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A nanoindentation-based flat punch method has been developed to determine the stress–strain
behaviour of single micron-sized Ugelstad polystyrene-co-divinylbenzene (PS–DVB) particles in
compression. Five groups of particles with identical chemical compositions but different diameters have
been tested. The diameter of the PS–DVB particles varied from 2.6 mm to 25.1 mm. Constant relative
deformation rate has been applied with two maximum strain levels of 5% and 10%. Results show that the
particle compressive stress–strain behaviour is strongly size-dependent. The smaller the particle size is,
the stiffer the particle behaves. Analyses indicate that the pre-load and adhesion during the flat punch
test play a minor role on the size effect. The presence of a core–shell structure can possibly be a main
contribution to the size effect. Finite element analyses have been carried out to demonstrate this surface
shell effect.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Nanoindentation is now a well-established tool for probing the
mechanical properties, for example, Young’s modulus and hard-
ness, at the micro- and nano-scales [1]. During the indentation, the
indentation load and displacement are simultaneously monitored
and load–displacement curves are recorded. The material hardness
and reduced modulus can be calculated from the contact area
determined by the contact depth using an area function of the
indentation tip and the contact stiffness obtained by fitting the
initial portion of the unloading curve.

One interesting phenomenon, namely indentation size effect
(ISE) was revealed more than 50 years ago [2] but so far the
mechanisms involved are not fully understood. The hardness
defined as the ratio of the applied force to the contact area, is
commonly assumed to be independent of the measurement scale.
But the hardness measured by nanoindentation for certain metals
has been shown to increase with decreasing depth of indentation
size within a range typically less than 10 mm [3]. In fact, every metal
has an intrinsic material length scale, and for indentation depth less
than this, the ISE occurs.

The strain gradient effect [4–6], surface effect [7], non-uniformly
deformed microstructure [3], interaction between the indenter and
the sample [8] are the possible mechanisms for the ISE. The various
mechanisms imply a complicated nature of the ISE. During the last
þ47 735 94701.
g).

All rights reserved.
decade, the theory of strain gradient plasticity (SGP) developed by
Nix and Gao [4] has received attention. In a nanoindentation test,
plastic deformation is confined within a small volume, which
results in a strain gradient. According to Taylor’s dislocation hard-
ening theory, the stored dislocations, which are caused by
a homogeneous strain, and the so-called geometrically necessary
dislocations, which are significantly affected by the strain gradient,
both contribute to the hardness [9].

Most of the studies on the ISE focused on single crystals and
polycrystals. This study will report a new area of the indentation
related size effect, related to mechanical deformation of mono-
disperse polymer particles with low crosslinking density. The
particles are synthesized by the Ugelstad method [10], which is
a well-known and versatile technology for the manufacturing of
monosized polymer particles by a multi-step swelling process. A
large number of monomers can be used, and in this case a combi-
nation of styrene and DVB has been used giving a crosslinking
density of about 2%. The coefficient of variance (C.V.) of the size
distribution is less than 2%, in which C.V. is the scatter of probability
distribution and is defined by the ratio of the standard deviation to
the mean.

Micron-sized polymer particles, of 0.5–100 mm in diameter, are
widely used in food, chemical industries and biotechnology.
Recently there is a growing interest in extending the polymer
particle technology also for microsystem applications by producing
nanostructured polymer particles, especially in Anisotropic
Conductive Adhesive (ACA) [11–15]. As a substitute for compact
metal particles, the polymer core particles increase the compliance
of the interconnection and hence improve the reliability. The
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introduction of ACA technology can also contribute with reduced
package size, lower assembly temperature, and possibly lower cost.
For lager particles used for Ball Grid Arrays (BGA) and Chip Scale
Packaging (CSP) there is also a significant advantage in terms of
reduced environmental impact [16–19]. The functional perfor-
mance in these applications is strongly connected to the contact
area, which is coupled to the deformation level. Therefore, the
mechanical properties of polymer particles are of crucial impor-
tance. However, mechanical characterization of single micron-sized
particles possesses great challenges, due to the inherent complexity
of the spherical geometry and the large deformation involved.

