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Over the past two decades, nanoindentation has been the most versatile method for mechanical
testing at small length scales. Because of large strain gradients, it does not allow for

a straightforward identification of material parameters such as yield and tensile strength, though.
This represents a major drawback and has led to the development of alternative microscale testing
techniques with microcompression as one of the most popular ones today. In this research, the

influence of the realistic sample configuration and unavoidable variations in the experimental
conditions is studied systematically by combing in-situ microcompression experiments on
ultrafine-grained nickel and finite element simulations. It will be demonstrated that neither
qualitative let alone quantitative analyses are as straightforward as they may appear, which
diminishes the apparent advantages of microcompression testing.

. INTRODUCTION

Over the past two decades, nanoindentation has been
the most versatile method for mechanical testing at small
length scales. Because of large strain gradients, it does
unfortunately not allow for a straightforward identifica-
tion of material parameters such as yield and tensile
strength. This represents a major drawback for the use of
nanoindentation in the assessment of mechanical proper-
ties of materials. This limitation together with significant
progress in micromachining has led to the development
of alternative microscale testing techniques with micro-
compression' as one of the most popular ones today. The
focused ion beam (FIB) technique is probably the most
established method for fabricating pillars in (sub)micrometer
dimensions. To date, a variety of FIB machined materials
have been studied by microcompression,” including single
crystalline pure metals and alloys, nanoporous and nano-
crystalline metals, and amorphous metals. Microcompres-
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sion promises to probe intrinsic materials properties as a
function of decreasing sample size without the interference
of strain gradients.” In general, a conventional nanoindenter
with a flat-end tip is used to compress the pillar samples
and facilitates the measurement of the load—displacement
and hence the stress—strain curves of materials for pillar
sizes ranging from several micrometers to sizes as small
as 300 nm in diameter.*> Indeed, it was demonstrated in
several experimental® and computational’ ' studies that
the mechanical strength of single crystalline metallic
pillars is directly related to the pillar diameter and the
initial dislocation structures.

However, also in the case of microcompression, there
are some limitations'"'?: the pillars often exhibit imper-
fections regarding their shape, which makes it difficult
to evaluate to what extent the data is representative of
the intrinsic material properties. Other sources of error are
the misalignment between tip and pillar, the compliance
of the sample base, and the friction between the indenter
tip and the pillar. Zhang et al.'® presented guidelines for
the design of microcompression experiments based on a
series of finite element (FE) simulations using an isotropic
elastic—plastic constitutive law. They concluded that if done
correctly, that is, controlling the fillet radius in relation
to the pillar radius as well as the aspect ratio of the pillar,
microcompression testing can be used to measure the
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mechanical properties of mechanically isotropic materials
with reasonable accuracy as well as to explore size effects in
such materials.

Despite the difficulties in specimen preparation, micro-
compression is extremely useful, when only a limited
volume of material is available. This is often the case for
ultrafine-grained (ufg) and nanocrystalline metals, which
mostly are produced as foils or thin films or other ge-
ometries of reduced dimensions. Although those geome-
tries are in most cases suitable for uniaxial tension tests,
the tensile ductility of ufg and nanocrystalline metals is
rather low in comparison to the ductility of their coarse-
grained counterparts and the tensile stress—strain curves
show failure soon after the onset of yielding.'*

There has been some success in developing fine-
grained metals with high strength and good ductility,'*'
even for grain sizes smaller than 100 nm,'”'® but in
general, the limited strain hardening capacity at smaller
grain sizes limits the uniform tensile elongation.'®°
Similarly, materials processing artifacts or the sample
quality can be responsible for the relatively low strains
to failure. Thus, compression tests are necessary to directly
evaluate the strain-hardening response of a material as
a function of strain. In compression tests, though, low strain
hardening makes pillars prone to plastic buckling, indica-
tions of which have indeed been observed in micrometer-
sized nanocrystalline compression samples.21 Although it
was shown by FE simulation that the contact friction be-
tween the indenter tip and the compression pillar helps to
suppress plastic buckling,” it is not yet clear how geo-
metrical imperfections and other experimental uncertainties
will influence the mechanical behavior if the material does
not exhibit sufficient strain hardening.

