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Abstract

The plastic deformation of two-phase iron—copper polycrystals was studied experimentally and modelled by a FEM
model calculation, taking into account anisotropic elasticity and crystal plasticity. The two-phase materials in experi-
ment had microstructures ranging between interpenetrating network and matrix/inclusion type and were deformed by
compression at room temperature. The measured quantities (macroscopic stress and strain, elastic strains and texture)
were compared with the results from the FEM model calculation. The stress vs. strain dependence as obtained from the
FEM-model appears to be in good accordance with experimental results. Good predictions of the texture evolution
were found in cases only, where local micromechanical interactions are not too much influenced by the heterogeneity
of the microstructure. The implications of these results for the development and use of FEM schemes for modelling
heterogeneous polycrystal plasticity are discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction crystallites of two phases combine to form the
macroscopic properties of the two-phase com-
pound, and how do the individual properties of
one phase change due to the presence of the other

phase. Answers to these questions are of interest

Microstructures consisting of two ductile
phases occur in many materials of technological
interest (o/f-titanium alloys, duplex steels, Ni-base

superalloys, Cu-Nb). Thereby, important ques-
tions are: How do the properties of the individual
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for the processing of materials and for the predic-
tion of the mechanical behaviour of two-phase
materials.

This paper mainly focuses on the influence of
the microstructure (volume fractions and arrange-
ment of grains of both phases, interfaces) and the
distribution of grain orientations in a two-phase
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material which undergoes plastic deformation by
dislocation slip.

In order to clarify the influence of arrangement
of phases and grains for a wide range of micro-
structures it is essential to develop models for the
description of deformation which can take into ac-
count not only the crystallography of slip but also
the interaction of neighbouring grains. Following
the recommendations on modelling polyphase
plasticity given by [1] the complexity of this task
should be tackled by a appropriate simulation
method (FEM model or self-consistent technique)
in combination with a experimental study of a two
phase model material. In a previous work [2]
experimental results for a model material (Fe-
Cu) were compared with calculations done with a
viscoplastic self-consistent model [3]. It was found
that such a model gives the softer phase a much
higher compliance than in reality, i.e. the soft
phase (Cu) deforms to such a large extent that
the modelled flow stresses of the compound are
too low and the modelled texture of the soft phase
is much too strong. The present work is aimed at a
comparison of experimental results with model
calculations after a three dimensional FEM model
using single cystal plasticity theory. Meanwhile
such models are well developed [4-7], and were
used for texture modelling with success in the case
of single phase polycrystals [4,5].

2. Experimental

The details concerning the production of poly-
crystalline iron—copper samples, stress strain test-
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ing and determination of texture have been
presented in a previous paper [2]. Therefore only
a short outline will be given here.

Iron—copper polycrystals were produced from
mixtures of iron and copper powder by powder
metallurgy. The iron—copper polycrystals had a
volume fraction of iron of 0%, 17%, 50%, 83%
and 100%. The samples were named after their
composition (e.g. Fel7-Cu83 means 17 vol% iron
and 83 vol% copper). The microstructures of the
two-phase materials (Fig. 1) ranged between inclu-
sion/matrix type (Fel7-Cu83, Fe83-Cul7) and an
interpenetrating network of both phases (FeS0—
Cu50). The grain size of the homogeneous materi-
als as well as of the single phases in the two-phase
polycrystals was 1-15 um for iron and copper.

Compression tests on cylindrical samples (4 =9
mm, d = 6 mm) were performed at room tempera-
ture with a strain rate ¢ = 10~* s~!. All 6—¢ curves
were friction corrected assuming the value
1 =0.235 for the coefficient of friction. The stress
exponents n=0In¢/0lno of single-phase iron
and copper were determined experimentally from
rate changes in compression tests and used as
input parameter for model calculations.

For studies of texture development pole figures
were measured with an X-ray goniometer for three
reflections of each phase (iron: {200}, {211},
{220} /copper: {200}, {220}, {311}) in middle sec-
tions of the compression specimens. Orientation
distribution functions (ODF’s) and inverse pole
figures could be calculated from the measured
pole figures for each phase separately using the
WIMV-algorithm [8] in the popLA texture pack-
age [9].

