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Abstract. A large strain elastic-plastic single orystal constitutive law, based on dislocation
annihilation and storage, is implemented in a new self-consistent scheme, leading to a multiscale
model which achieves, for each gmin, the calculation of plastic slip activity, with help of
regulanzed formulation drawn from visco-plasticity, and dislocation microstructure evolution,
This paper focuses on the relationship between the deformation history of a BCC grain and
induced microstructure during monotonic and two-stage strain paths.
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INTRODUCTION

The evolution of the plastic anisotropy of polycrystals during plastic flow can be
attributed to several sources taking place at different scales. These include at the
mesoscopic scale the slip processes and consequently, the texture and internal stresses
development;, and at the microscopic scale the development of intragranular
dislocations patterns. During sheet metal forming processes, strain-path changes often
occur in the material and consequently, some macroscopic effects appear due to the
induced plastic anisotropy during the previous deformation. These softening/hardening
effects must be correctly predicted because they can significantly influence the strain
distribution and may lead to flow localization, shear bands and even material failure.
The physical cause of these effects can be associated to the intragranular
microstructural evolution, This implies that an accurate description of the dislocations
patierning during monotonic or complex strain-paths is needed to fead to a relevant
constitutive model. In this paper, a crystal plasticity model coupled with a description
of the microstructural evolution at the grain scale is presented. Then the capability of
- the model to predict at a microscopic scale the evolution of dislocation sheets during
changing strain paths will be shown on a simple shear loading and on a reverse test.



SINGLE CRYSTAL MODEL

The elastic-plastic single crystal constitutive law written within the large strain
framework presenied here can be found in several works [1-3]. The single crystal
behaviour is assumed to be elastic-plastic and the plastic deformation is only due to
crystallographic slip. The other plastic deformation modes as twinning or phase
transformation are not considered. In BCC metals, 24 independent slip systems are
potentially active, i.¢. the slip planes {110} and {112} and the slip directions <111>,

The velocily gradient, written below g, consists of a symmetric part d
corresponding with sirain rate of crystalline lattice, and a skew symmetric part w
representing the rotation rate:

gy =d,+w, (D
Plastic strain and rotation rates can be expressed by introducing the slip rate ¥:
df =d, —di =R5y%, wi =w, —w, =S]7* 2)

where R and S are the symmetric and skew symmetric parts of Schmid tensor.
A slip system is active if its resolved shear stress 7% achieves a critical value 7%

and if its rate 7% reaches the critical shear stress rate value 7% . Consequently, the

considered slip rate is different of zero. That can be written as:
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To avoid combination analysis and save computing time, the relationship (3) can be
expressed by a visco-plastic type regularization, without introducing time dependency.
The new formulation is written for a single system g;
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where F*¥ is the self-hardening term,
In large strain framework, the elastic law is written as:
&y =Cpy (du - dﬁ)“ O,y %)
where C is the elasticity tensor and & is the Cauchy stress co-rotational derivative.
After some mathematical developments, the slip rate expression becomes:
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where Jis the Kronecker symbol.

The behaviour Iaw is described using a tangent operator linking the nominal stress
rate 7 with the velocity gradient g. The single crystal incremental constitutive law is
obtained by:
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MODELING OF INTRAGRANULAR MECHANISMS

This microscopic model, based on experimental observations on BCC grains, is
inspired by the works of Peeters [4]. The hardening is described through several
families of dislocation densities and their evolation.

During plastic deformation, an intragranutar microstructure develops, consisting of
siraight planar dislocations walls and of statistically stored dislocations in the cells.
This microstructure is characterized by three dislocation densities (Figure 1.). The
dislocation cells are represented by a single dislocation density for the whole slip
systems. Two different dislocation densities are associated with six dislocations walls

families: the density of immobile dislocations p™ stored in walls, and the polarity
dislocation density p™, that is assumed to have a sign.

FIGURE 1. Schematic representation of the intragranular microstructure: dislocation sheets parallel to
{110} planes of the most active slip systems, cells with a more random character [4].

The model constructs at most two families of walls, in agreement with the
experimental observations ; the primary family is generated parallel to the {110}-
plane of the most active slip system, the second one is constructed in the same way,
parallel to the {110}-plane of the second active slip system. The model distinguishes
the evolution of walls created by the current slip processes from the evolution of walls
formed by the prior slip activity.

The imanobile dislocation density of each current wall i can be calculated by:

P = 51—(1 o R, ®)

with & the magnitude of the Burgers vector, 7', the total slip rate on the plane of the

'™ most active slip system and 7" and R™ the immobilization and the recovery
coefficients. The last one scales with the annihilation length ..

