International Journal of Scientific and Research Publications, Volume 10, Issue 9, September 2020
ISSN 2250-3153

899

Size Effect on Mechanical Properties and Mechanical
Behavior of Micron-Sized Amorphous Particles
S.O.B Oppong, L. Gyansah and Michael Acquaye
Regional Maritime University, Ghana
DOI: 10.29322/IJSRP.10.09.2020.p105110
http://dx.doi.org/10.29322/IJSRP.10.09.2020.p105110

Abstract- Amorphous micron-sized particles were subjected to a
quasi-static compression. A nanoindentation flat punch method
has been developed to determine the contact pressure–strain
behaviour of single micron-sized amorphous particle. Four groups
of particles with same chemical compositions but different
diameters were tested. Particle diameters varied from 3.36 µm to
10.05 µm. Three maximum strain levels of 20 %, 30 % and 40 %
at constant deformation rate have been applied in the plastic
regime. Existing contact mechanics models were discussed and
applied to the elastic and plastic regime. The results demonstrate
that contact pressure–strain behavior of the amorphous particles in
the plastic regime have significant size dependence; the smaller
the particle size, the harder the particle behaves. The smaller
particles yielded at higher contact pressures. A deflection point
that separate elastic regime from plastic regime were observed in
the contact pressure-strain curve of the single particle. Cracks in
meridian planes exhibit slabbing or axial splitting and seem to be
guided around a core structure. A shape pressure drop was
observed in the contact pressure-strain behavior of the particle.
The elastic range is seen to be much smaller as compared to the
plastic range. Stress converges at approximately 4.2 GPa in the
plastic-dominant region.
Index Terms- Amorphous particles, size effect, nanoindentation
flat tip method, plastic regime

I. INTRODUCTION

S

ignificant advancement is achieved in finding and fabricating
diversified novel nano materials through the use of
nanoindentation. Nanoindentation is currently established tool for
investigating the mechanical properties of micro- and nano-scales
[1-2]. Recently, micron-sized particles are recently being used in
electronic packaging and Anisotropic Conductive Adhesive
(ACA) [3-5]. During the indentation process, load–displacement
curves are monitored and recorded. Mechanical properties such as
hardness, reduced modulus and material stiffness can be computed
from the contact area determined by the contact depth using an
area function of the indentation tip. However, technical processes
such as ceramic processing, powder tableting and fluidization
make use of powders of micron-sized particles [6-11]. It has also
being found that nanoindentation has profound societal influence
on our world economy and socio-economy development in the
area of materials and manufacturing, nanoelectronics, medicine
and healthcare, energy, biotechnology, information technology,
and national security. Recently, there have been other indentation

phenomena known as indentation size effect (ISE) [12, 31]. This
was revealed more than fifty years ago; however, the mechanisms
involved are not fully understood. In indentation size effect theory,
hardness measured by nanoindentation for most materials turns to
increase with decreasing depth of indentation size within a range
typically less than 10 mm. This phenomenon is known as
indentation size effect. Particle technology has emerged as one of
the research area in the study of mechanical properties, however,
the development of it is hindered with great challenges that
comprises of development of physical models for engineering
systems where particles are in contact [11, 13, 14]. Predictive
models are important in designing and modeling of particulate
processes for unit operations. The challenge is to prognosticate
what mechanical properties such as throughput and energy
consumptions can succumb to operational parameters in
particulate processes. Such operational parameters have
significant effect on the mechanical properties of the particles.
There have been some progresses in the determination and
purposefulness of particle properties in scientific research.
Notwithstanding, probing into mechanical properties of particles
such as surface effect, composition, dislocation etc. are still in the
neonate stage [12, 15, 16]. Recently, the renowned theory of strain
gradient plasticity (SGP) evolved by Nix and Gao [17], surface
effect of particles [18], uniform deformed and non-uniform
deformed microstructure have received rapid attention. Other
functional properties of particles have been modeled using
computational fluid dynamics approach and also by means of
particle trajectory simulation of particulate systems [14, 15].
Mathematical models that can approximate microsphere in the
plastic regime were postulated by Mook et al [14, 19]. Mook et al,
approximated the behavior of amorphous particle to that of a barrel
shape by a cylinder, an assumptions which works for large
deformations [14, 19]. The model considered and accounted for
the cylindrical shape and volume conservation which paved way
for the contact radius to be computed. This model is popularly
known as the Mook model [19]. Another particle technology
mathematical model is the Hertzian theory [19, 20-23]. Hertzian
theory models high loads and small deformations in the linear
elastic regime of isotropic solids. Heinrich Hertz in 1882,
successful evolved the first theory of non-adhesive point and line
contacts of elastic solids [20-23]. The theory predicts the
correlation of engineering equations that mimic particle
trajectories and its related mathematical models such as applied
load, strain, pressure and contact area and enables the computation
of Young’s modulus and Poisson’s ratio. Hertz assumed a small
elliptical contact area between the two solids and approximated

