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The design of accurate micro-compression experiments
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Abstract

We investigate (via finite-element analyses) the factors that may affect the accuracy of micro-compression measurements (see, e.g.,
Uchic et al. [Uchic MD, Dimiduk DM, Florando JN, Nix WD. Science 2004;305:986]). Based on these simulations, we suggest guidelines
for the development of accurate micro-compression experiments in terms of fillet to post radius ratio, post aspect ratio, post taper, and
system alignment.
� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Current commercial nano-indenters have sub-nanome-
ter displacement resolution under ideal conditions (perhaps
reduced to �0.1 nm due to thermal drift and noise), and a
load resolution better than 1 nano-newton. This high pre-
cision makes the technique popular in many applications
such as the measurement of mechanical properties of very
thin films and tribological measurements of coatings. In a
conventional nano-indentation experiment, a Berkovich
tip is used to probe the nano-scale mechanical behavior
(such as hardness and elastic modulus) as a function of
indentation depth. For example, it was found that the
indentation size has a strong effect on the hardness of single
crystal silver [2]. Recently, a modified tip geometry has
been utilized to probe the nano-scale mechanical behavior
of micro-scale or even sub-micro pillars [1,3,4]. In this
modification, the sharp Berkovich tip is truncated, result-
ing in a flat ended tip and converting the indentation
system into a compression system. This technique is
commonly called ‘‘micro-compression’’ or l-compression,
and has been used for the investigation of specimen size
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effects on the mechanical properties of single crystals of
metals and alloys [1,3,4]. Although these previous works
are for single crystals or large crystals where crystal anisot-
ropy is significant, we are interested also in the application
of this technique to isotropic materials, e.g., nano-struc-
tured materials and metallic glasses. This approach may
be effective for many advanced materials which are difficult
to obtain in bulk form, and whose tensile ductility is limited
(so that micro-tension tests are difficult). For example, it is
currently extremely difficult to produce bulk forms of many
metals and ceramics with nano-crystalline micro-structure
[5,6]. Nevertheless, they can be readily produced in thin foils
and small cubes or cylinders with dimensions less than
1 mm [7]. Further, advanced technologies such as micro-
electromechanical and/or nano-electromechanical systems
(MEMS, NEMS) require knowledge of the mechanical
properties of the materials used to fabricate such systems
[8]. Conventional mechanical testing techniques are not
useful due to the small size of specimens.

Micro-compression makes use of a conventional nano-
indenter and a flat-end tip, to measure the stress–strain
curves of materials using posts as small as 200–300 nm in
diameter [4]). Technologies such as focused ion beams
(FIB) enable researchers to fabricate such posts with ease.
However, these posts usually have one end (the bottom)
vier Ltd. All rights reserved.
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Fig. 1. (a) Schematic of a cylindrical post and its base (made of the same
material). In (b), an axisymmetric post model is displayed with the typical
finite element discretization used in the 2D simulations.
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fixed on the matrix (or the base material), while the top end
is pressed by the flat-end tip during a l-compression exper-
iment. To what extent can the data from such micro-scale
measurements be used to represent the macro- scale mate-
rials behavior? In this work, we present a parametric study
of the design of accurate l-compression experiments using
two-dimensional (2D) and three-dimensional (3D) finite
element modeling. We consider geometric factors such as
the fillet radius (or the curvature at the bottom of the post
connecting to the base), and the aspect ratio of the post
(defined as the height/diameter ratio), as well as materials
properties such as strain hardening and strain rate sensitiv-
ity. The 3D model is used to examine plastic buckling phe-
nomena, and the effect of post taper and misalignment of
the system on the accuracy of measurement. The numerical
results presented here can serve as guidelines for the imple-
mentation of l-compression experiments on various mate-
rials. We find that l-compression can be used to measure
the mechanical properties of mechanically isotropic materi-
als (such as nano-structured materials and metallic glasses)
to very good accuracy, as well as to explore size effects in
such materials.

2. Modeling and results

In this section, we first use axisymmetric 2D simulations
to study the effects of specimen geometry on the output.
Next, we examine the effects of friction, post taper, and
system misalignment on the buckling of the post using
3D simulations.