In this study, the mechanical behavior of Ni with a
nominal grain size of 200 nm was investigated by
microcompression and FE simulations. The pillars of
circular cross section and several micrometers in diameter
were produced by FIB. Because of the still large ratio
of pillar diameter to grain size, the deformation can
be treated on a continuum basis in the FE simulations,
rendering the material a good model material for system-
atic investigations of the test method itself. Furthermore,
for those dimensions, the influence of an ion-damaged
layer can be ne,glected.22 The deformation experiments
were conducted in-situ in a scanning electron microscope
(SEM). Direct observation in the SEM allows for the
determination of the instantaneous pillar shape based on
the images extracted from recorded movies. The instanta-
neous pillar geometry together with the load applied by the
indenter gives much better access to the instantaneous
applied stress than the usually determined simple engi-
neering stress, which assumes that the pillar deforms
symmetrically. This research is intended to numerically
investigate the influence of the realistic sample configura-
tion and unavoidable variations in the experimental

conditions on the mechanical response. The experimentally
determined flow curve of the material was used as input for
the FE simulations, and the influence of geometrical and
material parameters on the mechanical behavior of the
samples has been studied systematically. It will be demon-
strated that neither qualitative let alone quantitative analyses
are as straightforward as they may appear.

Il. EXPERIMENTAL DETAILS
A. Sample preparation

Electrodeposited Ni with a nominal grain size of 200 nm
(procured from Integran Technologies, Mississauga, ON,
Canada) was investigated. The actual average grain size
of this ufg material was 320 nm as determined from quan-
titative image analysis.”> The foil was carefully ground
and polished on one side using SiC paper of 500, 1200, and
4000 grain size and diamond suspensions of 6, 3, 1, and
0.25 pm grain size. The thickness of the foil (of 10-mm
side length) after the polishing procedure was approxi-
mately 100 pm. It was glued onto an AI SEM stub using
a standard cyanoacrylate glue. The free-standing micro-
compression pillars were fabricated in a FEI Nova 200
NanoLab Dual Beam (FEI Hillsboro, OR). The pillars were
milled in a two-step process similar to that of Volkert and
Lilleodden.* The first step was a “rough cut,” which inv-
olved milling a ring of 50 um in outer diameter, and leaving
an inner area of 20 pm diameter. The rough cut was perf-
ormed using an accelerating beam voltage and beam current
of 30 keV and 5 nA, respectively. The purpose of cutting
away such a large area was to allow sufficient space for the
indenter to come in contact with the pillar, rather than with
the surrounding bulk material, and to allow for a good view
during the in-situ compression tests. The “fine cut” then
involved multiple steps to the desired diameter of 5 um at
much lower beam currents to minimize Ga*-ion damage.
“Single passes” were used and the dwell time was adjusted
to obtain the pillar height for an approximate aspect ratio of
at least 1:2. The actual dimensions were measured prior to
testing in the SEM. The pillar fabrication with the sample
surface normal to the FIB creates a slight taper of the pillar,*
which was approximately 4° for our pillars.

B. In-situ microcompression tests

The compression experiments were conducted in a
Zeiss DSM 962 SEM equipped with a custom-built
instrumented microindentation device, which has been
described in detail in Ref. 24. The indenter is based on
a load cell mounted on a piezo-actuated positioning stage.
As described in Ref. 25, the setup was extended by another
stick-slip positioning stage to allow full Cartesian posi-
tioning of the specimen with respect to the indenter tip
with several millimeters of positioning range. The com-
pression tests were carried out using a diamond flat punch
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of 10 um diameter under open loop control, prescribing
a rate of voltage increase on the piezo stack. The load on
the sample and the displacement of the piezo stack were
recorded. During the experiments, the SEM images were
stored in a video file. A pattern of small dots created by
electron beam deposition [Fig. 1(a)] facilitates the quan-
titative evaluation of the deformation from the video
frames. The microcompression tests were typically per-
formed with two intermediate unloading and reloading
cycles, to observe the linear elastic response of the pillar.
The samples were tested under constant displacement rate
of 10 nm/s. The load—displacement data shown were
corrected for compliance of the setup.