This publication is licensed under Creative Commons Attribution CC BY.

http://dx.doi.org/10.29322/IJSRP.10.09.2020.p105110

www.ijsrp.org

International Journal of Scientific and Research Publications, Volume 10, Issue 9, September 2020
ISSN 2250-3153

each contact partner by an elastic half-space with a plane surface.
The half-space approximation developed by Hertz is habituated to
contact mechanics and limited to the application of solutions of
elasticity theory. Nonetheless, the model of Oliver and Pharr was
developed for the application in traditional nanoindentation
experiments and did not considered any significant effects
generated by the particle shape and its finite volume [24, 25].
However, there were limitations to O1iver and Pharr model. These
limitations were curtailed by the introduction of the Johnson’s
model [1, 19, 26, 30]. Johnson model accustomed Hertzian theory
to anatomize the unloading process to limit complications that
may appear at large deformations due to interference of the contact
stress fields. Other models such as Abbott and Firestone model
[19, 27], Etsion model [19, 28] and Li model [19, 29], offer similar
solutions to the limitations of the Oliver and Pharr model. In those
models, it was assumed that fully plastically deformed
microsphere loaded with a maximum force, will recover
elastically when unloaded and the particle will increase effective
radius of curvature due to plastic deformation. Their solution is
universal for nanoindentation process comprising of the loading
and unloading processes. In the last decades, size effect of
mechanical properties of PS-DVB micron-sized polymer particles
in the elastic regime has been studied by He et al [32].1n this
paper, we focus on size effect in the plastic regime on mechanical
properties and mechanical behavior of amorphous particles.
Amorphous particles are taking trend now in particle technology.
According to Paul J etal [7], the mechanical properties of a single
particle have significant structure-property correlations. Crack
propagation happened when particles were subjected to significant
increase in load without particles separating into pieces [7]. Paul J
et al found out that crack propagation through the particle is
strongly size dependent. However, despite the aforemensioned
applications of particle technology, mechanical properties and
mechanical behavior of a spherical micron-sized particle are
mostly unknown. Unlike other bulk materials, where stress-strain
behavior are mostly known, particle dynamics and it associated
stress-strain behaviors are unknown. It is therefore pertinent to
study structure-property correlations of individual particles and
model the behavior of such particles. In this paper, nanoindenter
machine was used to probe the mechanical properties of the single
particle at different particle sizes. We employed the Hertz and
Mook models [13, 14, 21] to study the size effect and mechanical
behavior of the particles. The procedure to characterize the
mechanical particle properties consist of localizing the position of
individual particles and the application of micron or nano-forces
to cause deformation to the particles [33-37]. The objective of this
paper is to study size effect plastic regime on mechanical
properties and mechanical behavior of micron-sized amorphous
particles. Amorphous micron-sized particles on a silica substrate
were subjected to a quasi-static compression. A nanoindentation
flat punch method have been developed to determine the contact
pressure–strain behaviors of single micron-sized amorphous
particle. Four groups of particles with same chemical
compositions but different diameters were subjected to micro-
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compression. Particle diameters varied from 3.36 µm to 10.05 µm.
Three maximum strain levels of 20 %, 30 % and 40 % at constant
deformation rate have been applied in the plastic regime at a quasistatic strain rate of 0.025 and 0.05/s mainly to observe the size
effect. Existing contact mechanics models were discussed and
applied to the elastic and plastic regime.