2.1. Axisymmetric 2D simulations

Here we consider a post with cylindrical geometry sitting
on a base of the same material as shown in Fig. 1(a). In this
simplified model we only consider the revolution section
(Fig. 1(b)) to simulate the response of the post under
compressive loading. A velocity boundary condition corre-
sponding to the imposed strain rate is applied to the post
top, and a fixed boundary to the bottom of the base in
x2-direction. The true stress–strain behavior of the post
can be obtained from the reaction force T generated on
the post top and the displacement of the post top, u, using
the following equations:

�r2 ¼
1

pr2

Z r

0

ðT 2Þx2¼hdx1;

�e2 ¼ ln 1þ u2
h

� �
;

ð1Þ

where the subscripts 2 indicate the x2 components of the
corresponding vector. These equations are essentially those
used in reducing experimental data.

Simulations are performed using the commercial finite
element program ABAQUS (Standard Version 6.4, HKS,
Inc., Pawtucket, RI). Eight-node bi-quadratic axisymmet-
ric continuum elements (CAX8R) are used for discretiza-
tion. A typical finite element mesh that leads to
converged results is shown in Fig. 1(b).
For simplicity, the input material property of the post is
described by the Ramberg–Osgood equation [9]

e ¼ r
E
þ b

r0

E
r
r0

� �N

; ð2Þ

where E is the Young�s modulus, N the inverse of the tra-
ditional strain hardening exponent, b a material constant
and r0 a reference stress. We begin with the following
parameter set, corresponding to an aluminum (Al) alloy:
E = 70 GPa, Poisson�s ratio m = 0.33, r0 = 65 MPa, b =
2.69, and N = 4.18.

The effect of the fillet radius rc and the post aspect ratio
(a = h/2r) on the output stress–strain curves are investi-
gated first. We begin by fixing a = 2 and varying rc
(expressed in terms of the post radius r). Fig. 2(a) displays
the input stress–strain curve from Eq. (2), along with the
output stress–strain curves from the simulations with differ-
ent fillet radii (rc = 0.1r, 0.2r, 0.5r and r). For clarity, a por-
tion of the curves has been enlarged in the inset of Fig. 2(a).
Due to the fixed end effect, all the simulated output curves
are above the input curve, indicating an overestimate of
the flow stress of the material in the plastic range, and the
strength of this effect depends on the fillet radius/post radius
ratio. The larger the fillet size (with respect to the post ra-
dius), the greater the error. When the fillet radius ratio is less
than 0.5, the output curves are very close (within 3%) to the
input data. This suggests that if the fillet size is well con-
trolled the fixed-end compression measurements can still
be used to represent the bulk materials behavior in terms
of flow stress. For the aspect ratio a = 2, even with the
largest fillet radius/post radius ratio, i.e., rc/r = 1, the error
in flow stress from the l-compression test is less than 6%.



Fig. 2. (a) Effect of specimen geometry (fillet size) on numerical simulation
output. The input stress–strain curve is calculated using Eq. (2), and the
output stress–strain curves from finite element analysis. The inset shows
an enlargement of the circled region to facilitate comparison. The different
output curves correspond to different fillet radius/post radius ratios
(values are given in the inset). (b) Effects of fillet size on the accuracy of
elastic modulus measurements. In (b), we also include the data from the
Sneddon and modified Sneddon corrections (see text for details).
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The distribution of the von Mises stresses in the post
and the base (not shown here) for various fillet radius/post
radius ratios shows that with increased fillet size, the stress
concentration at the fillet is alleviated. For rc/rP 0.5, there
is no significant stress concentration at the fillet, the maxi-
mum von Mises stress being along the post axis. Excessive
stress concentrations may result in localized specimen
failure prior to general yielding. Thus, the choice of fillet
radius for an experiment represents a compromise between
the need to accurately recover material behavior in the
plastic range (requiring small rc/r) and the desire to avoid
localized failure at the post root (which requires large rc/
r). Our simulations suggest that a choice of rc/r in the range
of 0.2–0.5 represents a good compromise. In practice, the
fillet size can be controlled by the FIB or micro-machining
parameters. Therefore, we believe it is realistic to use l-
compression to probe the mechanical properties of materi-
als whose constitutive response is described by the generic
constitutive equation of Eq. (2).