Polymer particles have been used to reinforce the bulk proper-
ties of composite materials. The effect of particle size on the bulk
mechanical properties of concrete [20], high-impact polystyrene
[21–23], polymer blends [24,25] and polymer latex [26] has been
studied extensively. Recently, the mechanical properties of bulk
polymer materials reinforced with polystyrene and poly(butyl
acrylate) core/shell particles with sizes in tens of nanometers have
been reported [27]. The mechanical behaviour of the bulk polymer
was found to be strongly influenced by the particle size and the
distribution of the composing polymers.

In the present study, the effect of the particle size on the
mechanical properties of single particles has been studied. Five
groups of commercially available polystyrene-co-divinylbenzene
(PS–DVB) particles (Dynospheres�, Invitrogen Dynal AS, NO) with
identical chemical compositions but different diameters have been
tested using a nanoindentation-based flat punch method. The
particles have the same synthesis procedures and chemical
compositions but different diameters. The diameter varied from
2.6 mm to 25.1 mm. The nominal compressive stress–strain behav-
iours of particles are obtained from nanoindentation-based flat
punch test results. The effect of the particle diameter on the
compressive stress–strain behaviour is analyzed experimentally
and the nature of the particle size effect is discussed.

2. Experiment

2.1. Materials

The five groups of polymer particles are made of the same
chemical compositions: 98% polystyrene crosslinked with 2%
divinylbenzene by Ugelstad method. The diameters of the particles
are 2.6 mm, 5.1 mm, 15.3 mm, 20 mm and 25.1 mm. The C.V.s of the size
distribution are 1.7%, 0.8%, 1.2%, 1.6% and 1.0%, respectively. The SEM
photographs of the smallest and largest particles are shown in
Fig. 1. The dry particles are dispersed in 95% industrial ethanol. The
very diluted dispersion is exposed to a high frequency ultrasonic
vibration to redisperse the particle clusters. A drop of the ethanol–
Fig. 1. SEM photographs of (a) the smalles
particle suspension is placed on a bare silicon chip
(10�10� 0.5 mm). The specimens are then conditioned in a clean
environment for a specific period of time to remove any ethanol left
in the particle.

2.2. Apparatus

The indentation tests are performed using a nanomechanical
testing system (TriboIndenter� Hysitron Inc., MN., USA) which has
a standard mode and a multi-range mode. The standard mode can
reach a maximum load capacity of 10 mN and a maximum inden-
tation depth of 5 mm with a load and displacement resolution of
1 nN and 0.1 nm, respectively. The multi-range mode has
a maximum load of 4 N and a maximum indentation depth of
80 mm with a load and displacement resolution of 500 nN and
2 nm. For the polymer particles in this study, a diamond flat punch
with 100 mm in diameter was used.

The flat punch is cleaned to remove external impurities such as
dust before testing. The flat punch in this experiment requires
precise calibration, especially flat punch planarity. The planarity
calibration is evaluated by the indents produced by penetration
into a polished indium surface. A clean, 100 mm diameter circle
impressions well pressed on the surface of the polished indium are
required for a flat punch to be acceptable. The relatively tip-optics
position is also accurately calibrated through the indents on the
polished indium.

2.3. Method

Using the optical microscope, single particle with a sufficient
distance (>75 mm) to its closest neighbour is located and used for
the indentation tests. Fig. 2 illustrates the contact between a rigid
flat punch and a single PS–DVB particle. All indentation tests are
performed in air and at room temperature (23 �C). The room
humidity is kept constant about 30% through an air ventilation
system. The displacement controlled mode which operates the
indentation depth versus time is selected in order to control the
nominal strain rate for each group of particles. Two deformation
levels, 5% and 10% with corresponding nominal strain rates of 0.01/s
and 0.02/s with reference to particle diameter, have been applied to
all the particles. A typical test is completed in 12 s where the testing
displacement function consists of a linear displacement-increasing
segment for 5 s, a 2 s displacement-holding segment, and linear
displacement-decreasing segment for 5 s. The heat drift of
displacement is monitored for 40 s at pre-load 1 mN, and the drift
rate calculated by fitting a straight line to the drift displacement
versus time graph during the latter 20 s is used to correct the
resulting data. For every group of particles, at least three individual
t particle and (b) the largest particle.
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Fig. 2. Schematic plot of the flat punch test (a) and model description (b).
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particles are tested in order to check uniformity of particle prop-
erties and the repeatability of the results.