The increase in the column diameter was measured in
four positions along the pillar axis during the deforma-
tion. Because the pillar volume does not change as a
result of the plastic deformation, the relative decrease in
pillar height, which is measured in the experiment, is
equivalent to the change of the transverse cross-sectional
areas. Assuming that the cross-sectional areas remain
circular, they can be directly determined from the pillar
diameter. Thus, the change of the cross-sectional areas
gives a direct assessment of the true strain, and together
with the applied load, the true stress was determined.

lll. DESCRIPTION OF THE FINITE ELEMENT
SIMULATIONS

Three-dimensional FE simulations of the microcom-
pression experiments were performed using ABAQUS
(Standard Version 6.9-3; HKS, Pawtucket, RI). In the
simulations, isotropic homogeneous material behavior
without strain rate sensitivity was assumed. Eight-node
linear hexahedron elements (C3D8) with full integration

(b)”'

were used for discretization. The length of the element
edge was approximately 0.25 pm in the pillar volume. The
mesh consisted of about 60,000 elements. The compres-
sion of the pillar was exerted by a rigid surface represent-
ing the flat-end nanoindenter tip.

A. Geometrical model

The goals of the simulations were twofold: In the first
place, they aim at a better understanding of the mechan-
ical response measured in the experiments. Thus, the
shape of the “real” pillars was recreated in the geometrical
model, and the true stress—true strain response of the
material obtained from the in-situ microcompression tests
was used as input material behavior. In addition, the
deformation of a “perfect” cylindrical pillar of comparable
dimensions was modeled to better understand the general
influence of the experimental uncertainties. The cylindri-
cal reference pillar had a height, diameter, and radius of the
fillet between the base material and the pillar of 10, 5.3,
and 2.5 pm, respectively. The geometrical model had an
overall side length of 40 pm, which brings the model
boundaries sufficiently far away from the pillar to guar-
antee that the boundary conditions have no significant
influence on the mechanical quantities investigated. An
overview of the FE geometry and details of the tapered FE
pillar with the undeformed mesh are shown in Figs. 1(b)
and 1(c), respectively. The parameters that were system-
atically varied included the pillar taper, the misalignment
between pillar and indenter tip, and the friction between
the pillar surface and the indenter tip. To model our
experiments, a friction coefficient p of 0.12 was used, as
determined from sliding experiments with a spherical di-
amond tip. The friction coefficient measurement was based

40

] Hlllli

FIG. 1. The micropillars were prepared by focused ion beam (FIB) with the sample surface normal to the ion beam. (a) The preparation procedure
resulted in a taper of approximately 4°. The pattern of small dots was created by electron beam deposition and helps to evaluate the pillar deformation
quantitatively. (b) The geometry of the model. (c) The details of the pillar shape as represented in the finite element (FE) model. The pillar diameter,
height, and taper correspond to the actual dimensions. The pillar base reflects the shape typical of the preparation method.
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on a slow sliding velocity and is thus close to the static
friction coefficient. The measured value of 0.12 is between
0.1 and 0.15, typical of well-polished metallic surfaces and
diamond.”® The simulation parameters are summarized in
Table I. The misalignment of the experimental setup was
considered by tilting the pillar with respect to the normal axis
of the rigid surface representing the indenter. For perfect
alignment, the pillar surface was perpendicular to the
indenter axis. In the simulations, the rigid surface moved
at a constant velocity to a maximum value of 3 pm. After
loading, the sample was unloaded at the same rate.

B. Material parameters

The input stress—strain curve was represented by a
piecewise linear approximation. The influence of the
general material flow behavior was investigated assuming
three different behaviors: ideal plastic, softening, and
hardening behavior with only small variations in the
slopes of the curves, as shown in Fig. 2. A Young’s
modulus of 220 GPa and and a Poisson’s ratio of 0.3 were
used, which are reasonable values for Ni.

