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Abstract
The study presents crystal plasticity ﬁnite element simulations of cylindrical Cu single crystal micropillar compression tests. The aim is
to study the inﬂuence of the stability of the initial crystal orientation, sample geometry (diameter-to-length ratio) and friction on the
anisotropy and crystallographic orientation changes during such tests. Initial anisotropy (initial orientation) has a strong inﬂuence on
the evolution of crystallographic orientation changes and also, to a minor extent, on the sample shape during compression. Pronounced
orientation changes occur at an early stage of compression (at engineering strains of 0.2), entailing as a rule a large orientation spread
within the initially uniformly oriented sample. A non-zero friction has a stabilizing eﬀect on the course of the compression test even in
cases where strong orientation changes occur. The evolution of orientation changes during compression is in part due to rigid body rotations (shape inclination due to buckling) rather than exclusively to crystallographic reorientation. Orientations that are crystallographically unstable and non-symmetric during compression tend to entail shape instability of the pillars at an earlier stage than observed for
more stable cases.
Ó 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction and motivation
Mechanical size eﬀects discovered recently during microscale compression tests of crystalline metallic single crystals
[1] are currently attracting great attention. The main experimental observation is that the mechanical properties
observed during such tests become remarkably diﬀerent
compared with bulk specimens when the sample dimensions of the pillars approach the micrometer scale. Uchic
et al. [1] tested three diﬀerent materials: Ni, Ni3Al–1% Ta
and a Ni-based superalloy. By mapping the engineering
stress–strain curves during microscale compression the
authors observed that the yield stresses dramatically
increased as the diameters of the test pillars decreased.
*
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The group of Nix and Greer [2,3] performed similar tests
on gold pillars but used two diﬀerent sample fabrication
methods. The authors found a similarly signiﬁcant ﬂow
stress increase as in Ref. [1], and proposed that a dislocation starvation eﬀect could have been responsible for this.
Their hypothesis suggests that due to the small dimensions
of the specimens the dislocations that are present at the
onset of plastic deformation leave these specimens before
dislocations can multiply: this results in dislocation starvation. The authors propose that if this state is reached, very
high stresses would be required to nucleate new dislocations, either at the sample surface or in the bulk of the crystal, leading to the observed near-theoretical strengths.
Similar observations were reported by Dimiduk et al. [4]
and Volkert and Lilleoden [5].
Afrin and Ngan performed similar microcompression
experiments using a nanoindenter at room temperature
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on Ni3Al specimens [6]. Their columns, which were also
produced via focused ion-beam milling, had a diameter
of 2 lm.
By using ﬁnite element simulations with an isotropic
constitutive law Zhang et al. [7] proposed some guidelines
from a continuum mechanics point of view in terms of
geometry and system set-up to design accurate microcompression tests. This is a sensible approach since ﬁnite element simulations are well suited to study details of the
inﬂuence of the external boundary conditions and their
possible changes during compression encountered in such
tests. Points of particular interest in the paper were the
eﬀects of the strain-hardening behavior, the initial height
and the Coulomb friction coeﬃcient.
The motivation for the present study consists in merging
some aspects of the diﬀerent investigations quoted above
into one simulation procedure. This means that we combine the advantages of an anisotropic crystallographic
law for the constitutive description of the material in conjunction with a full consideration of crystallographic orientation eﬀects and orientation evolution with proper
boundary condition treatment via a crystal plasticity ﬁnite
element simulation.
The aim of this approach is to address the compression
deformation of cylindrical single crystal micropillars with
respect to the role of the initial crystal orientation, evolution of deformation-induced orientation changes, sample
geometry (diameter-to-length ratio), crystalline anisotropy
and Coulomb friction on the course of such tests. Similar
crystal plasticity ﬁnite element simulation approaches have
been previously shown to be successful for investigating the
relationship between mechanical boundary conditions and
orientation eﬀects at small scales, e.g. for the case of single
crystal deformation [8], bicrystal deformation [9–11], oligocrystal deformation [12] and nanoindentation [13,14]. The
results are used to investigate our hypothesis that even in
the case of an homogeneous initial crystallographic orientation and homogeneous initial boundary conditions at
the beginning of a compression test, gradual formation of
orientation gradients can take place within an initially uniformly oriented specimen during loading.
2. Simulation procedure
2.1. Introduction
The ﬁnite element method is well suited to the treatment
of complex boundary conditions in materials mechanics.
Its concept is based on dividing (continuum) space into
small domains with simple geometry which allows one to
approximate the response to a given local constitutive
behavior in such domains under the boundary conditions
imposed jointly by external and internal constraints. Of
importance in this paper is the use of a crystalline elastic
and plastic anisotropic constitutive law [15].
In classical isotropic continuum mechanics, crystallographic rotations, and hence orientation eﬀects, do not