The second important geometric factor that may affect
the accuracy of the measurement is the aspect ratio of the
post. In the 2D simulations, the aspect ratio of the posts
has a relatively small effect on the output flow stress curves
if the aspect ratio is larger than 2. Aspect ratios of less than
2 are not appropriate, since the output strain hardening of
the post material then deviates from the input value due to
the constraints from the post base. Buckling and the effect
of friction are considered in the later section on 3D
simulations.

In a standardized mechanical experiment the machine
compliance is eliminated by using extensometers or strain
gages and the elastic modulus of the specimen material
can then be calculated. But for micro-compression, this type
of compliance correction is not possible. Therefore, it is
important to examine the factors that will affect the accu-
racy of elastic modulus measurement. [The work of Chau
[10] shows that for aspect ratios h/2rP 2 (desirable for
micro-compression experiments), the effect of end friction
on the modulus measurement is small (<0.5%)]. We focus,
therefore, on geometric effects. Fig. 2(b) displays the error
of elastic modulus measurements as a function of the fillet
size (the elastic modulus is normalized by the known input
modulus). The post aspect ratio is fixed at 2. It is apparent
that increased fillet size improves the accuracy with which
the elastic modulus is measured, but still underestimates
the modulus. The reason is that the base will always deform
along with the post, and this deformation contributes to the
system compliance, which is not accounted for when collect-
ing the displacement data. However, this error may be alle-
viated by accounting for the base compliance using a result
from Sneddon [11]. Sneddon computed the depth of pene-
tration D of an elastic half-space by a flat-ended rigid cylin-
der of radius a under a load P as

D ¼ Pð1� vÞ
4Ga

; ð3Þ

where G and v are, respectively, the shear modulus and
Poisson�s ratio of the half-space. We then obtain the base
compliance [4] as

Cb ¼
1� v
4Ga

¼ 1� v2

2Eac
; ð4Þ

where we have set a = ac, and ac is the effective contact ra-
dius (ac = g(r + rc), with g a constant chosen to account for
the more complex geometry of the post-base connection).
By subtracting this base compliance from the total compli-
ance, a corrected post stiffness (and hence modulus) is
obtained. If g = 1 (the Sneddon correction), the modulus
is overestimated. We find that setting g = 1.42 provides a
significantly improved correction (we call this the modified
Sneddon correction). In Fig. 2(b), we also include both the
Sneddon and modified Sneddon corrections. The choice of
a in Eq. (4) is difficult because of the geometry of the post-
base connection. Setting a = r [4] will result in an even
higher modulus. Similar results on the error in the modulus
measurement have been found with other aspect ratios.

The accuracy of micro-compression measurements may
be affected by the properties of the post material: we con-
sider the effects of the strain-hardening exponent and the
strain rate sensitivity. Fig. 3(a) shows the input stress–
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Fig. 3. (a) Effect of strain hardening exponent on the error of l-
compression measurement of the stress–strain curve (aspect ratio a = 2,
and fillet size rc = r). The solid curves are the inputs and the dashed curves
are the outputs. (b) The error in flow stress measurement at a fixed strain
of 0.1 is plotted against the inverse of N for various fillet sizes (aspect ratio
a = 2).
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strain curves calculated using Eq. (2) for different values of
the inverse hardening exponent N, and the output stress–
strain curves from FE modeling (all curves are normalized
by r0). In this case, the fillet size is fixed at rc = r (the worst
case) and the posts have an aspect ratio of 2. The input
curves are the solid lines, while the output curves are the
dashed lines. Fig. 3(a) shows that the error in flow stress
from such l-compression experiments is dependent on
the strain hardening behavior of the material. This depen-
dency is better shown by Fig. 3(b) which displays the flow
stress error as a function of 1/N for a fixed strain of 0.1.
Data for smaller fillet sizes, (rc = 0.2r and 0.5r) are also
shown. The effect of strain hardening on the outputs is re-
duced when smaller fillet size is used, consistent with our
recommended values of rc/r (0.2–0.5). Fig. 3(b) indicates
that the l-compression technique is most accurate for
materials that exhibit low strain hardening. Such materials
include nano-structured metals, metals and alloys with
ultrafine micro-structure, metallic glasses, and ceramics.