IV. RESULTS AND DISCUSSION
A. In-situ microcompression

Figure 3(a) shows a representative experimentally de-
termined loading curve with three load—unload sequences.

TABLE 1. Parameters used in the finite element simulations.

Diameter of pillar top 5.3 pm
Height 10.0 pm
Fillet radius of cylindrical pillars 2.5 pm
Taper 0—4°
Misalignment angles 0-3°
Friction coefficient 0-0.12

2.0 . T - T L T ' T T

15 [ gpome

stress (GPa)
P

piecewise linear approximation
of stress—strain behavior

05H ! -
—— softening
| —+—ideal plastic
—+— hardening
00 i I I 1 1 1

0.00 0.05 0.10 0.15 0.20 0.25 0.30
plastic strain (-)

FIG. 2. Input stress—strain curves for the parameter study conducted by
FE simulations.

During the first unload-reload in the elastic regime, the
loading curve exhibits a slightly steeper slope as a conse-
quence of adjustments of the pillar to the indenter tip,
which has not been perfectly aligned. During plastic
deformation, the force keeps increasing with increasing
displacement. In Fig. 3(b), three SEM images recorded
during the experiment are shown at different stages of the
deformation as marked in the load—displacement curve in
Fig. 3(a). The four parallel lines in Fig. 3(b) represent the
four positions along the pillar axis, in which the local
true cross-sectional area was determined. As can be seen,
the pillar exhibits strong barreling, which affects the
apparent hardening behavior or, more generally speaking,
yields significant inaccuracies in the engineering stress
versus strain curves.'? Because of the tapered geometry of
the micropillar, the stress throughout the pillar is not
homogeneous and the simple analysis used for calculating
engineering stress—strain curves does not capture the
complexity of the deformation. For example, a computa-
tional study has reported an overestimation of the elastic
modulus and the yield stress as a result of pillar taper.'?
Given that the pillar shown in Fig. 1(b) had a sidewall
taper angle of approximately 4°, it is expected that the top
of the pillar experienced a larger imposed stress during
compression, resulting in inhomogeneous plastic defor-
mation localized at the pillar top.

True stress and true strain determined from image
analysis are shown in Fig. 4. Figure 4(a) shows the true
plastic strain versus the displacement of the indenter
tip for the four lines in Fig. 3(b). As can be seen, the true
plastic strain increases with increasing displacement
along all positions on the pillar. Furthermore, plastic
strain is not distributed homogeneously over the pillar
height; there is a clear increase in plastic strain from
bottom to top, which is related to the initial taper. The
pillar top experiences the largest plastic strains, while
the pillar base shows almost no deformation at all. In
experiments on tapered single crystalline4 and amorphous
samples®’ plastic deformation was also observed to
be most pronounced at the pillar top. Based on the image
analysis, it is possible to plot the true stress versus the true
plastic strain as shown in Fig. 4(b) for the four positions
indicated in Fig. 3(b).

Figure 4(b) demonstrates that after initial hardening
in the early stages of plastic deformation up to plastic
strains of approximately 0.05, the electrodeposited ufg Ni
exhibits softening behavior with increasing strain. The
apparent strain hardening at small strains may result from
a gradual involvement of the grains in the plastic
deformation as a result of the range of grain sizes present
in the sample. The average grain size of the ufg Ni is in the
range where dislocations dominate the deformation pro-
cess,”® but the number of stored dislocations appears not to
be sufficient to result in further increases in the flow stress
with increasing deformation.
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FIG. 3. In-situ micropillar compression. (a) Load—displacement curve
with intermediate unloads to obtain an estimate of the elastic modulus
of the material. The video frames were analyzed for different displace-
ments as indicated by the full symbols. (b) Video frame sequence
showing the compression experiment. The four lines across the pillar
mark the four positions, where the diameter change of the pillar was
determined throughout the experiment. The frames shown correspond to
displacements in (a) marked with corresponding numbers.