play a role since an antisymmetric portion associated with
the dyadic nature of crystallographic dislocation slip (i.e.
shear only along discrete directions on discrete planes) does
not exist. This means that isotropic constitutive approaches
to materials micromechanics are less useful in cases where
the crystalline nature of matter plays an important role in
terms of anisotropy and deformation-induced orientation
changes including the formation of orientation gradients.
An overview of the diﬀerent approaches to the incorporation of crystalline anisotropy into ﬁnite element schemes
is given in Refs. [15–20].
In this investigation the crystal plasticity ﬁnite element
method is used to systematically study the intrinsic
parameters (e.g. initial orientation and the evolution of
deformation-induced orientation changes upon mechanical
loading) and extrinsic eﬀects (e.g. sample geometry and the
contact conditions) involved in microcompression tests.
2.2. Constitutive model
2.2.1. Flow rule
In order to describe the ﬂow kinematics the ﬁnite deformation deﬁned by the deformation gradient, F, is multiplicatively decomposed into two contributions, namely the
elastic and rotational part of the deformation gradient,
F*, and the plastic part of the deformation gradient, Fp
[15]. The latter quantity describes an intermediate conﬁguration accounting only for the deformation induced by the
plastic slip in the lattice, i.e. det Fp = 1. The elastic and
rotational portion of the deformation gradient, F*, captures both the stretch and the rotation of the lattice. The
ﬂow rule was used in the form:
F_ p ¼ Lp F p ;

ð1Þ

and the plastic velocity gradient, Lp, as:
X
c_ a ðma0  na0 Þ;
Lp ¼

ð2Þ

a

where ma0 and na0 are the orthonormal vectors describing the
slip direction and the slip plane normal of the slip system a
in the reference conﬁguration, respectively. c_ a describes the
shear rates on the slip systems a.
2.2.2. Hardening mechanism
The phenomenological hardening law is based on a crystal plasticity model which was suggested by Rice [15],
Hutchinson [21] and Peirce et al. [16,17] for the face-centered
cubic (fcc) lattice. The kinetic law on a slip system a follows:
 1=m
 sa 
c_ a ¼ c_ 0   signðsa Þ;
ð3Þ
sa
where c_ a is the shear rate on the slip system subjected to the
resolved shear stress sa having a slip resistance of sa. c_ 0 and
m are material parameters and stand for the reference shear
rate and for the rate sensitivity of slip, respectively. The
inﬂuence of any slip system b on the hardening behavior
of system a is given by:
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s_ a ¼

X

hab j_cb j;
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ð4Þ

b

where hab is referred to as hardening matrix:
 
a 
sb
hab ¼ qab h0 1 
;
ss

ð5Þ

which empirically captures the micromechanical interaction among diﬀerent slip systems. In this formulation ho,
a, and ss are slip hardening parameters, which are assumed
to be identical for all fcc slip systems owing to the underlying characteristic dislocation reactions. The parameter qab
is taken as 1.0 for coplanar slip systems a and b, and 1.4
otherwise, which renders the hardening model anisotropic.
2.2.3. Constitutive material parameters
The hardening parameters in Eqs. (3)–(5) for Cu were
taken from Refs. [13,14], namely, ho = 180 MPa, a = 2.25,
ss = 148 MPa and m = 0.012. The initial value of the slip
resistance was chosen as 16 MPa and c_ o was taken to be
0.001 s1. The elastic constants were those for pure Cu, i.e.
C11 = 168 GPa, C12 = 121.4 GPa, C44 = 75.4 GPa.
2.3. Finite element model and boundary conditions
The constitutive crystal plasticity model with the time
integration procedure outlined above was implemented in
the commercial FEM software MARC using the subroutine HYPELA2 [22], which allows user-deﬁned material
constitutive rules to be implemented.
The pillar-shaped compression samples for the simulations were modeled as perfect cylinders placed on a large
substrate that has the same crystal orientation and hardening parameters as the pillar itself. Typical of all such pillar
compression tests is the fact that the sample is connected
with some curvature to the substrate bulk sample from
which the pillar was cut. The radius where the pillar connects to the substrate amounts in all cases to a value of
30% of the pillar diameter (Fig. 1). The compression tool
was treated as a rigid surface. The mesh consisted of
3376, 3952, 4528 elements (three-dimensional quadrilateral,
eight integration points), respectively, and 3767, 4424, 5081
nodes, respectively, for specimens with diﬀerent initial
diameter-to-length ratios of 0.68, 0.4 and 0.29. The geometry is typical of some of the experimental work being conducted in this ﬁeld.
In the formulation of the boundary condition, the nodes
on the bottom of the substrate are not allowed to undergo
displacements along the loading axis (z-axis) and the nodes
among the bottom nodes on the lines which are parallel to
x- and y-axis could not be displaced along the y- and x-axis,
respectively. The version of the crystal plasticity ﬁnite element constitutive model used in this study does not include
mechanical size eﬀects and, therefore, takes account only of
the relative variation in the diameter-to-length ratio but not
of the fact that the original sample geometries reported in
the literature are actually in the micrometer regime.

Fig. 1. Finite element mesh as used for the case of an initial diameter-tolength ratio of 0.4. Right-hand side: close-up view of the pillar. The chosen
geometry is typical of some of the current experimental work being
conducted in this ﬁeld. As is usual for such tests, when the sample is
prepared via cutting in a focused ion-beam (FIB) microscope, it is
connected with some curvature to the substrate bulk sample from which
the pillar was cut.

