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ABSTRACT: The Finite Element codes used in CAE typically neglect evolution of plastic anisotropy and
exploit simplistic phenomenological hardening models. Such approach is unable to model complex hardening
phenomena originating in the dislocation substructure of materials, such as cross-effect or Bauschinger effect.
If a multi-operation sheet forming process is modelled, this may degrade accuracy of the predictions. To ad-
dress this issue, we propose a hierarchical multi-scale plasticity framework, which takes into account com-
bined texture evolution, anisotropy evolution and complex hardening. Owing to the multi-scale approach fol-
lowed, the relevant phenomena are tackled at appropriate length scale by physics-based crystal plasticity mod-
els. We also propose a design of a test sheet forming process (Undulated Cup Bauschinger Test, UCBT) that
allows studying complex strain path including strain reversal at high level of pre-deformation. The UCBT
demonstrates how the concurrent evolutions of texture and substructure affect the plastic anisotropy and in
turn the geometry of the deformed sample. It is found in this study that capturing the macroscopic effect of
strain reversal requires both anisotropy evolution and dislocation-based hardening model combined, whereas
the complex hardening alone may not be sufficient.
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occur in the material at relatively high strains. A
strain path change after a substantial pre-defor-
mation is rarely investigated in industrial practice as
well. This is partly because no standardized and un-
complicated test has been widely adopted to date.
This paper proposes a design of a test sheet forming
process that allows one to study a complex strain
path involving strain reversal at high level of pre-
deformation. We also present how the concurrent
evolution of texture and substructure affect the plas-
tic anisotropy and as a consequence the geometry of
the deformed part.

1 INTRODUCTION

It is widely recognized that crystallographic texture
has a strong effect on anisotropic properties of pol-
ycrystalline metals. Another source of material ani-
sotropy originates from the development of a com-
plex and anisotropic dislocation patterning or grain
substructure. The plastic deformation of metals in-
volves complex interactions in the material micro-
structure, including evolution of the crystallo-
graphic texture and grain substructure. The effects
of these interactions can be observed macroscopi-
cally, for instance as differential hardening, and as
the Bauschinger effect. Nevertheless, simple iso-
tropic hardening laws and yield locus models, which
are commonly used in the Finite Element CAE gen-
erally fail to reproduce these effects. This limitation
may lead to undesirable consequences in designing

2 HIERARCHICAL MULTI-SCALE
FRAMEWORK FOR
POLYCRYSTAL PLASTICITY

This paper employs the hierarchical multi-scale ap-

forming processes. If complex hardening becomes
an important factor in a given forming process, a
guidance from the FE CAE may result in either in-
appropriate choice of process parameters or in
overly conservative process designs.

The sheet metal testing procedures usually do not
incorporate studies on hardening phenomena that

proach to model the microstructural interactions that
control the behavior of the material. The interactions
are resolved by fine-scale models that act on rele-
vant length scales, which are associated with the size
of individual crystals and substructure inside crys-
tals. As opposed to the embedded modelling, which
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directly couples the fine-scale model inside a
coarse-scale one, the hierarchical approach exploits
approximations of the fine-scale models at the
coarser length scale. From a computational point of
view, the efficiency advantage of the hierarchical
approach is attributed to the fact that the finer-scale
material model is never directly invoked by the mac-
roscopic material model to determine the homoge-
nized material response. The hierarchical multi-
scale (HMS) polycrystalline plasticity model [1] is
extended in this paper to consider three distinct
length scales:

1. macroscopic, which is suitable for simulating

components or parts in sheet metal forming,

2. mesoscopic, which describes material at the
level of crystal agglomerate comprising a few
thousand grains,

3. microscopic, which resolves the contributions

of different types of dislocations to the plastic

slip on individual slip systems at the level of a

single crystal.
The material description used in the elastic-plastic
FE is derived from the Crystal Plasticity (CP) mod-
els by means of virtual experiments and subse-
quently approximated by appropriate analytical
functions, as illustrated in Fig. 1. These functions
are periodically reconstructed as needed, typically
on condition that a pre-defined strain increment is
reached or a substantial strain path change is de-
tected.
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Fig. 1 Overview of the hierarchical multi-scale
framework for metal plasticity

2.1

On the macroscopic scale, a continuum mechanics
description of the material is followed, thus the Fi-
nite Element method can be adopted. The character-
istic length scale corresponds to the size of a finite
element in a simulation of metal forming, which is
typically of the order of 1 mm. The properties are
assumed to be homogeneous on this length scale,
therefore all microstructural heterogeneities from
the finer scales may be discarded.