True stress—true strain curves, which are flat in the
plastic regime,” and strain softening® have also been
observed in compression tests of ufg metals processed by
severe plastic deformation (spd). It has been suggested that
dynamic recovery prevents the accumulation of defects
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FIG. 4. True strain and true stress of ultrafine-grained (ufg) Ni de-
termined from the in-situ microcompression experiment. (a) Distribu-
tion of the plastic strain along the pillar axis determined in four positions
as shown in Fig. 3(b). (b) True stress versus true plastic strain reflecting
strain softening of the ufg Ni investigated.

and thus prevents strain hardening in ufg spd metals.*
However, the microstructures of spd-processed metals are
in general very different from those of electrodeposited
samples with respect to the grain boundary structure and
the defect density,31 and the results are therefore not
directly comparable.

Recrystallization may be another reason for the strain
softening observed in the electrodeposited ufg Ni; the
initially strain-hardened microstructure would then be
transformed through nucleation of new crystallites, which
would imply the motion of grain boundaries and thus the
development of a new microstructure with typically
different grain size. Detailed microstructural investiga-
tions of the deformed pillars would be necessary, which
are beyond the scope of this study.

The stress—strain behavior determined from the in-situ
microcompression experiment [Fig. 4(b)] corresponds to
the piecewise linear approximation of the softening
behavior used as input for the FE simulations (Fig. 2).
The FE load—displacement curve for softening behavior
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and a geometrical model with a misalignment angle of
2° shows good agreement with the experimental data
[Fig. 5(a)]. The slopes of the unloading curves in particular
at the beginning of unloading, which is typically used for
elastic modulus determination, are almost identical in
experiments and simulation. While the start of plastic
deformation is well captured, there are slight deviations in
the loading curve during plastic deformation. Deviations
from the experimental behavior can be expected since the
assumption of linear softening behavior is rather simple.
Also, further optimization of other parameters might im-
prove the match of the curves. However, we would like to
point out that no fitting process was involved. The angle
between the surface of the deformed pillar and the sample
surface was measured to be 2° [Fig. 5(b)], and, indeed,
the computational and experimental pillars exhibit very
similar shapes. Both pillars are shown after the final un-
loading. To obtain a better understanding of the different
model parameters, they were systematically varied, as
described below.

60 - . T — .

B. Effect of the material yield behavior

Small variations in the material flow curve may have
an effect on the load—displacement curves. In this study,
in addition to softening behavior, ideal elastic—plastic
behavior and hardening with the same amount in the
hardening rate as in softening were investigated. The
results are shown in Fig. 6. The FE pillar had a taper of
4° and was loaded with perfect alignment between tip and
pillar. The three load—displacement curves in Fig. 6(a)
have very similar shapes with a stretched transition from
elastic to plastic behavior. Similar observations on nano-
crystalline Pd were attributed to hardening behavior.?® All
curves in Fig. 6(a) exhibit an increase in load with
increasing displacement with the slope being largest for
hardening. Based on those curves and applying basic
textbook analyses to estimate the engineering stress—strain
behavior, strain hardening would be inferred for all input
flow curves. The geometrical hardening for an aspect ratio
of 2° and 4° taper is significant, and the small variations
in the flow behavior have a relatively small effect on the

—— experiment
—— FE simulation

0 500 1000 1500

(a) displacement (nm)

2000

FIG. 5. Comparison of experimental and computational results. (a) The load—displacement curves show good agreement. The stress—strain curve
determined based on image analysis was approximated by piecewise linear functions and used as input for the FE simulations. (b) The cross section
through the center of the FE model after unloading reveals a shape and dimensions similar to the ufg pillar. The radial displacement (also shown by the
coloring) is not symmetric because of the misalignment, which was determined to be approximately 2°. The ufg pillar was cross sectioned and imaged
using a FIB. The pillar is shown at an angle of approximately 88°, and the cross section was accidentally set slightly off-center. Prior to cross
sectioning, Pt was deposited, which can be seen to partially cover the pillar sidewalls.
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FIG. 6. Influence of the material flow curve. The deformation behavior of a tapered pillar (with 4° taper angle) was investigated for three different
flow curves. 0° misalignment and a friction coefficient of 0.12 were assumed. (a) The load—displacement curves for three different material flow curves
all result in increasing load with increasing displacement. (b) Deformed shape (color indicates displacement in the horizontal direction) of the

unloaded pillar for the three different flow curves.