2.4. Modeling systematics
This study aims at a better understanding of the inﬂuence of the initial orientation, deformation-induced orientation changes including orientation gradient formation,
sample geometry, anisotropy and friction in micropillar
compression tests. In order to cover these aspects the simulations were divided in four groups:
 Group 1 (eﬀect of sample height): diﬀerent initial diameter-to-length ratios of 0.68, 0.4 and 0.29; same initial
crystallographic orientation for all three tests ([1 1 1 2]
compression axis); same Coulomb friction coeﬃcient
for all three tests (l = 0.0).
 Group 2 (eﬀect of friction in case of unstable orientation): same initial diameter-to-length ratio of 0.4 for
all three tests; same initial crystallographic orientation
for all three tests ([1 1 1 2] compression axis); diﬀerent
Coulomb friction coeﬃcients (l = 0, 0.05, 0.1).
 Group 3 (eﬀect of friction in case of stable orientation):
same initial diameter-to-length ratio of 0.4 for all three
tests; same initial crystallographic orientation (exact
[0 0 1] compression axis) for all three tests; diﬀerent Coulomb friction coeﬃcients (l = 0.0, 0.005, 0.05, 0.1).
 Group 4 (eﬀect of friction in case of nearly stable orientation): same initial diameter-to-length ratio of 0.4 for
all three tests; same initial crystallographic orientation
(near-cubic orientation with a compression axis close
to the [0 0 1] axis); diﬀerent Coulomb friction coeﬃcients
(l = 0.0, 0.05, 0.1).
The reasoning behind this choice in the model parameters is the following. First, we want to study the inﬂuence
of the stability of the initial orientation of the single crystal on the course of the compression tests. For this purpose we selected three diﬀerent initial crystallographic
orientations, namely a [1 1 1 2] compression axis, an exact
[0 0 1] compression axis and a compression axis near the
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[0 0 1] direction. The ﬁrst orientation is known as a very
unstable one upon compression [23]; we use it in order
to probe a situation where the sample has a small crystallographic stability. An initial condition such as this might
be expected to result in strong deformation-induced orientation changes, including orientation gradient formation,
taking place during the simulated compression test. This
situation is simulated in order to study the relationship
between the crystallographic stability and the geometric
stability of the pillar.
Opposing cases for crystallographic stability are examples with pronounced orientation changes upon loading
vs. cases where the orientation is stable during loading
(no deformation-induced orientation scatter upon straining). Opposing cases for geometric stability are examples
with a strong shape change vs. situations with shape stability during testing.
The crystallographic stability criterion that we used
for the selection of an unstable starting orientation uses
the approach suggested in Ref. [23]. It is based on the
divergence of the reorientation ﬁeld for a given orientation under an imposed loading state. An orientation with
a high reorientation divergence in orientation space
means that tiny changes either in the external boundary
conditions or in the internal state (e.g. some very small
initial orientation spread) may entail drastic changes in
the reorientation path upon plastic deformation. It must
be underlined that a large value in the reorientation
divergence (indicating high instability) is not due to a
non-linear eﬀect but simply due to a certain variety in
the sets of potential slip systems with similar Schmid factors which, when activated, would entail a highly divergent rotation ﬁeld in orientation space. In contrast to
this unstable initial orientation, we have chosen as a second variant as a more stable orientation the cubic orientation with a [0 0 1] compression axis, the stability of
which was investigated in detail in Refs. [23,24]. Owing
to the high symmetry of this orientation under compressive load (eight slip systems have an identical Schmid factor), we have studied the same orientation again but with
a slight orientation deviation of 0.1° from the exact [0 0 1]
compression axis. This non-perfect [0 0 1] orientation is
used as one of the starting orientations in order to mimic
the eﬀect of a slight asymmetry at the beginning of an
experiment. We assume that an initial situation with a
tiny deviation from the desired exact orientation relative
to the compression tool is not too unrealistic owing to
the complexity associated with the focused ion-beam
(FIB) sample preparation and the subsequent compression technique. This selection, hence, alters the orientation spectrum from the most unstable to a rather stable
orientation.
The other variations are obvious, i.e. the diameter-tolength ratio is relevant for modifying the buckling tendency
of the pillar and the friction imposes loads which deviate
from the pure compressive state, introducing a shear component in the deformation.