In the presented scheme all plastic properties are de-
rived from the finer-scale model by means of virtual
experiments, but the computational procedure to de-
termine a given effective property depends on its
evolution rate. It is crucial to notice that in many

MACROSCOPIC MODEL
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metallic alloys the plastic anisotropy evolves less
rapidly than the yield stress of the material. The
plastic anisotropy is primarily modelled by means of
the yield locus concept. The shape of the yield locus
is given by the Facet plastic potential [2], which is
adaptively reconstructed with increasing plastic
strain. However, the shape of the yield locus is as-
sumed to be constant between the consecutive re-
constructions. For the details of the reconstruction
procedure, the reader is referred to [1]. On the other
hand, the evolution of the yield locus size, or in
other words the hardening, develops much faster,
thus the assumption of constant property cannot be
justified in this case. The hierarchical framework
tackles the evolution of the yield locus size by cal-
culating a piece-wise hardening function, which is
incrementally recalibrated along the recent defor-
mation path.

It is worth mentioning that the updates of the yield
locus shape and size are conducted independently.
Prior to any update, the evolution of internal varia-
bles in the finer-scale models is calculated.

2.2 MESOSCOPIC CRYSTAL PLASTICITY MODEL

The mesoscopic length scale model deals with ag-
gregates of individual grains. The typical dimension
of crystals is in the micrometer range. Each grain
has a crystal lattice orientation, and associated slip
systems that accommodate the plastic deformation.
The initial crystal orientations are selected in such a
way that the aggregate as a whole approximates the
texture of the material determined from measure-
ment. For statistical reasons, a few thousand crystals
are included in the virtual polycrystalline aggregate.
The crystal rotations, as well as the slips on the
available deformation systems, are predicted by the
ALAMEL crystal plasticity model [3]. The critical
resolved shear stresses (CRSS) needed by the
ALAMEL model are calculated by the substructure
model presented below. The ALAMEL model also
delivers the homogenized stress response to the su-
perimposed plastic strain or strain rate, which is
needed for calibrating the plastic properties at the
coarser length scale.

2.3 SUBSTRUCTURE EVOLUTION MODEL

The microscopic scale model resolves the disloca-
tion substructure, which typically has sub-micron
dimensions. The anisotropic substructure model [4]
is adopted here. The model postulates a number of
dislocation density evolution equations on the scale
of the grain substructure, based on physical princi-
ples and also supported by experimental TEM ob-
servations [5]. Three distinct types of immobile dis-
locations are considered:

1. dislocations the boundaries of randomly-ori-
ented cells (Cell Boundaries — CBs), which
contribute to isotropic hardening,
dislocations contained within planar Cell
Block Boundaries (CBBs), which develop



Forming Technology Forum 2015

along the most active (110) crystallographic
planes causing latent hardening, and
3. polarized dislocations at CBBs, which are di-
rectionally mobile. The re-mobilization of the
polarized dislocations lowers the flow stress
upon slip reversal.
Contributions from these types of dislocation densi-
ties are combined to derive the CRSS for each indi-
vidual slip system within each particular crystal. In
the event of a strain path change, the active slip sys-
tems drastically change. This immediately affects
the local stresses, and the stress homogenized over
the crystal aggregate. With ongoing deformation af-
ter strain path change, the substructure is drastically
changed, including destruction of old CBBs and re-
placement with more favorably-oriented CBBs.
Also the crystal rotations evolve differently as be-
fore the strain path change.
A macroscopic effect of the change to the substruc-
ture is visible as transient hardening, for instance
cross effects and Bauschinger effect. Cross effects
arise due to replacement of the old dislocation struc-
ture by a new one that is more accommodated to the
loading conditions. The Bauschinger effect can also
be captured, since the polarized (directionally-mo-
bile) dislocation densities partially destroy the sub-
structure upon reversal of the strain path.

3 UNDULATED CUP
BAUSCHINGER TEST

The complex hardening phenomena tend to occur in
sheet forming processes, in particular multi-stage
that involve a sequence of operations. However, me-
chanical tests are rarely capable of delivering appro-
priate material characterization. A test that would
measure complex hardening should allow one to (1)
study a considerable strain path change, such as the
strain reversal, and (2) do so at relatively high strain
level, since this is typically the operational regime
of sheet metal forming, and (3) involve no additional
steps, such as cutting out samples from a deformed
part followed by flattening, which may introduce
additional deformation and distort results of the ex-
periment.