II. EXPERIMENTAL SETUP
1.1.1.

Sample Preparation and Methods Used
The Amorphous micron-sized particles used for the
experiment were obtained from Xiamen University and were used
as received. Energy dispersive spectroscopy (EDS) was conducted
to ascertain the chemical elements of the particles (Fig.1.). Table
1 shows the chemical elements of the particle. The Amorphous
particles consist of Iron as major element and Silicon, Cobalt,
Copper and Niobium as minor chemical elements.
A 12 mm x 12 mm x 0.5 mm Silicon substrate were cleaned
in Ethanol and Acetone using high frequency ultrasonic vibration.
A 2 mg of micron-sized particles were measured using weight
balance machine and dispersed in an Ethanol for 10 minutes. At
exactly 10 minutes, drops of the solution containing the particles
were dispersed on a 12 mm x 12 mm x 0.5 mm Silica substrate and
the diluted dispersions were exposed to ultrasonic vibration to
reallocate the positions of the particle array. The Silicon substrates
are positioned in a clean environment for thirty minutes for amble
drying of the particle in respect to the removal of the remaining
Ethanol left in the particles before scanning electron microscopy
(SEM) observation. The particles were sputter-coated to initiate
conductivity prior to SEM analysis. The SEM micrographs of the
smallest and larger particles are illustrated in Fig.2a. Several
particles were polished using P5000 abrasive paper and the
internal morphologies of particles were observed with SEM and
electronic microscope before mechanical testing (Fig.2b, c and d).
The observed polished microspheres (Fig.2b) in epoxy no
evidence of core-shell feature, no hollow feature, indicating that
the particle is not a balloon and no internal cracks (Fig.2c and d)
were observed within the particles. Four groups of particles with
identical chemical compositions but different diameters have been
tested. The diameters of the Amorphous particles varied from 3.36
µm to 10.05 µm. The particles with aspect ratio (i.e. Sphericity)
and C.V.s (i.e. coefficient of variance) of the size distributions
were measured to be one and zero respectively. 4.37 µm particles
were also cleaned with Ethanol and subjected to
microcompression to observe the mechanical behavior.
Differential Scanning Calorimetry (DSC) tests were performed on
the particle. For DSC experiment (Fig.3.), Aluminum pan of
melting temperature (Tm) of 660 ˚C were selected as a reference
material. A constant cooling and heat rate of 20 K/min were used
for the DSC experiment. The room temperature was 22.49˚C.
DSC-2000 Machine was used for the experiment. It has a
temperature limit of 750˚C. DSC test shows the particle is
Amorphous.
Table 1. Major and Minor Elements of the Tested
Particles
Chemical Elements
Composition (wt %)
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Si

6.40

Fe

70.31

Co

10.72

Cu

14.83

Nb

1.39

Total

100 %
Fig. 1. EDS image of the particle after polishing as a
confirmation of the Chemical Elements in Table 1

Fig. 2. (a) SEM Micrographs of the smallest particles, broken particles and largest particles (b) Polished
microspheres in epoxy no evidence of core-shell feature (c) Polished microsphere shows no hollow feature,
indicating that the particle is not a balloon. (d) No internal cracks were observed within the particles.
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crystallization peak

Tx

Fig. 3. Shows the DSC Curve for 21mg particles. The crystallization temperature Tx is also characterized by crystallization peak. Tx
was measured to be 562.17 ˚C. Crystallization temperature and the crystallization peak are characteristics of amorphous material. This
confirms that the particle is Amorphous. The particle did not show any meaningful glass transition.