Both the standard mode and the multi-range mode are applied.
The standard mode is used for testing all the particles up to 5%
deformation. For the 10% deformation, multi-range loading mode
must be used on the two largest groups of particles. Since two
loading modes are involved, it is essential to calibrate the system
such that both the standard mode and the multi-range mode yield
identical results. The typical indentation force-depth results from
the two loading modes with a deformation up to 20% for the
15.3 mm diameter particles are shown in Fig. 3. The results are well
matched; however, the curve obtained by the multi-range mode is
less smooth due to its inferior feedback system compared with the
standard mode. Fig. 3 indicates that it is reasonable to believe that
the both loading modes give the same results.
3. Results

Load–displacement curves are obtained for all PS–DVB particles
at two deformation levels, 5% and 10% deformation are shown in
Fig. 4(a) and (b), respectively. In Fig. 4(a), every group of particles
is compressed to a maximum of 5% deformation and represented
by four indentation curves. In Fig. 4(b), each group has three
indentation curves and is loaded to a maximum of 10% deforma-
tion. The loading segments of each group of particles at the same
deformation level are found to be quite repeatable and consistent.
This is in contrast to typical bulk polymer materials where
mechanical properties show a significant scatter due to variations
in microstructure, anisotropy, molecular weight, crosslink density,
etc. [28]. Thus, the highly consistent load–displacement curves
demonstrated for every group of the PS–DVB particles indicate
a very homogeneous material including size distribution, micro-
structure, chemistry and molecular weight. At the same time it also
Fig. 3. The loading curves of the 15.3 mm diameter particles with different load
modes.
gives confidence to the experimental setup and reproducibility. To
reach 10% deformation the two bigger particles have to be tested
using the multi-range mode, and the curves are slightly bumpy, but
the trends are very similar to those using the standard mode.

During the large deformation compression, the volume and
Poisson’s ratio of the polymer particles may change continuously
with the deformation because of the spherical geometry. It is not
possible to obtain the true stress–strain behaviour of particles from
those conditions. To compare the mechanical properties of particles
with different sizes, the nominal compressive stress–strain
behaviours have been used. These are obtained by normalizing the
force to the initial cross-section area and the displacement to the
initial diameter of particles [29]:

sc ¼
P

pR2 (1)

3c ¼
2u

D
¼ u

R
(2)

where sc is the nominal compressive stress, 3c is the nominal
compressive strain, P is the contact load, D is particle diameter, R is
the initial particle radius, and u is the half deformation of the sphere
(Fig. 2(b)). The nominal compressive stress–strain curves of the five
groups of particles at two deformation levels are displayed in
Fig. 5(a) and (b), respectively. The focus of this study is the loading
part and the unloading stress–strain curves are omitted in Fig. 5.

From the continuum mechanics point of view, stress–strain
behaviour is one of the constitutive properties of materials. For
particles with different sizes but same chemistry and same strain
rate, all the stress–strain curves should collapse into one. But Fig. 5
clearly shows that the compressive stress–strain behaviours of
particles are strongly size-dependent, the smaller the particle size,
the harder the particles. The smallest particle is the hardest while
the biggest particle is the softest. With the increase of particle size,
the size dependence of compressive stress–strain behaviour
diminishes gradually.

The nominal compressive stress of all the five groups of particles
at 4% deformation level with strain rates 0.01/s and 0.02/s is plotted
in Fig. 6, in which the compressive stress is normalized by the
corresponding value of the smallest particle. Particles display
distinct size effect at both stain rates. The compressive stress of the
biggest particle is almost 50% lower than that of the smallest
particle at a strain rate of 0.01/s. As the strain rate increases to
0.02/s, the size effect becomes even more pronounced. The size
effect also seems to have different trends depending on the strain
rate. With the smaller strain rate, the size effect is most evident for
the two smaller particle sizes, whereas for the larger strain rate the
size effect is more evenly distributed.
4. Discussion

The existing theories for indentation size effect are mainly based
on dislocation movement and cannot predict the behaviour