The storage and recovery of polarity dislocations for each current wall 4, can be

described by:
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where @ = Zy—m‘n;" is the net flux of dislocations from slip systems non-
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coplanar of each carrent wall /, the scalar product of the unit slip direction vector m’



of the system s with the normal unit vector »,” of the wall i being equal to zero for slip

activity coplanar with this wall. "7 and R™ are respectively the immobilization and
the recovery coefficients of the polarity dislocations.
When a flux @7, associated with a family ;i of current walls, is reversed (for

example during reverse lests), the polarity dislocations stuck at the border of theses
walls are annihilated:
‘é,‘_*P = _Rrevpiwp @:’p
where R,.v is the recovery coefficient of the polarity dislocations,

A change in deformation path or a rotation of a crystal can lead to the activation of
new slip systems. The mobile dislocations form new walls corresponding to the
current deformation mode, but also disintegrate the old walls formed by prior slip
activity, according to;
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where I, denotes the total slip rate on the two crystallographic planes containing

the highest slip activity and R, the annihilation coefficient of the latent walls.

During reverse tests, a change in deformation path leads to the activation of the
same slip systems but in the opposite sense. The polarity dislocations stuck at the
border of the walls can move easily away and are annihilated by dislocations of
opposite sign in celis. There is an increase of the annihilation rate for the randomly
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with / and R the immobilization and the recovery coefficients of the cefls. If no
fluxes are reversed W =0, otherwise ¥ =1 with p,, . :|p,“"’| if only one flux,
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cotresponding to the family i of wall, is reversed, and p,_., = Z
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if two fluxes

P
are reversed.

The critical shear stress on slip system g includes several contributions: 7,
represents all aspects of the microstructure that are not included in the internal
variables (e.g. initial grain size), 7% depicts isotropic hardening due to the cells, 7"

introduces the latent hardening of the walls, and takes the contribution of polarity
associated to the walls into account. The resultani critical shear stress is given by:

]
=g, (1= pr 4+ T 13)
=]
with
o

e f E S aGb[(m,.n}“sign(p;P >+|m, 7 \/P,.”tr) a4

where & represents the dislocation interaction parameter, G the shear moduius and /
the volume fraction of walls.




RESULTS ON A SINGLE CRYSTAL

The parameters given in the Table L. were used here. These parameters are obtained
by fitting the simulated results with five different experimental tests (Iwo reverse tests
and two cross tests with different predeformation and a monotonic shear). The values
of the material constants used in the model are shown in Table 2. The initial values of
the distocations densities equal 1.10° m=,

TABLE 1. Material parameters f4].
1 R [111]]TS e R*0 m} Ry [mi I*? R*"[m] R, m] R,[m]
22107 8s510™ 94107 26.10° 23.10° 50107 38107 1o10¥ 10107

TABLE 2. Matenal constanis [4].
b [m] G [MPa) o f 1 [MPa)
248107 8,16.10°7 0,2 0,2 42,0

In Figure 2 (left) a TEM micrograph in a grain of a specimen after a 15% shear test
with shear direction (SD) pasallel to rolling direction (RD) is depicted. The traces of
only one pronounced family of dislocation wall can be observed, paralle! to the (101)
slip plane. Figure 2 (right) shows a TEM micrograph in a grain of a specimen afier a
reverse lest with SD parallel to RD. The traces of two pronounced families of
dislocation walls can be observed, ones are paralle! to the (011) slip plane and the
others are parallel to the (10-1) slip plane.

FIGURE 2. TEM micrographs in a grain with initial orientation: (-27.2°, 133.4%, 53°) after a shear test
of 15% {left); (43.3°, 127.2°, -43.2°) after a reverse test of -30%4/30% (right) [4].

In Figure 3 and Figure 4, the dislocation density p™? stored in the walls (left) and
the polarity dislocation density o™ associated with the walls (right), are depicted as a
function of the shear strain 7.

For the simple shear mode, there is only one pronounced family of walls, parallel to
(101)-plane, predicted by the model, as it is shown on Figure 3 (left). This resnit is in
agreement with the TEM observation. The polarity dislocation density is low (Figure 3
(right)) because there is only one pronounced activated slip system and the wall is
generated parallel to the plane of this system.

For the reverse test, the model predicts the traces of both families of walls (Figure 4
(left)). The decrease of the dislocation density p*¢ at the beginning of the second
load, nof present in the Pecters simulation resulls [4], is due to the progressive
activation of the slip systems. During the prestrain, the polarity along the walls is



generated, due to the accumulation of dislocations of opposite sign at either side of the
walls. During the reversal of the load, the polarity dislocations are mobilized again and
are annihilated with dislocations of opposite sign, leading to a depolarization of the
walls. After this transition zone, the walls are polarized again, the polarity dislocations
are accumulated at the borders of the current walls. These different steps are depicted
on Figure 4 (right).
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FIGURE 3. Evolution of the intensity and polarity of the dislocation walls in a crystal with initial
orientation (-27.2°, 133.4°, 53°) during a shear test,
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FIGURE 4. Evolution of the intensity and polarity of the dislocation walls in a crystal with initial
orientation (43.3°, 127.2°, -43.2°) during a reverse test.

CONCLUSIONS

The present paper shows two examples of intragranuiar microstructure prediction
with the model for a monotonic deformation and two-stage strain paths. Our resuits
are similar to the resuits obtained by Peeters [4].

The model is validated at the microscopic scale because it is able to reproduce the
dislocation microstructure observed in TEM after monotonic deformation, reverse test
and cross test (not shown here) for crystal with different initial orientations,
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