The microcompression tests are performed using an Agilent
Nano Indenter G200 (Agilent Technologies, Inc. 2013, USA).
Agilent Nano Indenter G200 is user-friendly instrument for
nanoscale mechanical testing. It has the depth-control mode and
strain-control mode features. For this experiment, the depthcontrol mode was utilized. The depth-control mode is controlled
by the indentation depth. The depth-control mode has a maximum
indentation depth of 2 µm and a maximum load capacity of 500
mN. It has displacement and load resolution of 0.01nm and 50 nN
respectively. A flat tip diamond indenter of size 50 µm was used
for the experiment. To achieve unparalleled dynamic range in
force and displacement, the indenter planarity has to be calibrated.
This is achieved by indenting severally into a polished aluminum
surface. For experimental certainty, a clean 50 µm impression on
the surface of the aluminum is a threshold for planarity
acceptability. Once planarity of the indenter tip is achieved, the
flat tip indenter is cleaned from dust for mechanical testing to
begin. The optical and it position is also calibrated by observation

(a)

of its resolution on the indent surface of the aluminum. Using the
optical microscope, an appropriate distance greater than 50 µm
between two particles is observed and a single particle is located
for the commencement of the mechanical microcompression test.
A schematic diagram (Fig.4.) shows a model of a rigid flat punch
in contact with a single amorphous particle. Schematic Plots
(Fig.5.) of the particle behavior at different stages which describe
the Hertzian and Mook model. The Mook model [14, 19] was used
to analyze the contact pressure-strain curves since it is valid in the
plastic regime where strain (Ɛ>0.1).
All microcompression tests were performed at room
temperature (24 ºC). 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. Strain
rates were 0.05/s and 0.025/s at speed of 10 nm/s, peak hold is 2s
for creep, loading and unloading time is 3 minutes, 20 seconds.
Total indentation depth is 2000 nm for all selected particles.

(b)

Fig. 4 (a) Model of Flat Punch Test and (b) Enlarged Model Description of Particle
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(b)
(c)

Fig. 5. Schematic Plot of the particle behavior at different stages (a) Hertzian model is valid in elastic regime where strain
(Ɛ<=0.1) only, (b) and (c) Mook model valid in the plastic regime where strain (Ɛ>0.1).Where the particle turns to be more
barreled shaped. Indication of ductile failure in particle deformation.
After compression of individual particles, two deformation
levels 30 % and 40 % were applied in the plastic regimes which
correspond to strain rates of 0.025/s and 0.05/s with reference to
particle diameter. For mechanical behavior of 4.37 µm, a quasistatic strain rate of 0.05/s was used. Hundreds of particles have
been compressed to ascertain the accuracy of the results. All
particles were compressed to indentation depth of 2000 nm.

PC 

Force–displacement curves are obtained for all selected
amorphous particles at two quasi-static strain levels of 0.025/s and
0.05/s at same indentation depth of 2000 nm respectively as shown
in Fig.6 (a) and (b). In Fig. 6 (a), the particles were compressed to
a maximum indentation depth of 2000 nm and the experiments
were repeated severally to ascertain it accuracy. In Fig. 6 (b), the
particles were also subjected to a maximum indentation depth of
2000 nm and the tests were repeated periodically for experimental
certainty. It could be seen that the force-displacement behaviors of
Fig.6 (a) and (b) for all four different sizes of particles are quite
similar, repeatable and consistent. As compared to typical bulk
amorphous materials, disparities in microstructure, anisotropy and
molecular weight can caused significant variations in mechanical
properties [38-40]. Hence, the coherent force–displacement curves
substantiated by individual particle at the same indentation depths
denote a very homogeneous material including size distribution,
microstructure, composition and molecular weight. In addition, it
denotes confidence to the experimental certainty and precision.
During the microcompression, the volume and poisson’s ratio of
the amorphous particles may change incessantly with the strain
because of the spherical geometry. Therefore, the Mook model
[14, 19] which satisfies microspheres in both the elastic and plastic
regime was employed to model the behavior of the amorphous
particles. To compare the mechanical properties of particles with
different sizes, the geometric Mook model equation (Fig.5b) that
models contact pressure–strain behaviors of amorphous
microspheres have been used. The Mook model is applicable to
amorphous particles compressed at strain greater than 10 %. The
model is shown in equation (1) and (2).