3. Simulation results and discussion
3.1. Group 1 (eﬀect of sample height: diﬀerent height, same
initial unstable orientation, no friction)
The focus of this section is on the geometrical shape stability or, conversely, the buckling tendency of single crystalline pillar-shaped samples during the simulated
compression ([1 1 1 2] compression axis). Fig. 2 shows the
predicted evolution of the pillar shapes and of the deformation-induced orientation changes for the three cases (diameter-to-length ratios of 0.68, 0.4 and 0.29). A pronounced
shape instability was observed for the slim pillars with
diameter-to-length ratios of 0.4 and 0.29. The shape of
the thick pillar with a diameter-to-length ratio of 0.68
remained stable during compression even up to large
strains. The color coding in Fig. 2 shows the magnitude
of the accumulated crystallographic plastic shear. It is
revealed that in both cases where geometrical instability
occurs (diameter-to-length ratios 0.4 and 0.29), the accumulated shear is localized close to the bottom of the pillar
and close to the (friction-free) contact zone between the pillar and the compression tool. The strong shape changes
observed for the slim pillars leads to a strong reduction
of the contact zone between pillar and tool, and, hence,
to corresponding strain localization and shear eﬀects at
the top of the pillars.
Although even the thickest pillar revealed a slight tendency for a shape instability, as indicated by the mesh distortion inside the compressed pillar, its geometrical
constraints (large diameter) obviously exerted a stabilizing
eﬀect so that the overall pillar shape remained essentially
cylindrical.
The model with an initial diameter-to-length ratio of 0.4
was chosen for the ensuing simulations below (groups 2–4)
because it reveals some shape instability and at the same
time relatively small localization eﬀects. This is an advantage for studying crystallographic orientation changes
and boundary condition eﬀects in greater detail. Also, this
value for the diameter-to-length ratio is close to some typical pillar shapes reported in the literature.
Although the shape instabilities observed in Fig. 2 (middle and left columns) appear at ﬁrst sight like a classical
elastic–plastic buckling eﬀect, they may to some extend
be attributed to the strong inﬂuence of the crystalline
anisotropy created by the single crystalline material constitutive law. Classical analytical models predict that plastic
buckling may be expected to occur for pillars which are
at least about a factor of 20 longer than in the current case
(assuming the same diameter), i.e. classical isotropic solutions to predicting buckling of such pillars do not apply.
Also, the shape instability observed does not resemble a
classical buckling phenomenon but rather a unidirectional
bulk shear process of the entire specimen with two main
localization zones. The ﬁrst zone is close to the bottom
of the pillar and the second one is located in the contact
zone to the tool. The observation that classical buckling
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Fig. 2. Crystallographic orientation changes and shapes of three pillars with diﬀerent initial dimensions (diameter-to-length ratios: 0.68 (left), 0.4 (middle),
0.29 (right)) after diﬀerent displacements (color coding accumulated plastic shear from blue (low) to yellow (large)). Starting single crystal orientation:
[1 1 1 2] compression axis (unstable). The strain is given as an engineering thickness reduction.

theory does not apply for single crystal compression may
be attributed to the discreteness of the plastic slip in the
case of the present crystal plasticity ﬁnite element simulation method.
The analysis of the active slip systems reveals that during the early stage of plastic deformation the activation
of the slip systems is at ﬁrst still homogeneously distributed
throughout the volume of the compressed samples. In the
slim pillars this early stage was followed by pronounced
shear localization phenomena at the region close to the
bottom of the pillars and in the contact region, which
becomes smaller during the simulated test owing to the
strong shape change and bending of the slim pillars. As
mentioned above, this eﬀect seems to favor a bulk shear
deformation of the entire shape.
The diﬀerence in the orientation evolution between the
three diﬀerent types of originally single crystalline samples
is quite remarkable. The shortest and geometrically most
stable (in terms of shape) sample (largest diameter-tolength ratio of 0.68, left-hand side in Fig. 2) reveals a
strong spread of the initial orientation after deformation
into an orientation distribution which is characterized by
rotations towards the [1 1 1] direction and particularly
towards the [1 0 1] direction. The [1 0 1] compression axis
would be the most stable ﬁnal crystal orientation for the
case of conventional frictionless uniaxial compression of
fcc single crystals according to a simple Schmid calculation.
Although the other orientations with high symmetry are
also mathematically stable, already small deviations from
the exact orientation would entail irreversible orientation
changes. In contrast, small changes away from an exact

[1 0 1] compression axis would always entail a back rotation
into that orientation.
The other two compression samples (diameter-to-length
ratio of 0.4 and 0.29) are geometrically less stable and,
hence, undergo a pronounced shape distortion entailing
complete sample inclination. This phenomenon strongly
aﬀects the resulting orientation spread observed in the
two simulation series. In both cases the orientation distribution evolves towards the [1 1 1] direction. This eﬀect is
particularly pronounced in the case of the geometrically
most unstable sample (diameter-to-length ratio 0.29),
where a very strong [1 1 1] orientation distribution is
formed after 25% engineering thickness reduction.
This strong eﬀect can be obviously explained by the pronounced inclination of the shape during the compression.
Since the orientation changes plotted in the inverse pole ﬁgures are calculated by using the initial sample coordinates
as a reference coordinate system, the strong evolution of
the initially homogeneous single orientation into a complex
orientation distribution towards the [1 1 1] direction is in
part not only of a crystallographic nature but contains contributions from the inclination of the specimen. In other
words the local sample reference coordinates in the distorted specimen have changed more dramatically in this
case than the actual crystallographic orientation was
rotated by homogeneous slip. This means that all orientation points shown in the inverse pole ﬁgure are geometrically misoriented in the order of the magnitude of the
inclination angle between the (new inclined) sample
axis and the bottom normal. Fig. 3 explains these two
diﬀerent eﬀects. The plastic spin which is solely due to
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Fig. 3. Schematic ﬁgure of the inﬂuence of the change in the coordinate system upon compression and its eﬀect on a geometrical component of the
orientation distribution presentation when referred to the original reference coordinate system.