Strain rate effects are also important in many applica-
tions, especially when plastic instability is of serious
concern. This is because the susceptibility to plastic insta-
bility of metals and alloys is strongly dependent on the
strain rate sensitivity of the material [12]. There are various
ways to define the strain rate sensitivity. An engineering
definition assumes a power-law strain rate hardening such
that the strain rate sensitivity is written as m ¼ o ln r=o ln _e,
where _e is the imposed strain rate. Due to space limitations
we do not present the figures in this paper, but our simula-
tions assuming different values of m do indicate that
l-compression can faithfully capture the strain rate sensi-
tivity of the material. Note that the practically useful strain
rate achievable for l-compression with a nano-indenter is
probably below 1 s�1, i.e., in the quasistatic regime.

2.2. 3D analyses: buckling, friction, and misalignment

Buckling, either elastic or plastic, is a common concern
for a compression test. It is even more of a concern for the
l-compression experiments described in this paper due to
the fixed end effect. Therefore, detailed knowledge of the
buckling of the sample and the various factors that can
contribute to or alleviate such buckling is crucial. Elastic
Euler buckling is a trivial calculation, andwill not occur even
with soft Al posts (E = 70 GPa, r0 = 65 MPa) as long as the
aspect ratio is below 25. We therefore focus on the plastic
buckling problem using 3D finite element analysis. Effects
of friction between the indenter (usually made of diamond)
and the post top are considered. We also study the effect of
‘‘taper’’ of the post and the system misalignment on the
simulation output. The smallest fillet radius ratio used is
rc/r = 0.1 for a = 2 cylindrical post in the 3D analyses.

Cylindrical and cuboidal posts are used for the numeri-
cal 3D simulations. The compression is exerted by a rigid
surface representing the flat-end nano-indenter tip. Mis-
alignment of the experimental setup is considered by tilting
the rigid surface (perpendicular to the axis of the post for
perfect alignment), which can be quantified by the angle
h between the post axis and the rigid surface normal. Like
experimental implementations, the displacement of the
rigid surface and the force transferred to the post are used
to calculate the strain and stress histories of the post. Four-
node linear tetrahedron elements (C3D4) are used for dis-
cretization. A meshing density that results in numerical
convergence is selected.

Simulations are first conducted without considering fric-
tion. Fig. 4(a) shows a numerical image of a circular cylin-
drical Al post with an aspect ratio of 5 at a nominal strain
of 0.1. Severe buckling is observed, which affects the exper-
imental stress–strain curve of the post. Fig. 4(c) displays the
input and the various outputs assuming different post aspect
ratios. This shows that for an aspect ratio of 2 with no fric-
tion (a = 2, NF), the stress–strain curve does not exhibit
leveling off or stress drop due to plastic buckling. However,
when the aspect ratio is 5 with no friction (a = 5, NF), plas-
tic buckling sets in when the strain is less than 0.02, and the
stress starts to level off and gradually decrease.

Friction at the interface of the indenter and the post top
is now considered. Micro-compression experiments are
usually performed without applying lubrication to the



Fig. 4. (a) Deformed configuration of a circular cylindrical post with
aspect ratio a = 5 at a strain of 0.1, without considering friction. Buckling
is severe. (b) Deformed configuration of the post at the same strain of 0.1,
now considering friction. No buckling is observed. (c) Input and output
stress–strain curves for post aspect ratios a = 2–5, both with friction and
without friction (NF). Friction effectively suppresses buckling, even for the
largest aspect ratio considered (a = 5), but further increases the measured
flow stress. The arrow in the inset of (c) indicates increasing aspect ratio.