a geo 2

, where a geo  δr1 

δ2
4

(1)

p 
III. RESULTS AND DISCUSSION

P

2 

D R
(2)



p
Where Pc is the contact pressure,
is the nominal
compressive strain, P is the contact load, D is particle diameter, R

is the initial particle radius, and  is the half deformation of the
spherical amorphous particle (Fig.4 (b)). Fig.7. (a) and (b) shows
deflection points that were observed for onset of
plasticity/yielding. These points are indicated as A, B, C and D for
3.36 µm, 4.39 µm, 7.19 µm and 10.05 µm for 0.025/s and 0.05/s.
Deflection points were taken as onset of plasticity, so that size
effect is studied after the deflection points. The deflection points
separate elastic-plastic regime from the plastic regime for each
particle size. The contact pressure–strain curves of the four groups
of particles at two strain rates are displayed in Fig. 8 (a) and (b),
respectively. The unloading part which is purely elastic in
nanoindentation experiments has been omitted in the contact
pressure-strain behaviors Fig. 8 (a) and (b). From the contact
mechanics studies, contact pressure-strain behaviors are one of the
constitutive mechanical properties of materials. For particles with
different sizes but same chemical compositions, same indentation
depth and same strain rate, all the contact-pressure–strain curves
should collapse into one phase. Fig. 8 (a) and (b) clearly shows
that the smaller particles yielded at higher contact pressures than
bigger particles. Contact pressure-strain behaviors of particles at
20 %, 30 % and 40 % in the plastic regime are strongly sizedependent, the smaller the particle size, the harder the particle
behaves. The smallest particle is the hardest because it is
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characterized by higher contact pressure, while the biggest particle
is the softest. As particle size increases, the size dependence in the
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plastic regime of contact pressure–strain behavior diminishes
gradually.

Fig. 6. Force-displacement curves of four different sizes of particles (a) With strain rate 0.05/s at 2 µm indentation depth (b) With
strain rate 0.025/s at 2 µm indentation depth.
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Fig. 7. (a) and (b) Deflection points for onset of plasticity/yielding is indicated as A, B, C and D for 3.36µm, 4.39µm, 7.19µm and
10.05 µm for 0.025/s and 0.05/s. Deflection points were taken as onset of plasticity, so that size effect is studied after the deflection
points. The deflection points separate elastic-plastic regime from the plastic regime for each particle size.

Fig.9. Contact pressure-strain curves (a) at 30 %
deformation with strain 0.05/s strain rate (b) at 40 % deformation
with strain rate 0.025/s. For particles with different sizes but same
chemistry and the same strain rate, at 30 % and 40 % deformation
in the plastic regime, all the stress-strain curves should collapse
into one phase. But Fig.9 (a) and (b), clearly show that the contact
pressure-strain behaviors of particles are strongly size-dependent,
the smallest particle is the hardest while the biggest particle is the
softest. With the increase of particle size, the size dependence of
contact pressure-strain behavior diminishes gradually. Fig.9 (a)
and (b) indicates that smaller particles size shows higher contact
pressure than bigger particles. From Fig.10., particle size
dependence of the normalized contact pressure with strain rate
0.025/s and 0.05/s respectively at deformation level 20 %, the
contact pressure of all the four groups of particles at 20 %
deformation level in the plastic regime is normalized by the
corresponding value of the smallest particle. Particles display
distinct size effect at both strain rates. The contact pressure of the
biggest particle is about 50 % lower than that of the smallest
particle at a strain rate of 0.025/s. As the strain rate increases to
0.05/s, the size effect becomes even more pronounced in the
plastic regime. The size effect seems to have different trends
depending on the strain rate. With the smaller strain rate, the size
effect is most evident for the three smaller particle sizes, whereas
for the larger strain rate the size effect is more evenly distributed.
There are dissimilarities in the compression modes of failure
in amorphous particles compared to their bulk counterpart due to
the absence of dislocations [41]. There are three types of
compression modes of failure in amorphous particles [1, 2]:
Slabbing or axial splitting, crazing or shear banding and
microcracking [34, 42, 43]. Slabbing or axial splitting occurs in
the absence of confining pressure, where the cracks seems to be
initiated parallel to the applied compressive stress. At moderate
confining pressure, cracks nucleate within the material to form a
“shear zone” [42, 43]. For crazing, a displacement develops
tangentially to the surface of displacement. At high confining
pressures, distributed microcracking is in evidence. For
microcracking, failure occurs as a series of multiple shear fractures