Fig. 4. Indentation load–displacement curves of five group particles (a) at 5% deformation with 0.01/s strain rate and (b) at 10% deformation with 0.02/s strain rate.
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observed for the polymer particles. The deformation mechanisms
in polymers are very different from metals due to the absence of
dislocations. There are three types of solid polymer behaviours
[30]: brittle fracture behaviour, yield behaviour and rubber-like
behaviour. Brittle fracture behaviour is characterized by no
apparent yield point and obeys Hooke’s law at low strain level.
Yield behaviour exhibits a maximum point followed by strain
softening, usually associated with crazing or shear banding which
leads to ductile fracture. Rubber-like behaviour is characterized by
a plateau in the stress–strain curve. Polystyrene as linear (non-
crosslinked) polymer is known to exhibit brittle fracture causing
crazing under tensile stress, however, the same material shows
yield behaviour displaying shear banding in compression. Crazing
deformation is a localized yielding behaviour and can be observed
as a whitening of the polymer in the region of maximum defor-
mation. The volume of the polymer increases through formation of
micro-cracks, which are bridged by polymer fibrils. Shear banding
deformation which is highly dependent on temperature and strain
rate is characterized by planes of slip at 45� to the direction of stress
and involves the local orientation of the polymer. In contrast, PS–
DVB has the microstructure of the crosslinked network, which
deforms by the slip of flexible chain. The crosslinking is important
to avoid the inter-chain slip. The crosslink density should not only
be in a certain range to keep away from the inter-chain slip but also
have an enough space between two crosslink points to allow a good
deformability.

For the PS–DVB particles there are possibly many factors
contributing to the size effect. The experimental method itself may
bring some uncertainties to the results. For instance, the pre-load
used for determining the zero contact surfaces on the nano-
indentation sample is applied to the particles before indentation.
Given that the particles do not fully recover after this pre-load, the
indentation does therefore not begin from a perfect point contact
but with a finite contact area, which will have significant influence
at small deformations. Similarly, the adhesion between the soft
polymer particle and the rigid flat punch or the substrate could
pose a similar effect. During synthesis of PS–DVB particles from
water suspension there has been observed a ‘‘core–shell’’ structure
[31] on the particles by TEM. In the shell, the crosslink density is
much higher than that in the inner particle. This surface shell effect
might be prominent for smaller particles.

In the following, potential factors both in the particle synthesis
and in the experiments are analyzed in order to clarify the mech-
anisms of the observed size effect.
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and (b) at 10% deformation with 0.02/s strain rate.
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4.1. The effect of pre-load

One of these factors is caused by the factory settings of the
Hysitron TriboIndenter. During the nanoindentation, the flat punch
will first contact the particle using a certain pre-load and define
the corresponding height as the indentation starting contact point.
The instrument keeps a defined pre-load for a certain time, and
uses the acquired information to determine the thermal drift of the
system. Before starting the indentation, the machine retracts a
certain distance. However, the particle might not fully recover
after the pre-load cycle, meaning that the indentation starts from
an already deformed particle. The induced stress sD during the
pre-load is given by:

sD ¼
Pr

pR2 (3)

Using the Hertz equation [32], the corresponding strain 3D can be
calculated as:

3D ¼
�sp

E

�2=3
¼
�

Pr

ER2

�2=3

(4)

where Pr is the pre-load which was set to 1 mN for all the particles
and for both standard and multi-range modes. R is the initial
particle radius as shown in Fig. 2(b). E is the reduced modulus
defined as E ¼ 4=3½ð1� n2

1Þ=E1 þ ð1� n2
2Þ=E2��1, in which, E1, n1 and

E2, n2 are the elastic moduli and Poisson’s ratios of the two con-
tacted objects, respectively. The diamond is a rigid body therefore
the contribution of the diamond flat punch can be regarded as
negligible. The silicon substrate used in the experiment has the
following characteristics, ESi¼ 150 GPa [33] and nSi¼ 0.27 [34]. For
the PS–DVB particle, the elastic modulus and Poisson’s ratio are
both unknown, so the empirical values EPS¼ 1.5 GPa and nPS¼ 0.33
[29] are used in the analysis. With an E-modulus two order of
magnitudes higher than the polymer also the contribution from the
substrate can be regarded as negligible. Obviously the constant pre-
load has the largest effect on the 2.6 mm diameter particle. Using
the values above, the strain, 3D, imposed onto the smallest particle
during the pre-load is found to be 4.14�10�3 which is maximum if
there is no recovery.
4.2. The adhesion effect

