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Abstract
Lilliputian techniques for measuring the mechanical response of mi-
croscale specimens are being developed to characterize the perfor-
mance and reliability of microelectromechanical systems (MEMS)
and other small-scale entities. The challenges associated with the
preparation, handling, and testing of small volumes of material have
spawned a variety of techniques; this review focuses on uniaxial
testing. Results from these experiments provide valuable insight
into size-scale effects on the elastic, brittle, and ductile behavior
of micron-sized structures. Fundamental elastic interactions show
no size effect; in-plane moduli can be predicted from anisotropic
elastic constants if crystallographic texture is properly considered.
Intrinsic fracture toughness is also size independent, although the
fracture strength of brittle MEMS materials is extremely dependent
on flaw size and distribution. By contrast, size effects on the strength
of ductile materials suggest that the operation of intrinsic disloca-
tion processes in greatly reduced or confined volumes alters their
generation, multiplication, interaction, and motion.
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MEMS:
microelectromechanical
systems

Microscale: length scale in
the range of 1–1000 microns

INTRODUCTION

Efforts to characterize the small-scale and scale-specific mechanical properties of
materials are driven by (a) the need to reliably predict the performance of micro-
electromechancial systems (MEMS) and other microscale devices and (b) a desire
to develop detailed and accurate hierarchical models of the mechanical behavior of
complex, multicomponent structural materials. In both cases, the development of
microscale experiments is motivated by the need to measure the mechanical behavior
of small volumes of material and by a desire to determine how, if at all, the mechanical
properties of a material change when external dimensions and internal microstruc-
tural features are greatly reduced.

Significant challenges related to the preparation and handling of microspecimens,
the application of controlled amounts of force to deform these microspecimens, and
the accurate measurement of stress and strain in these specimens all must be overcome
to obtain a reliable measure of the mechanical properties of small volumes of materials.
These challenges not withstanding, reliable microscale testing techniques have begun
to emerge and are being used to determine the mechanical properties of a wide range
of materials and to investigate the importance of size on the mechanical behavior. Here
we provide an introduction to various testing techniques that have been developed
to measure the mechanical response of small specimens. This review focuses on
uniaxial microscale experiments; it outlines procedures that have been developed
to conduct these experiments, presents various examples to illustrate recent successes
in this area, and contains an initial discussion of size-scale effects on mechanical
properties.

EXPERIMENTAL TECHNIQUES FOR
MICROSCALE TESTING

Efforts to characterize the mechanical response of small volumes of materials have
led to the development and use of a variety of test methodologies. These method-
ologies are reviewed briefly here, but the reader is referred to the excellent reviews
that exist on many of these topics for more in-depth discussion (see, for example,
References 1–4). This review emphasizes the use of uniaxial microspecimens that
experience uniform stresses and strains in the gauge when loaded in either tension or
compression. These experiments closely mimic the ASTM tests (5) that are used in
the macro world and are most straightforward to interpret.

A Survey of Microscale Test Methodologies

Vickers and other microhardness measurements are confined to small volumes and do
provide an indication, if not a direct measure, of mechanical properties. The hard-
ness of a material, however, is affected by its stiffness, strength, and propensity to
strain harden. Complications associated with the nonuniform distribution of stresses
under the tip of the indenter make it hard to separate the influence of these indi-
vidual properties. The introduction of instrumented indentation, most specifically
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nanoindentation, has made it possible to interrogate extremely small volumes of ma-
terial. Use of this technique coupled with careful attention to the loading and unload-
ing response of a material make it possible to measure both the hardness and elastic
modulus of a material (see, for example, References 6–12). Although many mod-
els have been proposed, strength and strain hardening cannot be directly measured
with indentation techniques. However, efforts at modeling indentation size effects in
terms of mechanism-based strain gradient plasticity (13–15) may provide an impor-
tant pathway for using nanoindentation measurements to provide material-specific
parameters for constitutive modeling.

Nanoindentation experiments have found broad application in the interrogation
of thin films on hard substrates, as are often found in microelectronic devices. The
microelectronics industry has also made extensive use of thermal cycling experiments
of thin metallic films on Si substrates. The coefficient of thermal expansion (CTE)
mismatch between the film and substrate, differences in elastic properties, and the
temperature dependence of yield and creep strengths all contribute to the thermal
cyclic response of these structures. The response to thermal cycling of Al thin films is
substantially different than is predicted by consideration of the pertinent deformation
mechanisms (yielding, creep, etc.) (16). The confinement associated with the thin film
geometry appears to play an important role and has received much attention in recent
years; Freund & Suresh (17) review this subject.

Investigators have also studied the mechanical response of polycrystalline thin
films deposited on compliant substrates (18–21). An example of these types of experi-
ments is given by Hommel & Kraft (19), who tested 0.4–3.2-μm-thick by 6-mm-wide
Cu films deposited on a 125-μm-thick polyimide film. The polyimide is significantly
more compliant than the metal and imposes a strain on the film when loaded in uniax-
ial tension. In situ X-ray diffraction experiments allow for the measurement of elastic
stresses, crystallographic texture, and evolution of dislocation densities in the Cu
film, whereas overall elongation is determined with a laser extensometer. Specimens
are typically elongated in increments of 10 μm and then held for some time while
the X-ray data are collected. The constraint of the polyimide on the metal film and
the relaxations that occur during these holds must be accounted for and can lead to
responses that are different than what occurs in freestanding thin films. Nevertheless,
the importance of these types of experiments is expected to rise as flexible electronics
become commercially viable.

Vlassak and colleagues have promoted the use of thin film bulge testing to measure
the elastic and plastic response of substrate-free thin films. They originally showed
how the elastic response (Young’s modulus and Poisson’s ratio) could be obtained by
comparing the response of square and rectangular films (22). More recently they used
the plane-strain conditions in the middle of a rectangular-shaped membrane to deter-
mine the flow characteristics of bare and passivated Cu thin films (23–25). Use of this
technique is dependent on relatively complex models of the boundary conditions and
requires very accurate measures of geometry and displacement. Jayaraman et al. (26)
used bulge testing to measure the elastic modulus and Poisson’s ratio of polysilicon,
and Edwards and colleagues (27) have shown that bulge tests and microtensile tests
produce the same modulus values for silicon nitride films.
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FIB: focused ion beam

Difficulties associated with the handling of small specimens and a desire for on-
chip testing have led investigators to consider other inverse methods to determine
mechanical properties. In addition to the bulge test, thin film cantilevers have been
tested in resonance and by monotonic loading (pressing on the end of the beam with
the tip of a nanoindenter) (see, for example, References 28–30). As compared with
tensile specimens, for which large forces are required to produce small axial elon-
gations, cantilever beams produce much larger deflections at lower loads. Bending
a cantilever beyond its elastic response will result in localized plastic deformation
or fracture and can be used to measure the material’s strength. However, this mea-
surement may depend on the volume of material that is being interrogated, which
is inherently small in bending experiments. Techniques for machining a crack at the
base of a beam with focused ion beam (FIB) machining are being developed to mea-
sure more accurately the fracture toughness of thin film materials. As with all indirect
techniques, the accuracy of these measurements is highly dependent on the boundary
conditions and the geometry of the cantilever, and this uncertainty appears to be the
greatest challenge to the use of this technique.

