simulations with the fixed crack growth distance set to 0.5 pm and
to 1 um. The crack bifurcates also after each loading sequence,
leading to the same zigzag behaviour as in Fig. 6 but with a differ-
ent crack path since the zigzag step corresponds to Ro.

4.2. Effect of the field transfer of state variables

The second set of simulations takes into account the transferred
field variables in order to compare the differences with the

S crack tlp Y

— e

*
stic wake

0 D (MPa) 80
(a)

20—

2400 s

(b)

previous calculations carried out with Ry = 0.5 pm and to deter-
mine where the crack will bifurcate. Fig. 7a and b shows the distri-
butions of D at the end of the first propagation event. With the
transferred variables, the accumulated values of D during the pre-
vious loading sequence are visible in the crack wake (see arrow on
Fig. 7a). The crack propagates along the direction of 6 = 59°. Fig. 7¢
shows the damage indicator after two crack propagation events.
Because the variables are transferred from the previous step to
the next, the value of D cumulates along the direction of 6§ = 59°
at each loading sequence. The systematic crack bifurcation did
not occur at each step as without transferring the state variables.
It can be anticipated that due to the increasing crack length, the
mechanical equilibrium will change and at some point the crack
bifurcation will take place, leading again to a zigzag pattern but
independent of the value of R, this time.

5. Conclusive remarks

This work presented a new model to achieve crack propagation
in a crystalline microstructure. The model is based on propagation
through remeshing (the crack is explicitly introduced in the geom-
etry as opposed to X-FEM methods) and the growth direction is
evaluated thanks to a damage indicator D. This indicator is based
on the accumulated plastic activity at the crack tip with a contribu-
tion of the shear and normal stresses acting on the glide planes. A
short loading sequence is computed to assess the value of D along
the crack front before the crack is propagated in three dimensions.

D (MPa)

()

Fig. 7. Results with two slip systems and field transfer (a) at the end of the first propagation event (second loading sequence), (b) the corresponding value of D (in MPa) at a

circle of 0.5 um radius and (c) at the end of the second propagation event.



246 H. Proudhon et al./International Journal of Fatigue 82 (2016) 238-246

The method is also suitable to simulate the propagation in a poly-
crystal although only single crystals were used here for the sake of
simplicity.

Two simplified examples were used to demonstrate the
methodology. The propagation distance was set to a fixed value
although it can also be inferred locally based on the distribution
of D along the propagation direction. The predicted crack path
appears stable with respect to mesh density and the choice of Ry
(the distance from the crack tip where to evaluate D). The loading
sequence should be representative of the loading needed to estab-
lish the plastic quantities ahead of the crack tip, it may be one or
more fatigue cycles. Ideally if the loading sequence is well chosen,
running 10 propagation steps of 1 um would lead to the same
result as 5 propagation steps of 2 pum. In the case of the single slip
system, no qualitative difference between 1 and 5 cycles have been
observed.

In Section 4, the crack propagation simulations of a single crys-
tal with two slip systems were carried out. Without considering
the field variables transfer, crack bifurcation occured at the end
of each loading sequence for the crack growth distance R, of
0.5pum, 1 pum and 2 pm. The zigzag crack propagation can be
explained by the fact that the orientation of the slip systems is
symmetric with respect to the pre-crack plane and the loading
direction, which results in two symmetric branches with high val-
ues of D close to the two slip directions. As soon as the crack grows
into one direction, the mechanical equilibrium tends to promote
the plastic activity in the other direction so that the crack propa-
gates along the two systems alternatively.

However, by conducting the calculations with field transfer, the
crack bifurcation did not occur after two crack propagation steps
for Ry = 0.5 pm. Because the 0.5 pm crack growth distance is small
compared to the plastic zone size, the plastic field of the previous
step becomes important. It is clear that if the propagation distance
is larger than the plastic zone size (the crack propagates to where D
is zero), the plastic field transfer is not needed but the predicted
crack path would be much less realistic. In addition, for future cal-
culations with more realistic situations using a variable crack
growth rate inferred by the choice of D, it is very likely that some
part of the crack will propagate faster than others depending on
the local crystallographic arrangement (this will be particularly
true in polycrystals). In this case, the plastic wake effect will be
more important at locations where crack propagation is slower.
For instance it can be the case when stopped at a grain boundary
where the values of D needs to cumulate to achieve the crack prop-
agation. This emphasizes the importance of transferring the plastic
fields when a very detailed description of the crack path is wanted.

Combined tomographic and diffraction observations of the 3D
fatigue crack surface in [11] revealed that the crack propagates
mostly on crystallographic planes, although a complex combina-
tion of slip planes is observed in each grain to achieve a more or
less continuous crack. Since the present model is based on the crys-
tal plasticity activity but does not strictly depend on crystallo-
graphic direction to select the crack propagation direction
(values of D tend to grow higher in favourably oriented crystallo-
graphic directions but the global mechanical equilibrium also plays
an important role), it may be well suited to reproduce at the
mesoscale the complex crack path observed in the first few grains.
Calculations using realistic polycrystalline samples such as shown
in [11] are under way to test the model capabilities further.
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