Fig. 5. (a) Effect of post taper and system misalignment on numerical
simulation outputs. The amount of taper is defined by the tangent of the
post wall to the post axis. (b) The effect of system misalignment on the
error in elastic modulus. The zero misalignment condition coincides with
the 2D results given in Fig. 2(b).
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tip-post interface. Our interest is in the effects of friction on
buckling and on the fidelity of the technique. A Coulomb
friction coefficient l is used to determine the critical shear
stress scrit from the surface contact pressure p according
to scrit = lp. Slipping will occur when scrit is reached. A
range of values for l exist in the open literature for a num-
ber of diamond–metal surface pairs [13]. Typically the
static coefficients of friction are in the range of 0.1–0.15,
and the kinetic values are 0.03–0.06. A constant l = 0.03
is selected which is the minimum likely value of the friction
coefficient between the diamond indenter tip-post surfaces.
Fig. 4(b) shows an image of the same post as shown in
Fig. 4(a) at the identical nominal strain of 0.1, but now with
friction included in the simulation. No buckling is apparent,
and the corresponding stress–strain curve does not exhibit a
reduction in stress (indeed, the flow stress is higher than the
input). Therefore, friction between the indenter tip and the
post top effectively suppresses the plastic buckling of these
cylindrical posts, even for the largest aspect ratio considered
(a = 5). The friction does increase the estimated flow stress.
Note that the presence of at least a small amount of friction
is intrinsic to these experiments as currently performed. In
all of the following results, a friction coefficient of
l = 0.03 is therefore considered, which should be applicable
to most experimental conditions.

Another important geometric factor that may have a sig-
nificant effect on the accuracy of l-compression experiments
is the ‘‘taper’’ of the post (the amount of taper is defined by
the tangent of the post wall with respect to the post axis, and
often the top of the post is smaller than the bottom of the
post). Taper is typically a result of fabrication inaccuracies.
For example, if the beam direction during FIB fabrication is
not carefully controlled, one can develop a tapered post. In
the following, the effects of taper on the output will be
presented. A friction coefficient of 0.03 is used in all of the
simulations with taper. The input material behavior is
similar to that of a nano-crystalline nickel [14] with an aver-
age grain size of �20 nm. The material parameters are:
E = 200 GPa, m = 0.3, and a tangent modulus, Et = G/200
is used to represent the plastic response (G is the shear
modulus). The results of simulations correspond to pris-
matic posts with square cross sections, a geometry that we
are currently using in micro-compression experiments.

Fig. 5(a) displays the input and the outputs for four con-
ditions: aspect ratio a = 2 with and without taper; aspect
ratio a = 5 with and without taper. The results suggest that
when a = 2 without taper, the agreement between the out-
put and input is very good (see Fig. 5(a)). However, when
the post is tapered with a value of 20:1 (i.e., the angle
between the post wall and the post axis is �2.86�), first
we see that the measured elastic modulus is apparently lar-
ger than the input, and then we see a gradual increase of
the flow stress after the yielding point (so that the taper
of the post produces an artificial strain hardening). This
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taper-induced spurious hardening is even stronger when
the aspect ratio is a = 5. Another important observation
is that for both aspect ratios, the apparent yield point is
increased compared to the input value when taper is
involved (the stress is calculated by using the area of the
post top section; using an average area will result in early
apparent yielding, and the post top area is easiest to mea-
sure experimentally). The simulations show that a propaga-
tion of the plastically deforming zone down the post axis is
the cause of the spurious strain hardening and increased
yielding point. In summary, the effects of taper are substan-
tial and deleterious, and increase with post aspect ratio.
Taper should therefore be avoided by careful manipulation
of the micro-post fabrication process.

It is also found that for these prismatic posts with aspect
ratio a = 5 and no taper, buckling occurs even with friction
considered. Higher-mode buckling is observed in this case,
which is different from that when no friction is considered
(the first-mode buckling). The observation of buckling in
this case, unlike Fig. 4, is probably a result of the low strain
hardening that has been assumed in Fig. 5. Thus large as-
pect ratio posts should also be avoided due to the possible
occurrence of plastic buckling when one tests low strain
hardening materials. We recommend post aspect ratios of
2–3 considering both the 2D and 3D simulation results
from this study.