MEMS manufacturers have pushed for an electronic measure of material prop-
erties that can be used for quality control; the M-test (31) is an example of such a
test. It involves a thin strip of material that is attached at both ends and suspended
above the substrate in the middle. The strip snaps down onto the substrate when a
sufficiently high voltage is applied, and determination of the snap-down voltage can
serve as an indirect measure of the mechanical properties of the strip. Like inden-
tation, the stress state in this structure is nonuniform and depends on other factors,
namely differences between nominal and true microscopic dimensions and difficulties
associated with modeling the boundary conditions of an experimental device. This
is a recurring theme for indirect techniques. By comparison, tensile and compres-
sion tests have advantages in simplicity and the generation of a uniform stress state,
which is why they are the standard method for determining mechanical properties of
macroscopic structural materials and are the focus of the remainder of this paper.

Experimental Challenges in Microscale Testing

Tensile testing at the microscale is quite different from the familiar ASTM standard
tests for structural materials. One cannot simply cut a specimen from a billet or
component, place it in a commercial test machine, and push the computer ENTER
key. In the macro world, force is easily measured with load cells, strain can be obtained
with foil gauges or extensometers, and furnaces that fit the test machine are readily
available if high-temperature properties are needed. Challenges of testing at the
microscale include microspecimen preparation and handling, the application of small
forces, stress and strain measurement, and elevated temperature testing. Examples of
how these issues can be addressed are described below.

Microspecimen Preparation and Handling

The preparation of MEMS test specimens naturally follows the processes used in man-
ufacturing MEMS devices, which are similar to those found in the microelectronics
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Figure 1
(a) A polysilicon framed
microtensile specimen with
a 3-μm-by-500-μm gauge
(32). (b) Fourteen surface
machined 3-μm-by-50-μm
polysilicon microtensile
specimens of varying length
(34). (c) A LIGA Ni
bowtie-shaped microtensile
specimen with a
200-μm-by-200-μm gauge.
(d ) A bowtie-shaped
specimen of nanocrystalline
Ni with a
200-μm-by-200-μm gauge.
(e) A 5-μm-diameter
focused ion beam (FIB)
machined single-crystalline
Ni microcompression
specimen (photo courtesy of
M. Uchic). ( f ) A framed
microtensile specimen of
single-crystalline Au with a
5-μm-by-5-μm FIB
machined gauge section in
the center of the specimen
(photo courtesy of C.
Eberl).

industry. Such processes are usually a combination of both additive and subtractive
processes, i.e., the material is deposited onto a substrate, the specimen is patterned
by photolithographic processes, and the unwanted material is etched away. Sharpe
et al. (32) describe the processes involved in detail. An example is the thin, but wide
and long, polysilicon tensile specimen shown in Figure 1a. The framed specimen is
easily handled, the gauge section in the middle enables measurement of both Young’s
modulus and Poisson’s ratio, the large ends are fastened into a test machine, and the
two supporting strips can be cut to leave a freestanding specimen.
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Nanocrystalline:
polycrystalline materials
with grain sizes in the range
of 1–100 nm

Microtensile specimens:
mechanical test specimens
that possess a well-defined
gauge section with
cross-sectional dimensions
of one to several hundred
microns and that are loaded
in uniaxial tension

ISDG: interferometric
strain displacement gauge

DRIE: deep reactive ion
etching

EDM: electrode discharge
machining

Similarly, framed nanocrystalline Al microtensile specimens with thicknesses of
100–300 nm have been fabricated with the following process flow (33). A 4-μm-thick
thermal silicon dioxide layer is grown on a Si wafer and used as a mask for backside
KOH etching that was stopped with 50 μm of Si remaining to provide support for
front-side patterning and film deposition. A liftoff technique is used to pattern the
microsample geometry, and the desired nanocrystalline metallic film is sputtered on
top of the photoresist, which is dissolved away in acetone. Finally, a pulsed dry gas
etchant of XeF2 is used to remove the supporting Si layer and reveal the freestanding
thin film. Lines patterned around the outside of the specimen simplify separation of
the dies along preferred crystallographic orientations.

Figure 1b shows a narrower polysilicon specimen sample (34). Such a sample
does not allow lateral strain measurement by the interferometric strain/displacement
gauge (ISDG) but is considerably cheaper because more specimens can be produced
on a single die, which is also easily handled. The die is mounted in the fixed grip
of the test machine. One end of the specimen remains attached to the die, and the
other end is attached to the movable grip by gluing a 140-micron silicon carbide fiber
to it. The specimen is fabricated by the same methods as the wider ones, with one
important exception: It is released by front-side etching, so holes must be included
in the grip to allow the etchant to reach the underlying substrate.

Additive and subtractive processes are also used to prepare thicker specimens of
MEMS materials. Pure Ni and some Ni alloys can be electroplated into molds to
make microtensile specimens that are robust enough to be handled with tweezers
and have wedge-shaped ends that fit into the matching grips of a small test ma-
chine. Figure 1c shows a Ni bowtie-shaped microtensile specimen that is 3 mm long
and has a gauge cross section of 200 μm by 200 μm (35). This batch of specimens
was electroplated into SU8 molds on a Si wafer that were produced by exposure to
X rays from a synchrotron. This process, referred to as LIGA, can be used to pro-
duce microstructures with in-plane tolerances of less than a micron and thicknesses
of hundreds of microns (36).

Deep reactive ion etching (DRIE) is a subtractive process, provides submicron in-
plane resolution, and can also be used to fabricate MEMS structures or microtensile
specimens that are hundreds of microns thick (37). DRIE is most commonly associ-
ated with the micromachining of single-crystalline Si but can also be used to shape
other materials. For example, thin (∼100-μm-thick) silicon carbide wafers have been
patterned and etched to make microtensile specimens for fracture strength measure-
ments at room temperature and 1000◦C (38).

Microtensile specimens can also be extracted from a specific region or phase in a
larger billet or component but must be prepared by subtractive methods that do not
change the properties of the material to be tested. Traditional machining techniques
produce a damaged layer on the finished surface that is comparable to the volume of
material to be tested. Experience has shown that techniques used to prepare TEM
thin foils translate well to the preparation of microtensile specimens. Diamond saws,
electrode discharge machining (EDM), and tripod polishing have been used to pre-
pare freestanding microtensile specimens from a wide range of materials, including
but not limited to base metal, recast, and heat-affected zones of steel weldments (39);
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Microcompression
specimen: mechanical test
specimen FIB milled into
the surface of a bulk
specimen that has a
cylindrical geometry with a
diameter of less than 100
microns and that is loaded
in compression with a
modified nanoindenter

bond coats for thermal barrier coatings (TBC) (40); single-crystalline, fully lamellar,
and polysynthetically twinned TiAl (41–43); nanocrystalline Ni, Cu, and Al (33, 44,
45); and electron-irradiated 316 stainless steel and Fe-Cu-Mn alloys (46). For exam-
ple, the microtensile specimen shown in Figure 1d was electrode discharge machined
from a pellet of nanocrystalline Ni with a specially shaped graphite electrode (44).
The surfaces and sides of the microsamples were mechanically polished to a mirror
finish, using diamond-impregnated papers, Al2O3 slurry, and a rotary polishing tool.