load—displacement curves. After deformation, the pillar
shapes show only small differences. Because of the con-
straints at the pillar top and at the base, all pillars exhibit
barreling, which is most pronounced for the softening flow
curve, as shown by the larger displacement of the material
in Fig. 6(b).

C. Taper effects

While the hardening (or softening) behavior of the
material affects the geometry of the deformed pillar
[Fig. 6(b)], the pillar taper causes additional changes of
the geometry and geometrical hardening. The taper angle
significantly influences the loading response as shown in
Fig. 7(a) for the case of material softening. For all three
taper angles shown, even for the cylindrical pillar, the load
increases with increasing displacement, which appears to
reflect hardening behavior. While the effect on the slope in
the elastic regime is small for the taper angles investigated,
as reflected in both the loading and the unloading portions

of the curves, the differences in the plastic regime are more
pronounced. In general, the deviations of the mechanical
response from the load—displacment of the cyclindrical
pillar increase with increasing pillar taper. With respect
to the pillar shape, a cylindrical pillar exhibits a more
symmetrical contour than the tapered pillars [Fig. 7(b)],
and the maximum displacement of the deformed material
in the x-direction is smaller than in the case of 2° and 4°
taper angles. Since the differences of the load—displacement
curves are small in the elastic regime, errors in the ex-
perimental determination of the elastic modulus are mainly
caused by errors in the determination of the relevant cross-
sectional area. Following the same line of reasoning, errors in
the experimentally determined yield stress and strain hard-
ening are more pronounced. The latter is seen in Fig. 7(a) as
different slopes in the plastic loading regime. A higher initial
yield point and errors in the elastic modulus were observed
in isotropic FE simulations of tapered columns for bilinear
hardening behavior."?
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FIG. 7. Influence of taper angle on the deformation behavior of micropillars for material softening. (a) Load—displacement curves for 0°, 2°, and 4°
taper angles with only little difference in the elastic regimes. The onset of yield and the geometrical hardening effect increase with increasing taper
angles. (b) Shape comparison for 0°, 2°, and 4° taper angles after unloading (color indicates the displacement in the horizontal direction). For higher
taper angles, deformation localizes closer to the pillar top. In all cases, barreling as a result of friction and the solid connection to the substrate is

observed.

D. Influence of misalignment and friction

In the case of tapered pillars and perfect alignment
between pillar and indenter tip, friction has only a small
influence on the load—displacement curves, as can be seen
in Fig. 8(a) for the case of material softening. Neverthe-
less, the deformed shape in the absence of friction is very
different [Fig. 8(b)]. For perfect alignment, the pillars
deform symmetrically and the constraint effect as a result
of friction is clearly visible. Friction prevents the lateral
movement of the top surface during the experiment.

For a misalignment of 3°, the elastic loading portion of
the curve exhibits a very different slope, whereas the
misalignment has almost no effect on the unloading slope.
It is interesting to note that there is little difference in the
slope of the curves in the plastic regime for 3° misalign-
ment. However, in the absence of friction, the misalignment

causes a more abrupt transition from elastic to plastic
behavior and a reduced slope in the plastic regime, whereas
no significant effect on the elastic part was observed.
Deformation localizes close to the pillar top, and bending
becomes more prominent resulting in a plastic instability
[Fig. 8(b)], which is also reflected in the reduced slope of
the load—displacement curve in the plastic regime.