dislocation-induced crystallographic orientation changes
results from the antisymmetric portion of the displacement
gradient tensor that is created by (homogeneous) dislocation slip. Fig. 3 shows that further rotations can be created
when inclination (buckling) of the reference system occurs.
This eﬀect is due to rigid body rotations upon changes in
the macroscopic sample geometry. Of course, this buckling
eﬀect is also due to dislocation slip, but it is highly localized
in one particular zone where the curvature is largest. This
eﬀect entails apparent additional orientation changes,
which have to be distinguished from the crystallographic
portion of the plastic spin.
Besides these basic explanations on the possible origin of
deformation-induced orientation changes it must also be
underlined in general that the simulations presented in this
work do not account for the strong localization of dislocation slip as observed in the experiments [1–5] but rather

anticipate slip homogeneity as expressed in Section 2.2.
This diﬀerence between the real and the simulated collective dislocation ﬂow might also aﬀect the predicted orientation changes. Since the skew-symmetric portion of the
displacement gradient tensor (plastic spin) is generally
independent of the details of the dislocation distribution
we assume that possible diﬀerences between experimentally
observed and simulated orientation changes might be due
to diﬀerences in the local hardening behavior rather than
to basic diﬀerences in the kinematics.
3.2. Group 2 (eﬀect of friction in the case of an unstable
orientation: all pillars with same initial thickness and same
initial unstable orientation, diﬀerent friction coeﬃcients)
The group 2 results on the change in the stress distribution together with the pillar shapes and the crystallographic
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orientation distributions are shown in Fig. 4a and b for different strains. Fig. 4a uses individual color spreads for each
image to reveal patterning phenomena. The deformationinduced orientation changes in the sample which was
deformed with a zero friction coeﬃcient (left columns in
Fig. 4a and b) reveal a very strong tendency for reorientation with particular preference towards the evolution of a
crystallographic [1 1 1] orientation distribution inside the
initially uniform crystal (Fig. 4b).
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The other two specimens which were deformed under
non-zero friction conditions reveal slower orientation
changes. In these two samples the initial orientation
evolves towards the [1 1 1] and the [1 0 1] axis (middle and
right columns of Fig. 4a and b). Also, the overall spread
in the deformation-induced orientation distribution is in
both cases with non-zero friction much smaller than in
the case with zero friction. The latter simulation (zero
friction, left column) reveals a large deformation-induced

Fig. 4. Crystallographic orientation distribution and shapes of pillars with an identical initial diameter-to-length ratio of 0.4, deformed assuming diﬀerent
Coulomb friction coeﬃcients (0.0 (left column), 0.05 (middle column), 0.1 (right column)). Starting single crystal orientation: [1 1 1 2] compression axis,
unstable against compression. (a) Presentation of the pillar shapes. Color coding: equivalent von Mises stress from blue (low) to yellow (large).
Individually chosen color spread for each image to reveal patterning phenomena. (b) Orientation scatter in inverse pole ﬁgures. (c) Engineering stress vs.
engineering strain curves for the three cases with diﬀerent friction coeﬃcients (r = stress, dr/de = hardening).
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Fig. 4 (continued )

orientation spread covering nearly the entire standard triangle. The results clearly conﬁrm that the chosen initial
crystal orientation is in all three cases very unstable against

compression. This observation matches earlier results on
the kinematical origin of the stability of this orientation
[23].
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The shape changes of the pillars also reveal clear diﬀerences among the three samples (Fig. 4a). The sample that
was deformed under zero-friction conditions shows a very
strong buckling eﬀect, while the two specimens that were
deformed with non-zero friction conditions reveal a more
stable evolution of the shape, i.e. less buckling. This applies
in particular to the case with the largest friction coeﬃcient
of 0.1 (right column in Fig. 4a).
This observation is also reﬂected by the corresponding
ﬂow curves. For the case with zero friction, the stress–
strain curve for the sample with initial [1 1 1 2] orientation
reveals that the simulated test becomes unstable at an
early stage of deformation (Fig. 4c). This observation
matches the shape change presented in Fig. 4a. The stability of the ﬂow curve is analyzed in terms of the Considère
criterion, i.e. in terms of the point of intersection between
the stress–strain curve and its derivative (upper left diagram in Fig. 4c). The point of intersection between the
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two curves occurs at an engineering strain of 0.185. The
two stress–strain curves for non-zero friction conditions
(friction coeﬃcients of 0.05 and 0.1) are much more stable
and do not experience geometrical softening. Such behavior is typical of conventional bulk compression tests,
which as a rule do not undergo geometrical softening
but instead shape stabilization in cases when the diameter-to-length ratio is much larger than the critical ratio
at which buckling occurs. The unstable stress–strain curve
for zero friction reﬂects the shape instability of the zerofriction specimen under load. It must be considered in
that context that shape instability may occur for anisotropic (single crystalline) constitutive elastic–plastic
behavior at much lower strains than for isotropic behavior, i.e. conventional isotropic buckling theory does not
apply. The two samples with friction coeﬃcients of 0.05
and 0.1 reveal practically identical hardening behavior.
At large strains above 0.35, the sample with a friction