The recent emergence of commercial FIB instruments provides a unique oppor-
tunity to machine specimens with submicron resolution and damage layers that are
much smaller than for traditional machining techniques. Use of a dual-beam FIB
with ancillary detectors allows direct viewing of the specimen as it is being shaped
and in situ characterization of the region from which the specimen is being taken.
This feature, the ability to deposit Pt or W in controlled shapes, the availability of
submicron (20–50 nm) ion beams, 3-D stages, and fully automated control capabil-
ities have made the FIB an invaluable tool for fabricating micron-sized structures.
Although the FIB can cut with extreme accuracy, the rate of milling must be consid-
ered in micromachining applications. Milling rates are material-specific, but rates of
1000 μm3 min−1 are typical, and specimen preparation requires a judicious use of the
FIB.

Uchic et al. (47) have pioneered the use of the FIB to fabricate microcompression
specimens into the surface of bulk materials (see, for example, Figure 1e). The fab-
rication of microcompression specimens has several key advantages: The volume of
material to be milled is smaller than for microtensile specimens, the microcompres-
sion specimens remain attached to the substrate and are easy to handle, the specimens
are conveniently loaded with a nanoindenter, and the fabrication of an array of micro-
compression specimens in the FIB can be scripted and automated. FIB milling rates
do limit the rate at which specimens can be made, but specialized femtosecond laser
machining and electrode discharge machining, chemical milling, and electropolish-
ing techniques are also being pursued. As a complement to the microcompression
specimens, the framed microtensile specimens shown in Figure 1f have recently
been prepared from high-purity Au and Mo single crystals by EDM machining
300-μm-thick specimens with a 50-μm-wide central beam, electropolishing to thin
this central section further and to remove any recast layer, and FIB machining a
100-μm-long by 2–40-μm-wide and -thick gauge section into the central section (48;
C. Eberl, unpublished research).

Force Application and Measurement

Consider a tensile specimen with a cross section 1 μm by 1 μm and strength of
1 GPa; these are reasonable numbers. The maximum force required to test it is
1 milli-Newton or 0.1-g force, and a resolution of 1–10 micro-Newtons is desirable.
Commercial load cells with a range of 5-g force and a resolution of 0.001 g are
available and can be used to measure force on such a small specimen. If a specimen
can be attached to a load cell, displacement of the other end can be achieved with
precision piezoelectric or screw-driven actuators. Overall motion of the movable grip
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can be measured with capacitance probes having a resolution of 10 nm, but compliance
of the load train and load cell and localized plasticity in the shoulders of the specimen
make it very difficult to estimate strain from measurements of grip displacement.
Sharpe et al. (32) describe in detail a system for applying and measuring the forces
on a specimen like the one shown in Figure 1a. A similar approach is followed for
the narrow specimen of Figure 1b except that the grip end of the specimen is glued
to a 140-μm-diameter silicon carbide fiber with a UV-curing adhesive (49).

Commercial nanoindenters provide subnanometer displacement resolution and a
load resolution of 1 nano-Newton. Uchic et al. (47) have shown that a nanoinden-
ter retrofitted with a flat tip is well suited for loading microcompression specimens.
A uniform stress field is produced in the gauge section during compression testing.
However, compression loading produces unique challenges with regard to alignment,
buckling, and end constraints. Zhang et al. (51) have made recommendations regard-
ing allowable aspect ratios, filet radii, and taper, but the importance of substrate
constraints and alignment deserves further consideration. These challenges notwith-
standing, the fabrication and testing of microcompression testing have spread rapidly.

Strain Measurement

One cannot simply apply the ubiquitous foil resistance gauge to a microtensile spec-
imen. Attempts to determine strain from grip displacement are complicated by the
compliance of the test machine, especially when adhesive is used to mount the spec-
imen. A method for subtracting out the compliance from specimens of different
lengths and widths, introduced by Greek & Johansson (52), can be used if the com-
pliances of the specimens are sufficiently different. However, individual uncertainties
are additive and lead to twice the scatter, and if possible it is best to measure strain in
the gauge of the specimen.

There are other indirect methods of tensile strain measurement. Espinosa et al.
(53, 54) create tensile tests by pushing the middle of a long, narrow strip of Au
film that is fixed at each end. The vertical deflection along the strip is measured by
interferometry and converted into the elongation of the strip. Haque & Saif (55, 56)
have constructed a test system that combines the test machine and the specimen into
one integral unit, which is mounted in a scanning electron microscope (SEM) and
elongated with a piezoelectric actuator. Observations of the relative displacement of
two sets of markers enable determination of the force as well as the overall elongation
of a very small thin film specimen.

Direct strain measurement at the microscale is a challenge, but there have been
several advances in the past ten years. For example, if two reflective markers are placed
on a specimen and illuminated with a laser, interference fringe patterns are generated.
This is the same as Young’s two-slit phenomenon, but in reflection. The fringes move
as the specimen is strained, and this motion can be sensed with photodiode arrays
and converted into strain on a real-time basis. This noncontact strain measurement
method is referred to as the ISDG (57). Suitable markers are shown in Figure 2,
which shows two pairs of Au lines that were vapor deposited as the last step in the
processing of the polysilicon specimen in Figure 1a (58). This enables measurements

100 Hemker · Sharpe

A
nn

u.
 R

ev
. M

at
er

. R
es

. 2
00

7.
37

:9
3-

12
6.

 D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 U
ni

ve
rs

ity
 o

f 
V

ir
gi

ni
a 

L
ib

ra
ri

es
 o

n 
02

/2
0/

08
. F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV315-MR37-04 ARI 21 May 2007 13:30

Figure 2
ISDG reflective markers
(58). The geometry of these
lines is defined by
photolithography, and they
are deposited by vapor
deposition during the
manufacturing process.
Each line is 0.5 μm high,
20 μm wide, and 200 μm
long, and the lines are
300 μm apart.

DIC: digital image
correlation

DDIT: differential digital
image tracking

of transverse strain and therefore of Poisson’s ratio. Diamond-shaped microhardness
indentations make good reflective markers; they are easier to apply and are used for
metallic microtensile specimens like the LIGA specimen shown in Figure 1c (59).
FIB-deposited Pt lines have also proven to be both excellent reflective markers and
easy to apply; the ability to image with the FIB facilitates precise placement of the
markers.

A more recent direct method is digital image correlation (DIC). The image can be
obtained optically (60–62), in a SEM (63), or from AFM scans (64). This approach is
being applied to submicron nanocrystalline Al thin film specimens having the shape of
Figure 1a; it not only has the advantage of full-field strain measurement but captures
the local shape changes associated with yielding and fracture. A simpler and less
computationally intensive method, differential digital image tracking (DDIT), simply
tracks two or more markers on a tensile specimen (50). These markers can be either
reflective lines applied in processing or ceramic particles held in place by electrostatic
attraction. A disadvantage of these methods is that postprocessing is required, which
can take from minutes to hours, depending upon the complexity of the patterns. One
cannot therefore make in situ full-field strain measurements during a test. However,
it is quite reasonable to predict that high-resolution real-time strain measurement
by digital image processing will soon be a reality, making digital image processing
the predominant method because little or no special surface preparation is required.
Figure 3 shows strain measured on two materials—polysilicon and silicon dioxide—
by the ISDG and DDIT, respectively. These are both brittle linear-elastic materials,
and the resolution of both techniques is adequate for elastic modulus measurements.
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Figure 3
Stress-strain data taken in
the elastic region of
microtensile tests. The
strain data in the
polysilicon test were
measured using the ISDG,
and strain in the silicon
dioxide specimen was
obtained using DIC. The
sharpness of the
linear-elastic data sets
illustrates the fidelity of
these strain measurement
techniques (50).