The taper in general reduces the stress concentrations
at the base and also the strain localization since the
stresses are highest at the top. The influence of friction
and misalignment is more pronounced in the case of
cylindrical pillars. This is illustrated in Fig. 9(a) for both
hardening and softening behaviors and a misalignment
angle of 3°. For both behaviors, the load—displacement
curves exhibit abrupt transitions from elastic to plastic
deformation in the absence of friction. Also, the slope of

Downloaded from https:/www.cambridge.org/core. University of Basel LikfaiViatet] Re2)] Va1 273: Nosubjesarp 1l @Oi2idge Core terms of use, available at 273
https:/www.cambridge.org/core/terms. https://doi.org/10.1557/jmr.2011.248


https:/www.cambridge.org/core/terms
https://doi.org/10.1557/jmr.2011.248
https:/www.cambridge.org/core

R. Schwaiger et al.: Mechanical assessment of ultrafine-grained nickel by microcompression experiment and finite element simulation

softening, taper 4°
—— misalignment 0°, friction 0.12
- - - -misalignment 0°, friction 0

—— misalignment 3°, friction 0.12
- - - -misalignment 3°, friction 0

70

[4;]
o

load (mN)
(2% [9+] ps
o o (=]

=
o

1000 1500 2000 2500
displacement (nm)

0
0 500

Softening, taper 4°, no misalignment, friction 0.12

Softening, taper 4°, mistalignment 3°, friction 0.12

3000

Softening, taper 4°, no misalignment, no friction

Softening, taper 4°, misalignment 3°, no friction

FIG. 8. Influence of friction and misalignment for a pillar with 4° taper and material softening. (a) Load—displacement curves for misalignment
angles of 0° and 3° with and without friction. (b) Deformed pillars after unloading for misalignment angles of 0° and 3° with and without friction.
Bending becomes more pronounced when pillar and tip are not well aligned and in the absence of friction. Friction stabilizes the pillar. (Color indicates

displacement in the horizontal direction.)

the load—displacement curves in the plastic regime is re-
duced; in the case of softening, the load even decreases
with further displacement. Both observations are indica-
tive of plastic instability, which can also be inferred from
the deformed pillars shown in Fig. 9(b). Interestingly, the
slope of the load—displacement curve in the plastic regime
is higher for material softening and contact friction than
for material hardening in the absence of friction. The
effects of friction between the tip and the pillar are ap-
parently more prominent than the difference between the
material behaviors themselves. In the case of cylindrical
pillars and misalignment, the main issue is the occurrence of

plastic instability, which can clearly be seen in Fig. 9(b).
The localization of deformation at the pillar top and the
plastic instability starting close to the pillar base were
observed for both material hardening and softening behav-
iors. The stabilizing effect of friction can also be seen here
for both material behaviors.

Zhang et al.' and Raabe et al.*? investigated the effect
of friction by isotropic continuum FE simulations and
anisotropic crystal-plasticity FE simulations, respectively.
In both studies, plastic instabilities occurred at smaller
strains when the samples had a larger aspect ratio (diameter
to height) or lower friction coefficients, in agreement with
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FIG. 9. Friction influence on cylindrical pillars deformed at 3° misalignment. (a) Load—displacement curves for material hardening and softening. Friction
has little effect in the elastic regime, while for both material behaviors the slope in the plastic regime is reduced in the absence of friction. (b) Deformed
pillars after deformation at 3° misalignment with and without friction. (Color indicates displacement in the horizontal direction.)

our results. It was shown that for single-slip orientations and
zero friction, the stress—strain curves were not significantly
affected by plastic instabilities if the samples had an aspect
ratio of 2-3 (at small strains of approximately 5%).
However, as shown above for the cylindrical pillars with
an aspect ratio of 2 and for the cases of material softening
behavior or a low rate of strain hardening, friction between
pillar and tip is critical to prevent the localization of shear
and plastic instability even for such low strains.