Fig. 5. Shear distribution on the four most active slip systems for the pillar with an initial diameter-to-length ratio of 0.4; Coulomb friction coeﬃcient
0.05. (Color coding: accumulated crystallographic shear on the slip systems indicated above the images from blue (low) to yellow (large)). Initial single
crystal orientation: [1 1 1 2] compression axis, unstable against compression. Individually chosen color spread for each image to reveal the shear patterning.
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coeﬃcient of 0.05 shows some softening, which can be
attributed to shape instability. The predicted hardening
is in all cases much larger than observed in microcompression experiments [1–5]. The reason for this discrepancy is
that the current viscoplastic hardening constitutive model
which is used in conjunction with the crystal plasticity
formulation (see Section 2) does not account for any size
or dislocation starvation eﬀect such as discussed in the
context of corresponding experiments.
Figs. 5 and 6 show the shear distribution on the four
most active slip systems for the pillar with an initial diameter-to-length ratio of 0.4 at a Coulomb friction coeﬃcient
of 0.05 (Fig. 5) and 0.1 (Fig. 6), respectively (sample with
[1 1 1 2] compression axis, see Fig. 4a and b). The color
coding refers to the magnitude of accumulated crystallographic shear on the slip systems. Yellow indicates the largest and blue the smallest amount of crystallographic shear.
Note that the color spread has been individually chosen for

each image to better reveal the shear patterning at all
strains.
In both cases (friction coeﬃcients of 0.05 and 0.1) the
shear on the slip system ½1 0 1ð1 1 1Þ is highly localized in
an oblique shear band which crosses the pillar close to
the bottom (left column in both ﬁgures). This zone of concentrated slip occurs already at an early stage of the simulated compression test. The shear on the slip system
½1 0 1ð1 1 1Þ is more equally distributed in the pillar (second
column in both ﬁgures). At larger strains it is particularly
concentrated in the zone where buckling occurs ﬁrst. The
shear distribution on the slip system ½1 1 0ð1 1 1Þ reveals
in both cases (friction coeﬃcients of 0.05 and 0.1) a concentration of crystallographic shear at the top of the pillar
where tool contact occurs, and at the bottom close to the
transition zone between the pillar and the bulk material
below it (third column in both ﬁgures). The shear on the
slip system ½1 1 0ð1 1 1Þ is more equally distributed through-

Fig. 6. Shear distribution on the four most active slip systems for the pillar with an initial diameter-to-length ratio of 0.4; Coulomb friction coeﬃcient 0.1.
(Color coding: accumulated crystallographic shear on the slip systems indicated above the images from blue (low) to yellow (large)). Initial single crystal
orientation: [1 1 1 2] compression axis, unstable against compression. Individually chosen color spread for each image to reveal the shear patterning.
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out the pillar with dominance in those zones where buckling occurs.
The strong localization of slip on the systems ½
101ð111Þ

and ½1 1 0ð1 1 1Þ in the form of oblique shear zones coincides with the occurrence of strong shape instabilities in
the pillars. The fact that the shape changes observed in
the present examples cannot be interpreted in terms of classical analytical Eulerian solutions or plastic buckling theory suggests that it is the crystalline anisotropy which
promotes early shape instability owing to its directional
discreteness of the shear distribution. This eﬀect obviously
cannot be captured by isotropic buckling theory.
Another important observation is that the simulation
with the higher friction coeﬃcient (0.1; see Fig. 6) does
not reveal a more homogeneous distribution of the crystallographic shear than the simulation with the smaller friction coeﬃcient (0.05; see Fig. 5).
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3.3. Group 3 (eﬀect of friction in the case of a stable
orientation: all pillars with same initial thickness and same
initial stable orientation, diﬀerent friction coeﬃcients)
The exact cubic orientation with a [0 0 1] compression
axis is known to be kinematically relatively stable for fcc
single crystals under compressive loads as was investigated
in detail in Refs. [23,24]. Owing to the high symmetry of the
exact cubic orientation under compression (eight slip systems with an identical Schmid factor), we have selected in
group 3 a set of friction coeﬃcients modiﬁed from the other
examples since it has been observed previously that minor
changes in friction can have a substantial inﬂuence on the
stability of this orientation when subjected to a compressive load.
Under compressive loads the cubic-oriented single crystals ([0 0 1] compression axis) reveal pronounced diﬀerences