Elevated Temperature Microspecimen Testing

Micromechanical testing at elevated temperatures poses a number of unique chal-
lenges. Size restrictions make it difficult to surround the microtensile specimen with
a conventional furnace, the load cell and other sensitive components must be ther-
mally isolated from the specimen, and strain measurement is much more problematic
because standard methods such as strain gauges and extensometers are not applicable.
As described below, these challenges have been overcome for microtensile testing, but
elevated temperature microcompression testing has been slower to develop because
commercial nanoindenter systems that can be used at elevated temperatures are still
under development.

Zupan et al. (65) have shown that bowtie-shaped metallic microtensile specimens
can be resistively heated to more than 1100◦C, using ∼2 volts DC and specially de-
signed self-aligning grips that are thermally and electrically isolated from the load
frame (see Figure 4). Measurement of the temperature across the microtensile spec-
imen with both thermocouples and an optical pyrometer has verified the absolute
temperature of these experiments and shown that temperature gradients in the mi-
crotensile specimen are modest (∼5◦C) in the center of the gauge, where strain is
measured with the ISDG system (65). The validity of this technique was further
illustrated by the accurate measurement of the Young’s modulus (E) and CTE of
single-crystalline TiAl at temperatures between 400◦C and 1000◦C (42). The robust-
ness of this form of microtensile testing has been demonstrated by the measurement
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Figure 4
Grips for elevated
temperature microtensile
experiments. Bowtie-shaped
specimens are held in
self-aligning grips that are
thermally and electrically
isolated from the load train.
Specimens are heated to
more than 1000◦C with
resistive heating.

of the elevated temperature properties of a wide variety of materials, e.g., single-
crystalline and fully lamellar γ-TiAl (41–43); bond coats for thermal barrier coatings
(40); LIGA Ni for MEMS (59, 66); high-strength, high-conductivity Cu alloys (67);
and α + β Ti alloys (68).

Elevated temperature strain measurement can be accomplished with the noncon-
tact ISDG if suitable reflective markers can be placed in the gauge of the specimens.
Microhardness indents work well for thicker metallic specimens but cannot be used
on extremely thin or brittle specimens. Lithographically deposited Au lines work well
at room temperature but diffuse into polysilicon at approximately 200◦C. By contrast,
Pt lines are much more robust and can easily be written onto the specimen with a
FIB. Digital imaging is an attractive alternative to the ISDG because it can use less
perfect markers for either correlation or tracking, but special care and lighting must
be employed to assure that the image is not washed out by distortions due to con-
vective flow or the glow of the specimen at high temperatures. In all cases, one must
be careful of oxidation; the Au and Pt lines themselves will not oxidize, but surface
oxides can easily overwhelm these indents and submicron lines. Oxidation-resistant
specimens or environmental control may be required.

The use of elevated temperature microtensile testing is not limited to metallic
materials. Polysilicon is a semiconducting material whose resistivity depends on dop-
ing; commercial specimens like the one in Figure 1a have resistances on the order
of 40–60 ohms and can be heated to 800◦C with less than 10 volts DC (69). The
planar shape of the specimen with gentle curvature into the center concentrates the
temperature rise there over a length of 300 μm, as shown in Figure 5, and allows a
room temperature test machine to be used without modification.

The smaller specimens of Figure 1b have been heated to 200◦C in a small furnace
consisting of a resistively heated block on the back side and a quartz window on
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Figure 5
(Top) A resistively heated
and glowing polysilicon
microtensile sample in the
grips and ready to be tested.
(Bottom) Stress-strain curves
obtained at 25◦C and 670◦C
(69).

the front to allow optical access for strain measurement (70). Silicon carbide has
potential for use in MEMS, but it is extremely difficult to micromachine. Various
manufacturing processes are under development, and the strength of microtensile
specimens is being used to judge the efficacy of these processes. The strength of
silicon carbide microtensile specimens has been measured at 1000◦C with a modified
commercial furnace and the specially shaped ceramic grips shown in Figure 6 (38).
The upper grip is fixed to a ceramic rod extending up through the bottom of the
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Figure 6
A silicon carbide microtensile specimen in the inserts of ceramic grips. The wire on the end of
the micromanipulator is used to seat the specimen in the grips (38).

NEMS:
nanoelectromechanical
systems

furnace. The lower movable grip is attached to a long nichrome wire that is enclosed in
a small ceramic tube to prevent oxidation and connected to a load cell and translation
stage that are positioned under the furnace, out of the hot zone.

SIZE EFFECTS ON MECHANICAL BEHAVIOR

Until recently, for both engineering components and tensile specimens, the external
dimensions were larger than the internal microstructural features, and the impor-
tance of external size effects on mechanical properties could safely be ignored. The
development of microelectronic thin films, advanced coatings, MEMS, and nanoelec-
tromechanical systems (NEMS) has resulted in components with sizes approaching
microstructural dimensions, and external size effects have become increasingly more
important. The testing of microspecimens offers a direct avenue for mimicking and
measuring the mechanical size effects associated with these small-scale structures.
Efforts to design and model the reliability of small-scale devices are directly depen-
dent on the availability of accurate and reliable “handbook” values of the elastic,
plastic, fracture, and fatigue properties of materials at relevant length scales. Devel-
oping a fundamental understanding of these external size effects will not only allow
for better design of small-scale devices but also provide a much-needed foundation
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for developing multiscale models of complex structural materials. Such models are
based on the mechanical behavior of individual microstructural entities, which can
best be measured and understood using the types of experiments outlined in this pa-
per. The first half of this paper focuses on the challenges and techniques associated
with microscale testing; this section highlights the results of recent microscale exper-
iments and provides a snapshot of our understanding, to date, of size effects on the
mechanical behavior of these structures.

Elastic Response

The difficulty associated with measuring mechanical properties with microspecimens
is clearly illustrated by the recent evolution in the published values of the Young’s
modulus for polysilicon, which burst onto the MEMS scene in the late 1980s. The
isotropic elastic constants (E and ν) of polysilicon are needed for accurate component
design. However, there is no bulk counterpart to provide a guide; polysilicon exists in
bulk form, but its microstructure is very different than what is produced by vapor de-
position. Consequently, numerous groups undertook studies to measure the Young’s
modulus of polysilicon. Figure 7 shows the range in the published values of Young’s
modulus as a function of year. The wide scatter in the early data is surprising, and
the convergence that occurred over a relatively short four-year period is noteworthy.
The early scatter in the data is associated with inaccuracies in testing methodolo-
gies. For example, measurements that suggested that Young’s modulus decreases for
micron-sized specimens were found to be influenced by the fact that undercutting
during etching led to errors in sample geometry (71).