In this paper we propose a testing procedure that sat-
isfies the requirements given above. It includes
strain path reversal at high strain level, implemented
in two consecutive forming operations on the same
part. The Undulated Cup Bauschinger Test (UCBT)
comprises two consecutive forming operations. The
first one is a basic deep drawing of axisymmetric
cups. In the second operation, which is called groov-
ing, the punch tool is replaced with a grooved die,
and the cup wall is deformed by side punches that
move radially towards the center of the cup.
Whereas during the first operation the flange area is
subjected to circumferential compression, the sec-
ond forming step introduces tensile deformation
along the circumferential direction in the cup wall
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zone. The UCBT process allows substantial reversal
of the strain path (e.g. strain increment of €, = 0.4
can be imposed in the second step) at relatively high
pre-strains (e.g. £,); = 0.7) reached at the end of the
first stage. In many materials these deformation con-
ditions may trigger the Bauschinger effect within
the cup wall area.

a)
b) | Re
I _Rf .
{f}_ﬁ ”\—g/
- i )
\R fg\/th Rf
’.:o L
g,
\_‘s‘)ﬁ' | f
R |
o ¥
; U
9 S
/
1
I‘t ~Rs
\ P
\¢
N
b

Fig. 2 Toolset used in the grooving operation: a)
3D view of the assembly consisting of the
grooved die and 8 side punches, b) x-y
section of the grooved die, c) x-y section of
the side punch

Below we summarize the design details of the test-
ing setup. The dimension of cup drawing dies are as
follows: diameter of the punch: 50 mm, punch fillet
radius: 7 mm, die diameter: 52 mm and die fillet ra-
dius: 6 mm. The toolset used in the grooving step is
presented in Fig. 2. The following dimensions of the
toolset are used: R = 25mm, R, = 5 mm, Rfr=4 mm
and Ry =4 mm.

In this paper we employ the setup that includes 8
side-punches, which are radially positioned at 45°
with respect to each other. Simpler variants of the
setup exist that contain either 2 or 4 side-punches
positioned every 180° or 90°, respectively.
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4 RESULTS AND DISCUSSION

The Abaqus/Explicit FE code is used to solve the
macroscopic deformation problem. The multi-scale
HMS framework is incorporated as VUMAT user
material subroutine.

The material used in the study is a 0.7 mm thick
sheet of batch-annealed IF deep drawing DCO06
steel. A circular blank of diameter 100 mm is sub-
jected to the first forming operation. One quarter of
the blank is modelled, exploiting the symmetry
properties of the blank and the process. About
15 000 8-node continuum elements with reduced in-
tegration (C3D8R) are used to discretize the blank.
Whereas this study makes use of continuum ele-
ments, the HMS can also be exploited with shell or
continuum shell elements. Each integration point
holds internal state variables of the fine-scale model.
These include 5 000 crystals, each containing the
state variables representing the dislocation densities
of the substructure. The multi-scale model of the
whole blank thus comprises approximately 75 mil-
lion crystals.

We present a series of numerical experiments as-
suming different contributions to the plastic anisot-
ropy evolution. The following cases are considered
where the anisotropy evolution results from:

Case A. texture evolution in combination with the
substructure evolution (CBs, CBBs and po-
larized dislocations at CBBs included),
texture evolution in combination with evo-
lution of CB and CBB dislocation types,
texture evolution combined with CB dislo-
cation evolution,

texture evolution in combination with sub-
structure evolution (CBs, CBBs and polar-
ized dislocations at CBBs included), how-
ever the plastic potential is not updated and
kept constant throughout the process.

The cases A — C include evolution of plastic poten-
tial, whereas the last case takes account of just the
complex hardening of the material derived from the
mesoscopic and microscopic level.

Case A takes into account the polarized dislocations
at CBBs that remobilize on strain path reversal. It
can be then expected that the grooving operation
shall reduce the density of the polarized disloca-
tions. This effect is accompanied with transient de-
crease in flow stress, even though the strain in-
creases. In contrast, case B does not consider polar-
ized dislocation densities, while the CBBs with re-
lated latent hardening aspect are included. The case
C is a further simplification, in which the substruc-
ture is approximated by a single dislocation density
representing randomly-oriented CBs. This case is
essentially identical to the Kocks-Mecking strain
hardening model [6].

As seen in Fig. 3, the zones in the sample where the
density of polarized dislocations decrease generally
coincide with the regions deformed by the grooving

Case B.

Case C.