Fig. 7. Crystallographic orientation distribution and shapes of pillars with identical initial diameter-to-length ratio of 0.4 which were deformed assuming
diﬀerent Coulomb friction coeﬃcients (0.0 (left column), 0.005 (left middle column), 0.05 (right middle column), 0.1 (right column)). Initial single crystal
orientation: cubic orientation, [0 0 1] compression axis. (a) Presentation of the pillar shapes. Color coding: equivalent von Mises stress from blue (low) to
yellow (large). Individually chosen color spread for each image to reveal patterning phenomena. (b) Orientation scatter in inverse pole ﬁgures. (c)
Engineering stress vs. engineering strain curves for the four cases with diﬀerent friction coeﬃcient (r = stress, dr/de = hardening).
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Fig. 7 (continued )

in shape change and orientation evolution as a function of
the friction coeﬃcient (Fig. 7a–c and Fig. 8). Slight diﬀerences in the apparent pillar height in Fig. 7a are due to perspective and diﬀerences in buckling. One should note that
the color spread has been individually chosen for each
image to better reveal the individual stress patterns for
the subsequent loading stages. Fig. 7b shows the deforma-

tion-induced orientation scatter in terms of inverse pole ﬁgures. The (homogeneous) shape changes of the pillars are
similar for the three cases with non-zero friction coeﬃcients
(0.005, 0.05, 0.1) (Fig. 7a). Similar to the observations for
the preceding case with a less stable starting orientation
(Fig. 4a and b), the [0 0 1] oriented samples evolve in all
cases a deformation-induced orientation evolution includ-
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Fig. 8. Crystallographic orientation distribution within pillars with respect to the initial orientation for two deformation stages. Pillars with identical
initial diameter-to-length ratio of 0.4 which were deformed assuming diﬀerent Coulomb coeﬃcients (0.0 (left column), 0.005 (left middle column), 0.05
(right middle column), 0.1 (right column)). Starting single crystal orientation: cubic orientation, [0 0 1] compression axis. Color coding: misorientation
(angle only, axis not indicated) with respect to the original cubic orientation from blue (low orientation deviation to the original orientation) to yellow
(large orientation deviation to the original orientation). Individually chosen color spread for each image to reveal patterning phenomena.

ing in part a large orientation spread (Fig. 7b). In the case
of the zero friction compression test, the gradual formation
of a very strong orientation spreading out from an originally single crystal orientation is by far the strongest owing
to the distorted and inclined shape of the sample after
straining (see explanation in Fig. 3). As pointed out above,
this strong orientation change (see left column in Fig. 7a) is
caused in part by the change in the reference shape and not
only by crystallographic reorientation (Figs. 3 and 8).
In contrast to the cases discussed above with a less stable
orientation, the present results on the [0 0 1] compression

axis suggest that crystallographically symmetric orientations reveal a slightly better shape stability during compression than less symmetric orientations (see results in
preceding section).
Although the shapes of the [0 0 1]-oriented pillars reveal
a strong four-fold anisotropy in the cross section after
straining under non-zero friction (e.g. bottom row in
Fig. 8), the specimens do not undergo any buckling during
compression. Buckling only occurred for the case with zero
friction (Fig. 7a and Fig. 9). This observation indicates the
important role played by crystallographic symmetry on the

Fig. 9. Front and back view of the shape change of the pillar with an initial [0 0 1] axis compressed at zero friction to 40% engineering thickness reduction.
Pillar with initial diameter-to-length ratio of 0.4. Color coding: von Mises stress from blue (low) to yellow (large).
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one hand, and of friction on the other, in successful, buckling-free compression experiments. The observation of the
stabilizing inﬂuence of friction is essential since in real
experiments it is very diﬃcult to prepare a sample with
an exact desired orientation. An important point that
deserves attention in that context is the possible inﬂuence
of numerical aspects on the predicted buckling behavior.

For instance, for the zero-friction boundary conditions,
the high symmetry of the [0 0 1] compression load case
and the absence of any shear forces at the beginning of
the simulation would suggest higher shape stability than
observed in the present case (Fig. 9). We therefore attribute
the early shape instability observed even for highly symmetric situations also to some extent to numerical aspects

Fig. 10. Crystallographic orientation distribution and shapes of pillars with identical initial diameter-to-length ratio of 0.4 which were deformed assuming
diﬀerent Coulomb friction coeﬃcients (0.0 (left column), 0.05 (middle column), 0.1 (right column)). Initial single crystal orientation: near [0 0 1]
compression axis (0.1° initial deviation). (a) Presentation of the pillar shapes. Color coding: equivalent von Mises stress from blue (low) to yellow (large).
Individually chosen color spread for each image to reveal patterning phenomena. (b) Orientation scatter in inverse pole ﬁgures. (c) Engineering stress vs.
engineering strain curves for the three cases with diﬀerent friction coeﬃcient (r = stress, dr/de = hardening).
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Fig. 10 (continued )

associated with the integration of the crystal plasticity constitutive law. The simulation results observed for slightly
oﬀ-cubic situations, which are no longer perfectly symmet-