A generally accepted value for the Young’s modulus of polysilicon is now 160–
165 GPa; see, for example Figure 8, which shows the stress-strain curves taken from
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Figure 7
The spread in the published
values for the Young’s
modulus of polysilicon
given as a function of year.
The wide variation in early
measurements is believed to
be associated with the use of
unreliable testing
methodologies, but it is
encouraging that the
convergence in measured
values observed in 2001
agrees with calculations of
the in-plane elastic modulus
(163 GPa) (black horizontal
line) based on anisotropic
elasticity.
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Figure 8
A plot of stress verses axial
and lateral strain as
measured by ISDG on
freestanding polysilicon
specimens like those in
Figure 1a. Availability of
both axial and lateral strain
allows for the determination
of Poisson’s ratio (ν) as well
as Young’s modulus (E) (72).

a microtensile experiment performed on a framed specimen like the one shown in
Figure 1a (72). The axial and lateral strain was measured by the ISDG and used to
calculate the elastic constants (E = 160 GPa and ν = 0.22). These values are almost
the same as those obtained by bulge testing (E = 162 ± 4 GPa and ν = 0.2 ± 0.03)
(26). Hashin-Shtrikman bounds of the in-plane elastic moduli that were calculated
on the basis of anisotropic elasticity, 〈110〉 crystallographic texture, and the stiffness
matrix for single-crystalline Si give values (E = 163.0–165.5 GPa and ν = 0.22–0.24)
that are in good agreement with these experimental results (26).

The elastic constants of 3C polycrystalline silicon carbide thin films have also
been measured using framed microtensile specimens with geometry similar to the one
shown in Figure 1a (73). These specimens ranged from 20–40 μm thick and were
prepared by deposition into molds cut into a Si wafer by DRIE. The front side of each
specimen was laboriously hand-polished to remove the overflow from deposition, and
a back-side window was etched with XeF2. As was found for polysilicon, the measured
in-plane elastic constants (E = 448 ± 13 GPa and ν = 0.17) were consistent with
calculations of Voight and Reuss averages based on single-crystal constants (E =
441–460 GPa). Thinner single-crystalline films were epitaxially grown on (100) Si
wafers, and identically shaped 〈110〉-oriented microtensile specimens were prepared
by micromolding and by reactive ion etching (RIE) (75). The measured value of E〈110〉
was 424 ± 44 GPa, which is similar to but a little lower than the value predicted by
anisotropic elasticity (455 GPa).

A recent comparison of elastic measurements by tensile testing and bulge testing
showed excellent agreement (27). In this study, silicon nitride films 0.5 μm thick were
deposited onto a Si wafer and both microtensile specimens, as in Figure 1a, and
1-mm-square membranes were released from the back. The latter were bulge tested
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at Exponent, Inc. in a setup that recorded the full-field membrane deformation by
optical interferometry. Independent measures of Young’s modulus were obtained from
both tests; the microtensile tests yielded 257 ± 5 GPa, and the bulge tests, 258 ±
1 GPa. This startling agreement confirms both test methodologies.

Electrodeposited LIGA Ni bowtie-shaped microtensile samples, like the one
shown in Figure 1c, were initially measured to have a Young’s modulus of approxi-
mately 180 GPa, which is significantly lower than the bulk value for polycrystalline Ni
(207 GPa). This value, however, can be explained and modeled in terms of the strong
〈001〉 out-of-plane texture in these electrodeposited Ni specimens (35). Subsequent
investigations have shown that the Young’s modulus of weakly 〈110〉 textured LIGA
Ni microtensile specimens is 204 GPa and that variations in specimen texture lead to
variations in experimentally measured modulus that are in good agreement with the
values predicted by averages of the anisotropic stiffness matrix for single-crystalline
Ni (76).

Taken together, the microtensile measurements on MEMS polysilicon, silicon
carbide, silicon nitride, and LIGA Ni (a) indicate that variations in crystallographic
texture may lead to differences in Young’s modulus but (b) affirm the fact that the
fundamental elastic response is not altered by having micron-sized specimens. The
latter finding is not surprising, as elasticity is a material property that depends on
atomic bonding.

Microtensile samples similar to those shown in Figure 1c have been cut from
single-crystalline TiAl and tested at temperatures ranging from 400◦C to 1000◦C
(42). The modulus was the same along [100] and [010], was significantly stiffer along
[−110], and fell gradually with temperature for all orientations (Figure 9). These
microsample data were in very good agreement with extrapolations of the modulus
obtained using resonant ultrasound spectroscopy of centimeter-sized crystals (77).
Similar microtensile experiments on specimens of diffusion aluminide bond coats
for thermal barrier coatings (40) and a high-strength, high-conductivity Cu alloy,
GRCop-84 (67), have also produced values of E that are in agreement with bulk
values of these alloys. In general, moduli obtained from microtensile samples with
dimension of hundreds of microns have been found to be the same as those obtained
using more traditional macroscale specimens.

The situation appears to be different for very thin films of vapor-deposited pure
metals. Huang & Spaepen (78) have summarized microtensile measurements of
vapor-deposited metallic thin films with thickness of several microns and reported
that the stiffness of both pure films and multilayers was on average 10–20% below
what is predicted from averages of the anisotropic elastic constants. Similarly, recent
measurements made using microspecimens of vapor-deposited Au place E between
35 GPa and 88 GPa (79); most values are at approximately 50 GPa (54), which is
considerably lower than the value of 80 GPa that is typically reported for bulk spec-
imens. Haque & Saif (56, 80) have also reported moduli taken from 30–50-nm-thick
freestanding Au and Al films that were significantly below their bulk values, and they
attributed this decrement to grain boundary compliance and the presence of an amor-
phous grain boundary phase. HREM observations of nanocrystalline grains indicate
that they are crystalline all the way to the boundary (81, 82). Huang & Spaepen (78)
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Figure 9
Microtensile measurements of E and CTE for γ-TiAl single crystals at three different
orientations and as a function of temperature (42). The solid lines are based on experimental
ultrasound measurements of bulk crystals (77), and the dashed lines are extrapolations of those
data. The microtensile data are in excellent agreement with both and clearly extend the range
over which data can be collected.

considered and discounted the influence of crystallographic texture, voids, microplas-
ticity, anelasticity, and compliant grain boundaries and concluded that the increased
compliance was related to the presence of microcracks in the grain boundaries be-
tween the columnar grains of vapor-deposited materials. Recent TEM observations
of sputter-deposited Au thin films that exhibit a reduced modulus of approximately
50 GPa provide evidence of elongated grain boundary voids that could result in
microcracking (79).

Strength of Brittle Materials

Many MEMS materials are brittle at room temperature and exhibit linear elastic
behavior up to the point at which they fracture. The fracture strength of brittle
materials is determined by the distribution of flaws on the surface or interior of a
component and by the fracture toughness of that material. For a brittle material with
a random distribution of flaws, a smaller area or volume will likely have fewer large
flaws that lead to failure; therefore, smaller specimens or stressed regions tend to have
higher fracture strengths. Tension tests of polysilicon demonstrate this size effect, as
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Figure 10
Fracture strength of polysilicon in terms of total surface area of the specimen (84).

is indicated in Figure 10, which shows fracture strengths from several sources plotted
as a function of the total surface area of the gauge section (84). Even though these
specimens were made in different MEMS foundries and tested with different tensile
test methods, the trend is clear; decreasing the total surface area increases the fracture
strength of the specimen.

The importance of surface defects in determining the fracture strength of polysil-
icon is further illustrated by results collected at Johns Hopkins University on speci-
mens that were provided by three different collaborators. More than 100 tests were
conducted, and the mean strength of the specimens made by the MUMPS process
was 1.6 GPa; in contrast, those made at SMI Inc. failed at 2.0 GPa, and the specimens
made at Sandia National Laboratories exhibited strengths of 3.1 GPa (85). TEM
examination of these specimens discounted internal microstructural effects, and the
difference in strength has been attributed to observed variations in side-wall rough-
ness, which corresponds to differences in processing. Chasiotis & Knauss (86), who
compared MUMPS polysilicon with Sandia polysilicon, obtained similar results and
arrived at the same conclusions.