The contact of an elastic sphere with an undeformed flat plane is
of interest since the interaction between them is applicable in
problems such as post-chemical mechanical polishing cleaning [35]
and the thermal and electrical conductivities between contacting
rough surfaces [36] and more specifically in applications like ACA
where metal-coated polymer particles are compressed between
two contact pads. Two basic adhesion models have been suggested
in the literature. One model developed by Johnson, Kandall and
Roberts, known as JKR model [37] assumes that attractive inter-
molecular surface forces are confined to the area of the contact, is
more suitable for large radius compliant solids. The other model by
Derjaguin, Muller and Toporov, known as DMT model [38] is based
on calculating the attractive forces outside of the actual contact
area, and is suitable for small high modulus spheres. The improved
DMT adhesion model [39] shown in Fig. 2(b) is employed to study
the adhesion induced pre-strain.

According to the Lennard–Jones interaction potential [40], the
attractive pressure outside the contact region P(Z) is equal to:

PðZÞ ¼ 8
3

Dg

d

"�
d

Z

�3

�
�

d

Z

�9
#

(5)

where d is the intermolecular distance about 0.3–0.5 nm, Z is the
local separation and Dg is the energy of adhesion given by
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Dg ¼ g1 þ g2 � g12 (6)
g1 and g2 are two unattached surface energies before contact and
g12 is the interface energy during contact. The values of surface
energy for various metals can be found in literature [40], but it is
difficult to get the exact interface energy for polymer and diamond
or silicon.

The adhesion force can be expressed as:

Faz2pRDg (7)

Therefore the adhesion induced stress and pre-strain is calculated
by:

sa ¼
Fa

pR2 ¼
2Dg

R
(8)

3a ¼
�sp

E

�2=3
¼
�

2pDg

ER

�2=3

(9)

From the above equations it can be seen that the adhesion induced
stress and strain depend on the particle size. Due to lack of values
for the energy of adhesion for the present materials, the solution of
the energy of adhesion is taking the empirical energy of adhesion
25 mJ/m2 [41] as reference and arbitrary duple and quadruple
values are also considered. The pre-strain is estimated using the
following values for energy of adhesion: 25 mN/m, 50 mN/m and
100 mN/m. For the smallest particle, 2.6 mm in diameter, the
adhesion induced pre-strain will be 1.98� 10�3, 3.14�10�3 and
5.00�10�3, respectively.

Therefore, the maximum accumulative pre-stain from pre-load
and adhesion is about 1% for the smallest particles. For the other
four groups of particles, the accumulative pre-strain should be
much smaller than that of the smallest particle. To examine the pre-
strain effect, 1% accumulated pre-stain is addressed on the 25.1 mm
particle. By neglecting the pre-strain of the largest particles and
taking their stress–strain curves as a reference curve, the effect of
pre-strain can be illustrated by translating the reference curve by
the amount of pre-strain in Fig. 7. The curve marked ‘‘no pre-strain’’
in the reference curve is from experiment and the curve with 1%
pre-strain is obtained by directly translating the ‘‘no pre-strain’’
curve to a new origin which is the corresponding point at 1% strain
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Fig. 7. The effect of estimated accumulative pre-stain 1% on the 25.1 mm diameter
particles.
in the reference curve. It can be observed from Fig. 7 that the
compressive stress–strain curve with 1% pre-strain rises only
slightly compared with the stress–strain behaviour without pre-
strain. It can be concluded that the effect of pre-load and adhesion
on the size effect of PS–DVB particle is of secondary nature.

4.3. The surface effect

During particle preparation, polystyrene is crosslinked with
divinylbenzene by an activated swelling method [42]. The degree of
crosslinking modifies the microstructure of the polymer and
influences the polymer properties strongly. Increasing the crosslink
density can result in more heterogeneous and porous polymer [43].
The structure of a slightly crosslinked polymer seems much more
homogeneous and resists larger deformation than the structure of
a strongly crosslinked one. Typical techniques employed to
measure crosslink degree are based on the measurement of equi-
librium swelling by sedimentation in the analytical ultracentrifuge.
The degree of swelling is used directly as a relative measure of the
degree of crosslinking, but which do not provide spatially resolved
information but rather bulk averages [44].