ric, indeed indicate that even minor deviations (be they of a
crystallographic or of a numerical nature) induce strong
strain localization and shape change eﬀects.
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These observations on the shape changes for the diﬀerent simulated single crystal compression tests correspond
to the ﬂow curves (Fig. 7c). For the relatively unstable case
with zero friction the stress–strain curve shows that the test
becomes unstable at an early stage of deformation. This
observation matches the observed shape change (Fig. 9).
The Considère analysis (point of intersection between the
stress–strain curve and its derivative: upper left diagram
in Fig. 7c) shows that instability starts at an engineering
strain of 0.22. This value is small compared to the excellent
stability of the simulated tests conducted with non-zero
friction conditions, but it is high compared to the small
value of 0.185 observed for the crystallographically less stable sample [1 1 1 2] (Fig. 4c). This means that the geometrical stability of single crystal compression tests can be
improved by choosing stable orientations. The three
stress–strain curves for non-zero friction conditions
(friction coeﬃcients of 0.005, 0.05 and 0.1) are much more
stable and do not experience substantial geometrical
softening.
Another important characteristic of the simulations
with [0 0 1] compression axis as the starting single crystal
orientation is the pronounced localization of the misorientation in a narrow band at the bottom of the compression samples close to the transition into the bulk
material (Fig. 8). This observation holds for samples
with all friction conditions. Those samples which were
deformed with a non-zero friction coeﬃcient also show
a thin layer with strong misorientations to the tool at
the contact area.
While the localization at the bottom of the sample can
be attributed to the change in the boundary conditions
owing to the curved transition into the bulk material, the
misorientation localization at the contact zone for samples
deformed under friction is due to the shear created in this
thin contact zone. Both aspects deserve close attention
for the design of optimal compression tests since strong
localization eﬀects (misorientation or strain or both) are
obviously not desired for such tests.

the present simulations show a diﬀerent reorientation tendency. As documented in the inverse pole ﬁgure for the
case with zero friction conditions (left column in
Fig. 10b) the orientation distribution evolves into a pronounced [1 0 1] alignment. This orientation is indeed the
most stable orientation for compression of fcc single
crystals under pure friction-free compressive loading. However, as in the other cases discussed before, some of the orientation spread observed in this inverse pole ﬁgure cannot
be attributed to classical Schmid-type orientation evolution
owing to the strong inclination of the overall sample shape
(Fig. 3). This means that the reference system itself is
changed, entailing an overall shift of all orientations in
the order of magnitude of the inclination angle between
the (new inclined) sample axis and the bottom normal
(Figs. 3 and 10a). The two other simulations with a nonzero friction coeﬃcient (middle and right column in
Fig. 10a and b) reveal a more homogeneous orientation
change towards both the [1 1 1] and the [1 0 1] axis. The
sample with a (small) friction coeﬃcient of 0.05 shows a
slightly more pronounced tendency of rotations towards
[1 0 1] (Fig. 10b).
Concerning the geometrical stability, the present results
reveal that a diameter-to-length ratio below 0.4 leads to a
pronounced shape instability in all cases studied, irrespective of the initial crystallographic orientation of the compressed specimen. As for the other orientations studied
above, non-zero friction conditions generally exert a stabilizing eﬀect on the course of the compression test even
when a substantial evolution of orientation scatter takes
place.
The stability becomes evident also from the ﬂow curves
(Fig. 10c). For the unstable case with zero friction the Considère analysis reveals the onset of instability at an engineering strain of 0.18, which is the smallest for all cases
studied. The other two stress–strain curves obtained for
non-zero friction conditions remain stable during
compression.
4. Conclusions

3.4. Group 4 (eﬀect of friction in the case of a nearly stable
orientation: all pillars with same initial thickness and same
nearly stable initial orientation, diﬀerent friction coeﬃcients)
The last example describes a nearly stable single crystal.
The initial orientation before deformation deviates by only
0.1° from the exact [0 0 1] compression axis (Fig. 10a–c).
Although this deviation appears as a small orientation difference, we think that its study is useful as this small change
is suﬃcient to break the symmetry of the eight equal Schmid factors which characterize the preceding tests with a
perfect [0 0 1] compression axis. For the present case, one
Schmid factor is larger than all the others at the onset of
loading.
The resulting orientation spread during deformation is
again, as for the other examples, relatively large
(Fig. 10b). However, unlike the other results shown above,

We have presented crystal plasticity ﬁnite element simulations of cylindrical Cu single crystal compression tests.
The main parameters were the initial crystallographic orientation, sample geometry (diameter-to-length ratio) and
friction. The main results and conclusions are
 Geometrical stability. A diameter-to-length ratio below
0.4 (slim samples) leads to a pronounced shape instability for the stable and unstable orientations inspected.
This observation does not match classical isotropic plastic buckling theory but rather resembles an unidirectional bulk shear process of the entire specimen with
two main localization zones, one close to the bottom
of the pillar and one in the contact zone with the tool.
This eﬀect is attributed to the discreteness of the plastic
slip in the present crystal plasticity ﬁnite element simula-
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tion approach. Samples with larger values for the diameter-to-length ratio revealed higher orientation and
shape stability during compression.
Non-zero friction conditions reduce shape instability
irrespective of the initial crystallographic orientation
of the compressed specimen.
The initial anisotropy in the form of a diﬀerent initial
crystal orientation has – together with the magnitude
of the friction coeﬃcient – an inﬂuence on the deformation-induced orientation evolution, its spread and the
overall sample shape during compression.
Pronounced deformation-induced orientation changes
including the evolution of substantial orientation gradients (orientation scatter) within the originally homogeneous single crystals takes place already at engineering
compressive strains of about 0.2.
The evolution of orientation scatter during compression
within the originally homogeneous single crystals is
weaker when the friction coeﬃcient is higher.
The documented orientation changes during compression may in part be due to changes in the reference system in cases where buckling takes place rather than only
to crystallographic reorientations.
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