This dependence of fracture strength on surface roughness can explain an appar-
ent contradiction in the use of polysilicon as a structural material for MEMS devices.
Very few, if any, large load-bearing structures are made of Si. Its inherent brittleness
at room temperature and low fracture toughness are seen as clear impediments to
its use as a macroscopic structural material. In that light, it is curious that the use
of polysilicon for microscale devices is extremely widespread; more MEMS devices
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are made out of polysilicon than any other material. This apparent paradox can be
explained by considering the Griffith relation between fracture strength and flaw
size. Ballarini and colleagues (87, 88) have shown that the fracture toughness of Si
(1 MPa

√
m) is independent of its microstructure and essentially the same for amor-

phous Si, polysilicon, and single-crystalline Si. MEMS flaws are typically submicron,
whereas macro structures contain flaws that are more aptly described as submillime-
ter. For a constant fracture toughness of 1 MPa

√
m, the simplest form of the Griffith

relation (KIC = σf
√

πao) predicts a fracture strength of approximately 20 MPa for
a macrostructure with a flaw size (ao) of 0.5 mm and more than 500 MPa for MEMS
structures with flaw sizes of 0.5 μm. It follows that allowable stresses for MEMS
polysilicon are substantially higher because the flaws are so much smaller.

Namazu et al. (89) also convincingly demonstrated the influence of specimen size
in determining fracture strength for single-crystalline Si. These researchers tested
cantilever beams with widths, thicknesses, and lengths as small as 0.20 μm by 0.26 μm
by 6 μm and larger specimens with dimensions up to 1.0 mm by 0.5 mm by 9.8 mm.
The fracture strength was computed from the measured force applied at the end
of the cantilever; this was determined with an atomic force microscope (AFM)
probe for the smaller specimens and by more conventional means for the larger
ones. Namazu et al. (89) report an increase in fracture strength from 0.47 GPa
for the largest specimen to 17.5 GPa for the smallest, an astonishing 37-factor
increase.

The strength of micromolded 3C polycrystalline silicon carbide is also size de-
pendent, although the influence of size on strength is not as dramatic as for single-
crystalline Si. The framed microtensile specimens used to determine the elastic con-
stants were pulled to failure, and thicker micromolded specimens had an average
strength of 0.81 ± 0.23 GPa (69, 70). In contrast, thinner micromolded ones failed
at 1.19 ± 0.53 GPa (75). The effect of processing was also evident in this study,
as thicker RIE specimens were measured to have an even higher strength of 1.65 ±
0.39 GPa (75).

Thicker specimens with the overall bowtie shape of Figure 1c and well-defined
stress concentrations, notches, or holes designed into the gauge section were etched
from 150-μm-thick commercial silicon carbide wafers. Microtensile specimens with
smooth gauge sections were used to obtain baseline values, and stress concentra-
tion factors were used to determine the fracture strength of the notched specimens.
The average fracture strengths (computed via the stress concentration factors) were
0.47 ± 0.39 GPa for the smooth gauge specimens and 0.78 ± 0.28 GPa for the
notched ones (90). The difference in these values can be attributed to the difference
in the volume of material that is stressed. Detailed fractographic analyses showed
failures initiating at the bottoms of side grooves left by the etching process. Single-
crystal specimens with holes instead of notches were tested at room temperature
and 1000◦C and showed slightly higher values but the same trend (38). The average
room temperature fracture strength of the smooth specimens was measured to be
0.66 ± 0.12 GPa, whereas the specimens with the circular hole failed at 1.24 ±
0.34 GPa. Almost identical values were obtained at 1000◦C. From these results, one
can conclude that (a) the fracture strength of silicon carbide exhibits a size effect,
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(b) fabrication processes have a strong effect on this strength, and (c) testing small brit-
tle specimens that are difficult to manufacture leads to a high coefficient of variation
(COV).

Taken at first blush, microtensile measurements of size-scale effects on the strength
of brittle materials are best represented by variations in flaw size and distribution; at
the atomic scale the physics of fracture remains the same. Surface flaws dominate and
appear to be much more important than internal microstructure, and the significance
of processing in determining side-wall roughness cannot be overstated.

Strength of Ductile Materials

The yield strengths of ductile materials are governed by intrinsic processes that fa-
cilitate microplasticity and are fundamentally different than the atomic mechanisms
associated with brittle crack propagation. In most cases, the strength of ductile mate-
rials is closely related to the stress required to move dislocations past obstacles and is
not nearly as dependent on the presence of flaws. In this light, it is worth reviewing
the role that both intrinsic and extrinsic size effects have on dislocation activity and
the resultant plastic deformation that occurs in metals and alloys.

Intrinsic size effects. Not all MEMS materials are brittle; electrodeposited LIGA
metallic structures offer a broad range of mechanical properties. To date, the majority
of LIGA structures have been fabricated with electrodeposited Ni, and microtensile
experiments have shown that LIGA Ni possesses good strength and considerable
tensile ductility (59, 66); see, for example, the stress-strain curves in Figure 11, which
were obtained using bowtie-shaped specimens like the one shown in Figure 1c. The
curves in Figure 11 were obtained from specimens that were deposited using different
current densities, and they illustrate how small, often unintentional variations in
electrodeposition parameters can lead to significant property variations. The dramatic
increase in strength shown in Figure 11 is the result of the decrease in grain size
associated with lower current densities. Thermal instabilities, primarily grain growth,
reduce the strength of LIGA Ni at temperatures as low as 200◦C (59, 66), and efforts
to stabilize the microstructure with alloying and dispersions are receiving increased
attention.

The example given above is not an isolated one, as the deposition of metals in
MEMS and other thin film applications often naturally results in nanocrystalline
microstructures. Microtensile tests have proven to be useful for characterizing the
mechanical behavior of nanocrystalline metals (see Reference 92 for a review). These
studies all point to a concomitant increase in strength and loss of ductility associated
with diminishing grain size. There is general recognition that normal dislocation
activity is inhibited at grain sizes below approximately 50 nm, and the emerging
view is that the ductility of nanocrystalline metals is limited by a lack of dislocation
multiplication and the required operation of less efficient deformation processes.
Molecular dynamics simulations suggest that nanocrystalline metals accommodate
external loads through grain boundary sliding and the emission of unit and partial
dislocations that traverse the grain and are absorbed into the opposite grain boundary
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Figure 11
The stress-strain response of electrodeposited LIGA Ni microtensile specimens. Unexpected
batch-to-batch variations in the flow behavior have been traced to changes in plating current
density, which leads to changes in crystallographic texture and greatly reduced grain sizes.
Current densities of 50 mA cm−2 produced specimens with a strong 〈001〉 out-of-plane
texture and an average grain size of 4 μm, whereas 6 mA cm−2 resulted in a weak 〈011〉 texture
and heavily twinned 200-nm grains. Young’s modulus varied with crystallographic texture,
whereas the yield strength of these specimens showed a Hall-Petch dependence on grain size.
The dramatic increase in strength measured in these specimens is associated with the
formation of nanocrystalline specimens.

without multiplying or interacting with other dislocations (93–96). The prediction
of partial dislocation emission is supported by TEM observations of deformation
twinning and stacking fault formation in nanocrystalline Al (81). The overall picture is
consistent with post-mortem TEM observations (44, 97) and in situ X-ray diffraction
experiments (98), which indicate that permanent dislocation networks are not built
up during plastic deformation.