E. Stress multiaxiality

The stress state of the pillars tested in microcompres-
sion is often assumed to be uniform. However, the

constraints due to friction and at the pillar base lead to
a multiaxial stress state and higher shear stresses at the
sample top. To quantify these effects for our experiment,
we have analyzed the triaxiality factor, which is defined
as the ratio of hydrostatic stress to the equivalent “von
Mises” stress. This factor becomes O for pure shear and 1/3
for uniaxial loading. In Fig. 10(a), the triaxiality factor is
shown for a pillar of 4° taper deformed to a displacement
of 1.5 um, which corresponds to half of the maximum
deformation in the simulations and an engineering strain of
15%. The constraint effects at the contact with the tip and
at the pillar base together with the aspect ratio of 2 result in
a multiaxial stress state that varies over both the pillar
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FIG. 10. Nonuniform stress state of the pillar with 4° taper angle and material softening. The tip and the pillar were perfectly aligned, and a friction
coefficient of 0.12 was assumed. (a) The triaxiality factor (defined as the ratio of hydrostatic stress to equivalent “von Mises” stress) for 1.5-um
displacement is plotted on the original geometry with almost uniform and uniaxial stress at approximately half the pillar height. (b) Triaxiality factor
for 1.5-pm and 3-pm displacements at different positions along the pillar height over the radial distance from the pillar center.

height and the cross sections. Only at approximately half the
pillar height, a uniform and almost uniaxial stress state is
observed as shown in Fig. 10(b) (orange curve). Here, the
triaxiality factor is plotted versus the distance from the pillar
center for different levels of deformation. While for 1.5-pum
displacement a region of almost uniform uniaxial deforma-
tion could be identified, for 3-pm displacement or 30%
engineering strain no such region exists. The interference of
the contact friction and constraints of the pillar base become
more prominent with increasing displacement. These con-
straints are also relevant to cylindrical pillars, which was
also observed in crystal plasticity FE simulations of single-
crystal micropillars.®>*** Experimentally, the heterogeneity
of the stress field was observed to affect the evolution of
dislocation structures and the stress—strain response of the
single-crystal pillars.33

V. CONCLUSIONS

In the past few years, microcompression testing has
been established and was used to investigate size effects
in mechanical behavior of materials. Typically, it was
stated that these experiments offer, compared with con-
ventional indentation, the advantage that the applied
stress state is uniaxial and that it is straightforward to
determine stress—strain curves quantitatively at small scale
for a wide variety of materials. Although the determination
of flow stresses at small plastic strains, which are often
reported in the literature, is somewhat less affected, our
results clearly indicate that the measured load—displacement
curves are the result of a complex interplay of material
behavior, pillar taper, friction between pillar and indenter

tip, and misalignment of the pillar with respect to the
loading axis. As shown in this work, for materials with
small strain hardening or strain softening, the effect of
misalignment, friction, and taper can even become pre-
dominant in controlling the overall load—displacement
behavior out balancing the actual material properties. Un-
fortunately, these factors are largely unknown or are difficult
to be avoided in the experiment.

It is seen that the exact shape of the deformed pillar
depends sensitively on these factors even when similar
loading responses are determined. Therefore, a combina-
tion of experiments, including in-situ observation of the
pillar shape, and FE simulation allow for a quantitative
analysis of the stress—strain behavior (see Fig. 3). Thus, it
was possible to show, to the best of our knowledge, for the
first time softening behavior in electrodeposited ufg Ni.
However, the analysis is very costly. Furthermore, the
analysis has only been possible since the plastic deforma-
tion could be modeled on a continuum basis. This can be
justified if the microstructural length scale, that is, the grain
size, is much smaller than the pillar diameter. If this is not
the case, the approach is no longer valid and mesoscopic
models need to be applied, and the interplay of material
behavior, sample size, and experimental conditions become
even more complex.

For certain conditions in our simulations, we have seen
shear instabilities, which may relate to frequently ob-
served formation of shear bands in materials such as
nanocrystalline or amorphous metals. In particular,
decreasing friction between tip and pillar or increasing
misalignment promotes these instabilities. Particular care
needs to be taken when studying size effects in this
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context as it becomes more difficult to control experi-
mental conditions for smaller pillars.
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