Matrix/Inclusion

Fe67-Cu33 Fe83-Cul7

Fig. 1. Microstructures of iron—copper polycrystals. Compositions in vol%.
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3. Model calculations

For the constitutive part of the model calcula-
tion each grain is considered to be a single crystal
and its stress strain behaviour is described by the
rate dependent, single crystal plasticity theory pre-
sented in Refs. [10,11]. The single crystal theory
was implemented in Ref. [10] as a UMAT user sub-
routine for the finite element program ABAQUS®.
The following is a short summary of the theory
[10,11]. The material flows via dislocation motion.
The total deformation gradient F is given by

F=F P (1)

where FP denotes plastic shear of the material to
an intermediate reference configuration in which
lattice orientation and spacing are the same as in
the original reference configuration, and where
F* denotes stretching (by elastic deformation)
and rotation of the lattice. The spatial velocity gra-
dient of the plastic shear flow by dislocation slip is
given by

F et :Zj}“s“@m“ (2)

where the slip system o is defined by the orthog-
onal pair of unit vectors (s*,m*) and }* is the slip
rate in this system. The slip direction and slip nor-
mal s** and m** in the deformed configuration
are related to the corresponding vectors in the ref-
erence configuration by

s =F" .5, m' =F" -m"". (3)

The change of the orientation by plastic deforma-
tion and the elastic strain can then be obtained
from the polar decomposition F* = V- R, where
R is the lattice rotation and V is the left stretch ten-
sor, describing the elastic strain. The crystallo-
graphic slip is assumed to obey the Schmid law

= m* g s (4)

where t* is the resolved shear stress in slip system o
and ¢ is the Cauchy stress tensor. The stress
dependence of the shear rate in that slip system
is described by the Norton law

’j)(x o
— = sgn(t”
Yo ( )<

where 17 is the critical resolved shear stress, n is the
stress exponent and j, is a reference strain rate
being equal for all slip systems. The work harden-
ing of each slip system is determined by the evolu-
tion equation

*=0-T (6)

assuming isotropic hardening i.e. to be the same in
all slip systems regardless of their individual
contribution to the total shear rate I (which is
f:ZJM)' The work hardening rate 0 was
modified for the present work in the form of a
Voce law

or) =ty (1-2) -exp (- ) )

In this law 0y is the extrapolated work hardening
rate for zero flow stress and 7y and 7, are defined
as the critical resolved shear stress at the onset of
plastic deformation and the saturation shear stress
respectively.

Elasticity is incorporated, as described in
[10,11], by Hooke’s law for anisotropic media. A
complete elastic-plastic rate constitutive law is gen-
erated by combining the elastic and plastic consti-
tutive laws using Egs. (1) and (2).

For the calculation of the stress response to a
given deformation process a three-dimensional
nonlinear finite-element approach was used. The
boundary value problem was solved by the method
of representative volume elements (RVE). The dis-
placement fluctuation field was forced to be peri-
odic by equating the values at corresponding
points of opposite boundaries of the brick shaped
RVE. The nodal displacement vectors ug, ug of all
corresponding nodes K and K’ at opposite sides N,
—N then fulfil the following relation:

g — g = (8)

with #? the displacement vector of an appropri-
ately chosen reference node. The compression
process needed here was simulated by:
0
= 0
h — hg

. —
ref ’ ref,yz = uref,x,z =0 (9)
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with / being the actual and /4 the initial height and
where the strain rate ¢ with ¢-¢=¢ =1nh/hy was
kept constant.

In the numerical simulation of the compression
process the RVE shown in Fig. 2 with 10080 ele-
ments of 8-node linear brick type was used. Com-
bining 64-192 elements in one grain, there were
initially 126 independent orientations in the
RVE. In order to represent the microstructures
shown in Fig. 1 as realistic as possible, grains with
the properties of iron and copper were connected
to clusters of approximately 20 grains. Since each
hexahedral element contains eight integration
points, all variables of this model calculation
(stress, strain, orientation, crystallographic shears)
are determined at 10080*8 = 80640 integration
points. Continuous distributions of pole densities
were calculated from the orientation matrices by
a method described in [12]. Macroscopic stress
vs. strain curves were obtained from arithmetic
mean values of all stress and strain values by aver-
aging over all integration points.

To obtain the unknown parameters 0y, 7o and 7
for the copper and iron phase, model calculations
were performed for RVE’s of single phase material
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Fig. 2. Representative volume element with 126 grains and
10080 elements. The grains have prismatic shape and are
coloured with respect to their orientation. The white border
indicates an embedded particle of the second phase.

of copper and of iron solely. The two sets of the
three parameters were obtained from a compari-
son of the experimental and the computed stress
vs. strain curves by a method of trial and error.
In all model calculations the fcc slip mode
((110),{111}) = (s*,m*) was used for copper,
whereas for iron the bec slip mode with
((111),{110}) was assumed.

4. Results and discussion

Fig. 3 shows experimental and simulated stress
vs. strain curves for compression tests. As one
can see in Fig. 3, single phase iron (Fel00) has
an extraordinary high upper yield stress due to
its carbon content. With ¢, ~ 410 MPa the yield
stress of iron is nearly four times higher than that
of copper (gp, = 115 MPa) and about 75 MPa
higher than the stress of copper at a higher plastic
strain (e, = 0.8).