Descriptions of room temperature deformation in nanocrystalline metals have
generally considered their microstructures to be stable, but emerging evidence sug-
gests that the mechanical behavior of these structures is not only different than that
of microcrystalline metals but dynamic as well. Rapid grain growth has been observed
at room temperature (33, 99, 100) and in the absence of thermal activation (cryogenic
temperatures) (101). Gianola et al. (33) have measured the mechanical response of
100–300-nm-thick nanocrystalline Al films, using framed specimens similar to those
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Figure 12
Microtensile stress-strain
curves for submicron
nanocrystalline Al thin films
showing two different types
of behavior. The curve with
the highest strength,
gradual deviation from
plasticity, and limited
ductility is representative of
a specimen that maintains
its nanocrystalline grain
size. By contrast, specimens
observed to undergo
stress-assisted room
temperature grain growth
exhibit lower yield strength,
more pronounced deviation
from linear elasticity, and
regions of extended
plasticity. Although not
shown here, plastic strains
of 40–50% have been
observed (33).

shown in Figure 1a. The process flow for these specimens is described above (see
section on Microspecimen Preparation and Handling). The tests of Gianola et al. (33)
indicate two distinct types of response; representative curves of each are shown in
Figure 12. Microtensile specimens that maintain their nanocrystalline microstruc-
ture exhibit strengths 15–20 times higher than that of coarse-grained Al, gradual
deviation from elastic behavior in the early stages of plastic deformation, and limited
elongation. By contrast, specimens that undergo discontinuous grain growth show
intermediate strengths, more pronounced deviation from linear elasticity, and the
unexpected development of a region of extended plasticity. The grain growth was a
direct result of the applied stress, and its effect on the mechanical response of these
films is unmistakable. Efforts to model this growth with traditional driving forces
have proven less than satisfactory, and the importance of grain boundary pinning and
the role of stress-assisted room temperature grain boundary migration, similar to that
observed by Winning et al. (102, 103) and described by Cahn et al. (104, 105, 106),
appear important (33).

In addition to grain boundary strengthening, the size effects of other intrinsic
microstructural features (e.g., laths, growth twins, precipitates, and dispersions) are
well known and have been studied and discussed extensively; see, for example, the
review by Arzt (107). Their behavior in microscale components is the same as in bulk
materials as long as the salient microstructural features are smaller than the size of
the component. Other, interesting size effects are observed when the dimensions of a
component are reduced below that of the microstructure and the distance over which
deformation mechanisms operate.
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Extrinsic size effects. Extrinsic size effects in dislocation-mediated plasticity are
often classified into two types. One class involves the development of mesoscopic
plastic strain gradients, and the other occurs when external surfaces or boundary
layers interfere with and alter the underlying deformation process.

The importance of strain gradients has been documented by microscale measure-
ments illustrating the fact that many materials are stronger when subjected to nonuni-
form deformation [e.g., torsion (108), bending (109), or indentation (110)] than they
are when uniaxially loaded. The strength enhancement observed in these experiments
is generally attributed to the storage of geometrically necessary dislocations, which
are associated with strain gradients. The constitutive models associated with classi-
cal plasticity theories do not account for this observed strengthening, but Fleck et al.
(108) have suggested a phenomenological description of strain gradient plasticity that
accounts for both rotation and stretch gradients and provides an internal length pa-
rameter that can be used to connect continuum level models with microscale strain
gradients. Physical descriptions of this internal length parameter have proven illusive.
However, an alternative mechanism-based theory for strain gradient plasticity, which
incorporates a Taylor-like description of dislocation interactions and assumes that the
flow stress increases linearly with the density of geometrically necessary dislocations,
has also been proposed and used to model experimentally measured indentation size
effects (13–15).

Uchic and colleagues (47) have developed a unique test platform to explore spec-
imen size effects in bulk materials by employing a FIB to machine cylindrical com-
pression samples into the surface of bulk crystals, as shown in Figure 1e. Samples
with diameters of 0.5–40 μm and aspect ratios of 2:1 to 4:1 are tested in compres-
sion, using a nanoindenter with a flat tip and strain rates of 10−3–10−4 1 s−1. The
results of microcompression experiments on single-crystalline Ni, Ni3Al, and a Ni-
base superalloy point to the effect of free surfaces on the mechanical response of
these materials. Curves for the 20–40-μm Ni specimens were similar to those for
bulk samples, but smaller specimens displayed large strain bursts and considerably
higher flow strengths. Size-scale effects were even more dramatic in the experiments
conducted on Ni3Al, for which strength increased from 250 MPa to 2 GPa. By con-
trast, the microcompression data for experiments conducted on a Ni-base superalloy
were mediated by the underlying microstructure, which contains very fine γ′ precip-
itates that provide internal strengthening and preempt the influence of the external
dimensions.

Greer et al. (111) have reported a dramatic increase in the compressive strength of
Au micropillars with submicron pillar diameters. Their results on specimens made by
both FIB machining and electrodeposition followed by postdeposition heat treatment
indicate that this strength enhancement is not an artifact of the specimen prepara-
tion processes. Similar to the picture emerging for nanocrystalline materials, Greer
et al. interpret their results to be an indication of dislocation starvation unique to
small crystals. In these experiments, the dislocations are believed to run to the spec-
imen free surface and out of the crystal before they have an opportunity to interact
and multiply. Volkert & Lilleodden (112) have also measured size-scale effects in
submicron Au columns and attributed their results to source-limited behavior in
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small volumes. Dimiduk and colleagues (113) have further suggested that the ob-
served size-dependent flow response of single-phase metals is dominated by three
stochastic effects: dislocation generation by a stress-dependent source distribution,
dislocation escape at free surfaces, and dislocation trapping that changes both the
stress-dependent mobile density and source density. This finding holds an important
implication for strain gradient plasticity theories. Dimiduk and colleagues (113) point
out that if dislocation behavior is stochastic in single-phase metals for characteristic
dimensions below ∼20 μm, then size-affected changes in dislocation mechanisms
may be more important than gradient-induced storage of geometrically necessary
dislocations.

Microtensile complements to these microcompression experiments are more diffi-
cult to conduct but are beginning to emerge. Espinosa et al. (54) employed membrane
deflection experiments to obtain stress-strain curves of freestanding vapor-deposited
submicron films of Au, Al, and Cu and reported that the strength of these films in-
creases with increasing width and decreasing thickness. The dependence of grain
size on thickness in vapor-deposited films has been noted by numerous investigators
(see for example References 6 and 33) and may complicate the separation of grain
size and thickness effects. Recently obtained microtensile tests conducted on speci-
mens prepared from bulk single crystals of Au and Mo and with the geometry shown
in Figure 1e also support the microcompression results (C. Eberl, unpublished re-
search). Reducing the gauge diameter of Mo from 20 to 3 μm increased the ultimate
strength from 290 to 550 MPa. Moreover, SEM observations of the surfaces of Au
specimens show a transition from smooth to discrete slip, with an increased amount
of localized shear deformation in the necked region of the smallest samples. The Mo
specimens show evidence of shear localization but no discrete slip steps at the surface,
suggesting a fundamental difference between fcc and bcc metals.