Case D.
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operation. It can also be noticed that in the zones un-
der the side punches the density of polarized dislo-
cations commence to re-develop, however only on
the side of the cup interior, since it is subjected to
more monotonic loading.
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Fig. 3 Density of polarized dislocations superim-
posed on the deformed mesh (Case A): a)
after cup drawing, b) after grooving
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Fig. 4 Texture evolution at the material point lo-
cated approx. 5 mm from the verge of the
blank at the RD in Case A. ¢2=45° section
of the ODF is shown for: a) initial texture
(T1=4.0), b) deformation texture after the
cup drawing (TI=5.68), c) deformation tex-
ture after the grooving operation (TI=5.8)
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Although the HMS model keeps track of the anisot-
ropy evolution in the entire deformable FE mesh, for
sake of simplicity we limit the presentation of the
per-point results to one element, which is located ap-
proximately 5 mm from the rim of the blank at RD.
Texture evolution in this element is presented in Fig.
4. The ¢,=45° sections of the orientation distribu-
tion function (ODF) are shown along with the tex-
ture index (TI) that characterizes the global sharp-
ness of texture. As can be seen, the y-fiber, which
dominates in the initial texture, breaks down into
new texture features. The decomposition of the y-
fiber during the cup drawing operation is accompa-
nied with intensification of texture. Although the
strain reversal during the grooving considerably di-
minishes some of the new components, the overall
texture intensity is modified only to limited extent.

Fig. 5 shows how the yield locus evolves in cases
A—C in the considered material point. The most re-
markable influence on the yield locus shape is con-
sistently found in the first and third quadrants of the
presented yield locus sections. This is despite the
fact that the cup drawing operation imposes a stress
state that is characterized by the stress ratio 071/0%,
varying approximately in the range of (-0.1,-0.6)
and thus in the fourth quadrant of the yield locus
sections shown in Fig. 5. The corresponding yield
locus zone is hardly affected, which indicates occur-
rence of a cross effect. This also takes place if the
Kocks-Mecking approach (Case C) is followed (Fig.
5c). Since this is essentially an isotropic hardening
model, the observed effect most likely originates in
the texture evolution. Another notable regularity
that appears in Fig. 5 is that the yield locus after the
grooving step is generally similar in all the consid-
ered cases, albeit substantially different from the in-
itial one. On the other hand, the shape of the yield
locus at the end of the intermediate cup drawing op-
eration largely depends on the substuctural contri-
butions included in the model. If Case C is consid-
ered, the grooving operation does not remarkably al-
ter the shape of the yield locus, even though the tex-
ture at this location changes. If the dislocations con-
tained within the CBBs are taken into account (Case
B, cf. Fig. 5b), the evolution of the yield locus dur-
ing the cup drawing appears less pronounced, but
the cross effect magnifies. This also holds, admit-
tedly to smaller extent, in the model that also con-
siders the polarized dislocations at CBBs (Case A).
The macroscopic effect of different contributions to
the evolution of plastic anisotropy can be seen in
Fig. 6. One may distinct two groups in the results
presented there. The first group comprises the cases
in which the substructure does not affect yield locus
shape, comprising of Case D (the shape of the yield
locus is kept constant and complex hardening is
used) and of Case C (the Kocks-Mecking hardening
does not affect the yield locus shape but the texture
evolution does. The cup profiles in these two cases
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generally coincide at the end of both forming oper-
ations. Moreover, they are insensitive to strain re-
versal introduced by the grooving step. The second
group includes Case A and B, for which inclusion of
an anisotropic substructure does affect yield locus
shape. The distinctive feature compared to the first
group is that the predicted cup profiles have much
less pronounced ears that lack a clear minimum at
45° w.r.t. the RD. The origin of this difference with
respect to the first group is believed to be found in
the strain path changes that occur during the draw-
in through the superimposed sheet bending and un-
bending over the die radius.
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Fig. 5 Evolution of the yield locus obtained in the
cup drawing and the grooving operation,
depending on the types of dislocations
taken into account: a) CB, CBB and polar-
ized dislocations (Case A), b) CB and CBB

(Case B), and c) CB (Case C)
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The effect of strain reversal during the grooving op-
eration is undoubtedly visible in Case A, which
takes into account the polarized dislocations at
CBB. The remobilization of the dislocations softens
the material, which results in generally lower cup
height at the end of the grooving operation, since the
material can more easily deform. This leads us to the
conclusion that in the simulated UCBT process the
Bauschinger effect is fully captured only if (1) tex-
ture evolution is considered, (2) the plastic potential
evolves and (3) a sufficiently rich hardening model
is used.
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Fig. 6 Cup profile at the end of the (a) cup draw-
ing and (b) grooving operations.

5 CONCLUSIONS

The presented hierarchical multi-scale model allows
one to capture the combined effects of texture and
substructure evolution in sheet metal forming simu-
lations. Although the final evolved yield locus was
found much similar regardless of considered contri-
butions to anisotropy evolution, the intermediate
yield loci were remarkably affected. This may be of
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importance to accuracy in simulating forming pro-
cesses that consist of multiple consecutive opera-
tions. The presented results suggest that hardening
model alone, even though it is based on evolution of
texture and considers complex interactions in the
substructural features at the level of individual slip
systems, may not be sufficient to predict the effect
of strain reversal.
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