The curves from the model calculations - shown
as symbols at selected strains - fit reasonably well
with the experimental curves of the two-phase
polycrystals. However, systematic deviations occur
in the following cases. At larger strains &, > 0.3 the
simulated flow stresses for the inclusion type
microstructure Fel7-Cu83 are too low, whereas
the corresponding flow stresses for the “inverse
inclusion type” microstructure Fe83-Cul7 are

600 -
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©
3 300
o
»
% 200 X Fe50-Cu50
= 100 .| a cutoo ® Fe83-Cul? |,
¢ Fel7-Cu83 w Fel00
LU L B S S B B B B
0.0 0.2 0.4 0.6 0.8

true plastic strain g,

Fig. 3. Stress—strain behaviour of iron—copper polycrystals
measured in compression tests at room temperature and
constant strain rate (solid lines) in comparison with results
from FEM calculations (symbols).
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too high. Only for Fe50-Cu50 displaying a micro-
structure of two interpenetrating phases the simu-
lated stress vs. strain curve is in good accordance
with the experimental curve situated nearly in the
middle between the single phase materials Fel00
and Cul00. It is also important to note that the
experimental observed work hardening in Fel7-
Cu83 at strains &, < 0.08 is distinctly greater than
the corresponding work hardening of the two
neighbouring compositions, Cul00 and Fe50-
Cu50. Also this hardening effect is not predicted
in the simulated stress vs. strain curve of Fel7-
Cu83.

The iron phase starts deforming plastically in
the model almost simultaneously after the onset
of plastic deformation of the copper phase. A
modelled macroscopic plastic compression strain
of &, = 0.21% for the Fel7-Cu83 RVE was found
to be composed from the two mean strains
(ep(Fe)) = 0.07 and (g,(Cu)) = 0.24. Even for lar-
ger macroscopic strains ¢, = 60% the difference be-
tween the mean iron and copper strains increases
only moderately up to (e,(Cu)) — (ep(Fe)) =~ 20%.
As a consequence the simulated stress vs. strain
curves follow quite closely a simple rule of mix-
tures, i.e. the macroscopic flow stress of the two-
phase polycrystal can be calculated as the weighted
arithmetic mean of the flow stresses of the two
constituent phases at a constant strain. Accord-
ingly the modelled flow stress depends almost lin-
ear on the volume fraction. The experimental
flow stresses show a weakly sigmoidal behaviour,
i.e. for Fe-inclusions in copper the flow stress is
higher than for a linear relation, for the interpene-
trating microstructure it is equal and for Cu-inclu-
sions in iron the flow stress is lower.

The texture development after compression
deformation in both phases of iron—copper poly-
crystals led to the typical fibre type deformation
textures of single phase iron and copper. In the
copper phase the (110)-fibre component was ob-
served and in the iron phase two fibre compo-
nents at (001) and (111). From the FEM model
calculations of the pure phases the same textures
as measured were calculated (see comparison of
inverse pole figures in Fig. 4). The accordance be-
tween experiment and model calculation for these
two cases is very good: Not only the orientation

111
Cu100
001 101
11 111
Fe100
001 101 001 101
e ————— ]

08 1.0 1.5 20 30 40 50 60 80 100 120 150

m.r.d.

Fig. 4. Inverse pole figures of pure iron and copper after
compression with ¢ =0.9 from experiment (left) and FEM
model (right). The grey shades are scaled in multiples of a
random distribution.

of the fibre components fits very well with
the experiment but also their shape and density.
This is an improvement in comparison to conven-
tional texture simulation by Taylor or self con-
sistent models, where components develop very
strongly resulting in theoretical textures much
sharper than experimental textures for a given
deformation.

In contrast to this result the theoretical texture
development of the two-phase polycrystals is in
bad agreement with the experimental textures
(Fig. 5). This becomes very obvious in the case
of the experimental pole density of the minority
copper-phase which weakens and develops irregu-
lar maxima for decreasing copper volume frac-
tions. However the modelled pole density of
copper remains almost constant with decreasing
copper volume fraction (Fig. 5).

For the hard iron phase a moderate decrease of
the experimental pole density occurs for decreasing
iron volume fractions. This tendency is in qualita-
tive agreement with the modelled texture: The
(I11)- and (100)-fibres are spreading along the
(001)—(111)-traverse.

The discrepancy between model and experiment
for the texture evolution of the soft copper phase
may be explained by different reasons:
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Fig. 5. Inverse pole figures of two-phase iron—copper compounds after compression with ¢ = 0.9 from experiment and FEM model.