Size effects related to the presence of boundary layers are prevalent in the thin
films literature. For example, Venkatraman & Bravman (114) measured the strength
of Al thin films on a Si substrate with wafer curvature experiments and illustrated
that the strength of the film scales with inverse thickness with successive etch back
steps. Nix (115) proposed a model for this thickness effect that envisions the bowing
of a dislocation between the underlying substrate and an overlying passivation layer
and involves the laying out of dislocations along the film-substrate and film-oxide
interfaces. More detailed extensions of this model and numerous comparisons with
experimental measurements have been forthcoming; see Reference 17 for a review.

Vlassak and coworkers (22, 23) have used a plane-strain bulge testing technique
to deform substrate-free films alternatively in tension and compression. Their exper-
iments on electroplated and sputter-deposited Cu films showed that passivated films
are significantly stronger than unpassivated films and unveiled a strong Bauchinger
effect that increases with prestrain for the passivated films (22, 116). These results
have been compared with discrete dislocation (DD) plasticity simulations (25) that
allow for both dislocation exhaustion and strain hardening and reproduce the trends
found in the experiments. In addition to capturing the Bauschinger effect for passi-
vated films, the DD simulations suggest that, whereas the flow stress of unpassivated
films with sufficiently large grains is independent of thickness, the flow stress of very
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thin unpassivated films and films passivated on at least one side does show an h−1

dependence on thickness.
Taken as a whole, the studies outlined in this section indicate that there is an

intermediate size regime, larger than whiskers and smaller than bulk materials, for
which external size effects play an important role in determining mechanical behavior.
This effect is often regulated by the refined microstructure in commercial alloys,
but for pure metals and single-phase alloys this regime occurs at length scales that
are surprisingly large. The interplay between the underlying deformation processes,
namely dislocation plasticity, and the mesoscale volumetric constraints, whether they
are nanometer-sized grains or micrometer-sized specimens, that govern mechanical
behavior at these length scales is still coming into focus. Discerning experimental
studies and fundamental theories that describe heterogeneous dislocation nucleation,
evolution, storage, and exhaustion are needed. The availability of microscale testing
techniques and advanced materials modeling makes this a rich and exciting area for
future studies.

CONCLUDING REMARKS

The emergence of MEMS technologies and availability of microscale processing tech-
niques for making and shaping micron-sized specimens combined with increasingly
finer techniques for manipulation, loading, and strain measurement have empowered
experimentalists with the ability to probe the mechanical response of increasingly
smaller volumes of materials. This trend toward smaller length scales will undoubt-
edly continue. This review does not report on the absolute smallest tests or purport to
be a comprehensive overview of all microscale techniques but rather emphasizes re-
cent developments in the extension of standard uniaxial tension and compression test-
ing to the microscale. Challenges to microscale testing notwithstanding, these tests
are easiest and most straightforward to interpret, and clear trends are beginning to
emerge to provide a basis for understanding and modeling mechanical behavior at
this scale.

Challenges in microscale fabrication are being addressed with both additive and
subtractive processes. Techniques such as photolithography, vapor deposition, RIE,
LIGA, and electroplating are available in MEMS foundries and can be used to fabri-
cate micro test specimens as well as micro devices. Traditional machining processes are
not applicable, but specialty EDM, laser machining, chemical mechanical polishing,
and FIB milling may be used to create microspecimens from bulk materials. Under-
lying substrates and frame geometries facilitate handling and piezo stages loading.
Grip displacement does not provide an accurate measure of strain, but very promis-
ing noncontact optical techniques have emerged in recent years. The full stress-strain
response can now be obtained from microtensile and microcompression specimens.
Inverse methods for measuring mechanical properties are appealing, but the accuracy
of these measurements is highly dependent on boundary conditions and geometry, and
associated uncertainties currently limit the applicability of such techniques. Elevated
temperature microtensile experiments are being conducted, but such tests are espe-
cially challenging, relatively rare, and represent an opportunity for future research.
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Results from microspecimen tests have provided valuable insight into size-scale
effects on the elastic, brittle, and ductile behavior at the microscale. Fundamental elas-
tic interactions, which depend on atomic-level bonding, do not show a size effect in
MEMS specimens; the moduli measured in microtensile experiments are consistent
with commonly accepted bulk values and can be predicted from anisotropic elas-
tic constants when crystallographic texture is properly taken into account. Reduced
modulus values have been measured in vapor-deposited nanocrystalline metallic thin
films; anomalous grain boundary compliance has been suggested, but the influence
of grain boundary cracks and voids cannot be discounted. Intrinsic fracture tough-
ness is also size independent, but the fracture strength of brittle MEMS materials, as
measured in microtensile experiments, has proven to be extremely dependent on the
size and distribution of flaws, especially surface roughness.

Clear and indisputable measurements point to the presence of both intrinsic and
extrinsic size effects on the strength of ductile materials. These findings imply that
the operation of intrinsic dislocation processes in greatly reduced or confined vol-
umes significantly alters the ways in which dislocations are generated, multiply, and
interact. Models are needed to explain the storage of geometrically necessary dis-
locations during strain gradient plasticity, the change and evolution of dislocation
behavior in nanocrystalline metals, and the stochastic nature of dislocation motion in
micron-sized specimens. Preliminary models have been put forth, but higher fidelity
experiments and models are needed, and this will remain an exciting area of research
for the foreseeable future.

FUTURE ISSUES

1. The advances in both test methods and in the understanding of material
behavior at the microscale have been remarkable over the past 10–15 years,
and one can expect similar, if not accelerated, progress in the future. New
experimental methods and advanced models will address a broad range of
mechanical properties (e.g., fracture toughness, fatigue life, and creep) and
service conditions (e.g., temperature extremes and corrosive environments).

2. Many small-scale components and devices operate at temperatures other
than room temperature. Ranges are from −40◦C to 200◦C for automotive
and space applications and up to 1200◦C for protective coatings. Test meth-
ods that enable tensile testing in these ranges and that should be readily
extendable to measure time-dependent creep properties are beginning to
emerge. Testing at both low and high temperatures has its own special set
of challenges, and progress in test methods is needed.

3. Fatigue life is especially important for certain kinds of MEMS such as radio
frequency (RF) switches and digital mirrors. Research on microscale metal
and ceramic structures is still in its infancy. Questions about how changes
in dislocation activity affect crack nucleation in metallic microdevices and
whether surface roughness accelerates fatigue in ceramic microstructures
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remain to be addressed. MEMS devices may see billions of cycles, and high-
cycle fatigue is especially important. In that regard, the recent introduction
of integrated test methods that operate at 20 KHz (one billion cycles in
14 h) is noteworthy and exciting. The general area of both low-cycle and
high-cycle fatigue at these size scales is rich indeed.

4. Developments in mechanical testing of MEMS materials have spawned
new approaches to study the behavior of other materials at the nanoscale—
witness the integral specimen/test machine approach. One can expect that
other new microdevices will arise and enable the preparation, handling, and
testing of specimens with features down to nanometers. Challenges include
not only the fabrication and actuation of such devices but also imaging and
the determination of stress and strain in such small structures.

5. The ability to measure the strength of ductile single-phase metals with
micron-sized specimens and nanocrystalline specimens has unveiled obvi-
ous size effects with respect to their flow strength. The emerging view is
that dislocation plasticity is fundamentally different in reduced volumes of
materials. The need for new plasticity models that take account of the dis-
crete nature of dislocation slip in finite volumes of material is unmistakable,
and this appears to be a very exciting area for future research.
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