Finally we consider the effect of alignment of the system
on the accuracy of l-compression experiments. In this
paper, we use the angle between the end-surface normal of
the flat-end nano-indenter tip and the post axis to represent
the misalignment. When this angle, h, is 0, the system is
perfectly aligned. We then examine the effect of various
values of h on the stress–strain outputs. Again we use the
high-strength nano-crystalline nickel for input. The
misalignment effect is manifested primarily in the deviation
of the elastic part of the stress–strain curve, giving rise to an
underestimate of the elastic modulus of the material. The
effect of misalignment on measured elastic modulus is
shown in Fig. 5(b). A decrease of the measured elastic
modulus is observed with increase of misalignment (note
that the lower elastic modulus even for perfect alignment
(h = 0�) is due to the compliance of the post base, consistent
with our 2D axisymmetric results presented in the previous
section). In addition, excessive misalignment will result in
buckling of the post. Therefore, care must be exercised to
reduce or even eliminate misalignment in the system. In
practice, FIB machining should allow one to control the
end-surface of the flat-end indenter tip within 0.5 �. The
uprightness of the posts should also be kept in mind in
l-compression sample preparation. Careful cleaning of
the post-top is necessary to ensure the collinearity
between the post and the end-surface normal of the indenter
tip.

We note that the current micro-compression literature
focuses primarily on specimens in which the anisotropy
due to crystal plasticity is a dominant effect, and we have
not considered this anisotropy. A subsequent paper
presents results on effectively isotropic nano-crystalline
materials obtained using this technique. We have also
made no attempt in this paper to investigate size effects,
whether arising from strain gradients or otherwise.

3. Conclusions

We have found that micro-compression tests can be
used to faithfully measure the mechanical properties of
certain materials. Our parametric study shows that:

1. Fillet radius/post radius ratios of 0.2–0.5 are recom-
mended to provide sufficient test accuracy.

2. Strain hardening of the material significantly affects the
l-compression test accuracy, particularly when the fillet
radius is large (close to the post radius).

3. From our 3D l-compression simulations, for aspect
ratios 65, first-mode plastic buckling is suppressed by
the friction between the indenter tip and the post top.
We recommend post aspect ratios of 2–3.

4. Taper of the post results in overestimated elastic modu-
lus, spurious strain hardening and increased apparent
yield and thus should be minimized during micro-post
fabrication.

5. Misalignment of the l-compression system significantly
affects the test accuracy by underestimating the elastic
modulus, and may result in buckling of the post.

Acknowledgements

The authors are grateful to Dr. Michael Uchic at the Air
Force Research Laboratory for illuminating discussions.
This work is supported by the US Army Research Lab-
oratory through Grant No. DAAL01-96-2-0047 and
ARMAC-RTP Cooperative Agreement Number DAAD19-
01-2-0003. The authors wish to express appreciation for
valuable discussions with F.H. Zhou and B.W. Schafer of
Johns Hopkins University.

References

[1] Uchic MD, Dimiduk DM, Florando JN, Nix WD. Science
2004;305:986.

[2] Ma Q, Clarke DR. J Mater Res 1995;10:853.
[3] Uchic MD, Dimiduk DM, Florando JN, Nix WD. Mater Res Soc

Symp Proc 2003;753:BB1.4.
[4] Greer JR, Oliver WC, Nix WD. Acta Mater 2005;53:1821.
[5] Gleiter H. Acta Mater 2000;48:1.
[6] Suryanarayana C. Int Mater Rev 1995;40:41.
[7] Kear BH, Colaizzi J, Mayo WE, Liao SC. Scripta Mater

2001;44:2065.
[8] Sharpe WN, Yuan B, Edwards RL. J Microelectromech S 1997;6:193.
[9] Ramberg W, Osgood WR. Technical Note 902. NACA, 1943.
[10] Chau KT. J Eng Mech 1997;123:1.
[11] Sneddon IN. Int J Eng Sci 1965;3:47.
[12] Wei Q, Ramesh KT, Ma E, Kesckes LJ, Dowding RJ, Kazykhanov

VU, et al. Appl Phys Lett 2005;86:101907.
[13] Spear KE. J Am Ceram Soc 1989;72:171.
[14] Schuster BE, Ramesh KT, submitted for publication.


	The design of accurate micro-compression experiments
	Introduction
	Modeling and results
	Axisymmetric 2D simulations
	3D analyses: buckling, friction, and misalignment

	Conclusions
	Acknowledgements
	References