The soft copper phase has to accommodate
large local deviations from the global strain due
to local interactions with the harder iron phase.
This local interaction which can be quite compli-
cated due to the shape and distribution of neigh-
bouring iron particles should incorporate groups
of more than one grain and may not be repre-
sented well enough within the scope of the RVE
in this model calculation. Also a remeshing proce-
dure may be necessary for a better registration of
large inhomogeneous local shears which are neces-
sary for a irregular texture evolution.

Another reason for the insufficient verification
of the texture of the copper phase may be due to
the local change of the activation of slip systems,
which may not occur rapidly enough under the
condition of isotropic hardening in the present
model calculation.

In order to give a more clear idea about the lo-
cal stress and strain variations a plot of the typical
variation of stresses and strains on a path across
the RVE is shown in Fig. 6. It can be clearly recog-
nized that the deformation gradient as well as the
stress varies substantially and crystals experience
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Fig. 6. Compression stresses (@) and strains (H) on a path
through the RVE at centres of connected elements after a
macroscopic strain of ¢ = 0.13. The vertical lines indicate grain
and phase boundaries.

local strains that deviate from the nominal value
applied to the entire RVE. The deviation of these
quantities from the mean is a consequence both
of the grain properties (orientation, hardening
behaviour, elasticity) and of the interaction with
its neighbourhood. Distinct stress and strain
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gradients occur in the present case at boundaries
between grains of the same phase and at the phase
boundary between copper and iron. It can be also
recognized from Fig. 6 that the strain variation
within each of the phases is of the same order of
magnitude as the strain variation between the soft
copper and hard iron phase, in accordance with
the moderate difference of the mean strains stated
above. The local gradients of strain can become
quite high, especially at higher macroscopic
strains. As a consequence the variation of strains
is only restricted to narrow regions in the order
of 1-2 elements at the phase boundary. From this
result it becomes obvious that large local strain
deviations incorporating a group of several grains
(i.e. 100-200 elements) seem to be quite seldom.
The reason for this behaviour has to be traced to
shortcomings of the geometry of the present
RVE (arrangement of grains, number of elements
per grain) or to the single crystal material law. If
the number of elements per grain will give the
main improvement for the texture evolution of
the soft phase, much more computational effort
than in the present work will be required. Also
the interface between the soft and hard phase
may play a more important role which aspect
may be treated by special methods [13]. For the
influence of the arrangement of grains, number
of grains in the RVE etc. further studies will be
conducted in the future.

An indication for a change of material laws in
the two phase microstructure can be taken from a
comparison of elastic strains in experiment and
FEM-model. Fig. 7 shows this comparison for
the case of Fe50-Cu50 and macroscopic plastic
strains ¢, < 2%. Similar as for the texture simula-
tion the accordance between experiment and mod-
el is better for the hard Fe-phase than for the soft
Cu-phase which shows distinctly lower elastic
strains (i.e. stresses) in the experiment than in
the model. Thus the evolution of stress in the
model following the single phase behaviour may
be only true for the harder iron phase. A more de-
tailed understanding of the plastic strain harden-
ing of the softer phase may be possible if more
experimental information about the partition of
plastic strains will be available. Experiments
concerning this task will be conducted in the near
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Fig. 7. Mean elastic strains of iron and copper in a Fe50-Cu50
polycrystal as function of the external stress measured by
neutron diffraction [14] in comparison with FEM results.

future giving more evidence and advice for the
introduction of a modified material law for the
softer Cu-phase.

5. Conclusions

This investigation deals with the effects of plas-
tic interaction between a soft phase (i.e. copper)
and a hard phase (i.e. iron) in two-phase mixtures
of ductile polycrystalline particles. The stress—
strain behaviour and the texture evolution under
compression was modelled with a crystal plastic
FEM model and compared with experimental re-
sults. The main conclusions drawn from these
comparisons are the following:

1. Both phases start plastic deformation almost
simultaneously. Thereby the hard iron phase
takes distinctly higher stresses and the copper
phase takes higher strains. The difference of
the mean strains between iron and copper
increases moderately up to large total strains.

2. The calculated stress vs. strain behaviour is in
reasonable good agreement with experiment.
Deviations occur for the inclusion type micro-
structures in the sense of a overrepresentation
of the minority phase: With iron particles as
inclusion the flow stress of the model is higher
than in experiment whereas for embedded cop-
per particles it is lower.
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3. The texture evolution of the pure phases is in
good quantitative agreement with experiment.
The texture evolution of the iron phase for the
two phase material shows a better agreement
between the FEM model and the experiment
than the texture evolution of the copper phase.
The quality of the texture evolution of the cop-
per phase may be improved by a modified
model calculation taking into account more dif-
ferent arrangements of grains or modified mate-
rial laws.

4. A change of the hardening behaviour of the
softer Cu phase and/or plastic strain partition
of the two phase material can be concluded
from a comparison between measured and
modelled elastic strains of the Fe- and Cu-
phase.
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