The average crosslink density of the tested PS–DVB particles is
assessed through the measurement of the swelling degree in
toluene. All five particles have the same swelling degree. The local
crosslink density in PS–DVB particles is a result of the local distri-
bution of divinylbenzene. If the crosslink distribution is not
uniform in shell and core, the presence of the surface shell comes to
existence. The surface shell mentioned here is different from the
metal coating on the particle surface. There will be no sharp
interface between the shell and the core. This surface effect might
result from different hydrophilicities of the monomers involved, or
due to different kinetics of the chemical reaction due to the
correlation of the diffusion and crosslink reaction rate, and induce
the gradient of crosslink distribution within a particle size-depen-
dent thickness. So this crosslink distribution does influence the
mechanical properties to a certain extent but it is difficult to make
quantitative assessment.

Hereby the finite element analyses using ABAQUS [45] have
been carried out to estimate the influence of the surface shell effect.
The linear elastic material is assumed and axisymmetric elements
are used to model particles. Axisymmetric analytic rigid surface is
used to model the diamond flat punch. Only 5% deformation level is
considered. The assigned Young’s modulus E and Poisson’s ratio n

for the particles are 1.5 GPa and 0.33, respectively. Different sets of
shell thickness and Young’s modulus are applied to get the corre-
sponding compressive stress–strain behaviour.

The finite element solutions of the compressive stress–strain
behaviours for five groups of particles at maximum 5% deformation
are obtained with three sets of thickness and Young’s modulus of
the surface shell. The Young’s modulus of particle core is kept
constant 1.5 GPa. The normalized compressive stresses of five
groups of particles at 4% deformation are presented in Fig. 8 from
both experiment and the finite element results with 0.01/s strain
rate. When the surface shell has the same elastic properties as the
polymer core, namely both surface shell and polymer core have
identical Young’s modulus, the size effect disappeared and a hori-
zontal line is obtained as in Fig. 8. This coincides with the viewpoint
of continuum mechanics. Once the surface shell is assigned
different property to the polymer core, the particles display an
explicit size dependence. When the thickness and Young’s modulus
of the surface shell are assigned to 100 nm and 30 GPa where this
Young’s modulus value is totally unrealistic for polymer, the cor-
responding finite element solution agrees with the experiment
results quite well. But this 30 GPa Young’s modulus of the surface
shell is obviously hypothetical. In the case of 300 nm thickness and
5.5 GPa Young’s modulus of the surface shell, the modelling result
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would do an equally good fit with the experimental results. It
should be noted that there are no experimental data available to
support or disapprove the shell properties used. Nevertheless, the
finite element simulation demonstrates that the hypothesis that
a surface shell can play a significant role on the particle size effect is
tenable.

Finally it should be mentioned that the liquid surface tension
caused by absorption of water on the different surfaces has been
neglected in this work. The assumption that particle is a perfect
sphere after sample preparation has been made.
5. Conclusion

By using a nanoindentation-based flat punch test method, the
mechanical properties of five groups of PS–DVB particles have been
studied. The particles are made of same chemical compositions but
different sizes, 2.6 mm, 5.1 mm, 15.3 mm, 20 mm and 25.1 mm in
diameter. The nominal compressive stress–strain curves are
calculated from the indentation load–displacement results. The
particle stress–strain behaviour up to 5% and 10% deformation is
considered. The results demonstrate that nominal stress–strain
behaviour of the PS–DVB particles have significant size depen-
dence: the smaller the size, the harder the particles.

The potential influencing factors on the mechanisms of the
particle size effect are analyzed. The accumulative pre-strain
induced by the presence of pre-load and the adhesion between the
soft particles and the silicon substrate or the rigid flat punch seems
to be of secondary nature in the size effect. The surface shell in
which there is a different crosslink distribution resulting in distinct
material properties from the particle core can possibly be used to
explain the size effect. Further experimental investigation is
necessary to verify the mechanisms of the particle size effect.
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