distributed throughout the sample volume with no specific crack
orientation [1, 2]. The material is said to be “ductile” due to the
similarity of shape of the uniaxial stress-strain curve with that
obtained on tests with ductile materials. In ductile fracture,
extensive plastic deformation takes place before fracture [42].
Ductile behaviors exhibit a deflection point followed by strain
softening, usually associated with crazing or shears banding which
leads to ductile fracture. It is also delineated by a sharp pressure
drop or a plateau in the contact pressure–strain curve [Fig.13]. In
brittle fracture, no apparent plastic deformation takes place before
fracture [1, 2]. Brittle fracture is depicted by invisible yield point
and follows Hooke’s law specifically at low strain level. In
microcompression tests, compressive failure of amorphous
particles is characterized by “barreling” and failure is due to
yielding, which can be characterized by the compressive yield
strength of the material [Fig.11] and [Fig.12]. Generally, the
compressive yield strength for amorphous particles does not
change significantly with varying loading mechanisms and can be
regarded as a material property.
In [Fig.11.], a 4.37 µm amorphous particles were
microcompressed to a maximum strain of 0.96, after
microcompression, microspheres show cracks in meridian planes.
Cracks in meridian planes were slabbing or axial splitting and
seem to be guided around a core structure that is attributed to the
synthesis process. The crack features were indicated by D, E, F,
G, H, and I [Fig.11]. The particle turns to be more barreled-shaped,
which is an indication of ductile failure in particle deformation.
Investigation on the compressed load-depth curve [Fig.12], we
observed a deflection point which separate elastic-plastic regime
from the plastic regime. Three stages in the mechanical behavior
of particle were seen [Fig.12]. Stage (1) on the load-strain curve
[Fig.12] shows nose effect of the indenter tip. Due to the geometry
of the indenter tip, method of attachment, and boundaries of each
contacting bodies, nose effect in microcompression of particles are
bound to occur [2]. Although, the contacting bodies (i.e the
particle and indenter tip) are in frictionless contact, nose effect is
just the starting point of the microcompression test. It may cause
uncertainties in nanoindentation experiments. However, it could
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be seen in [Fig.12.] that the nanoindentation test started exactly at
origin, which is indicates nose effect is minimized in this
experiment. That is, only a non-uniform pressure is transmitted
between the indenter tip and the particle at that stage [1, 2]. Stage
(2) is elastic-plastic deformation stage [Fig.12]. At that stage, the
behavior of the particle is non-linear [Fig.14]. A deflection point
was observed that separate the elastic-plastic from the plastic
region. The elastic-plastic stage happens within a strain limit of 0
to 0.27 [Fig.12]. At that stage, a non-uniform pressure distribution
exist which might have caused initiation of crack [1, 2]. Stage (3)
is dominantly plastic deformation stage. This plastic regime
occurs after the deflection point. As indicated in the contact
pressure-strain curve [Fig.12] and [Fig.13], as compressed depth
increases the elastic-plastic regime is seen to be much smaller as
compared to the plastic regime. The elastic-plastic deformed zone
(2) decreases with increasing strain and become much smaller than
the zone with plastic deformation. The mean contact pressure
decreases at this stage [2]. In a plastic dorminant regime, a uniform
pressure distribution exists [1, 2]. Stress converges at
approximately 4.2 GPa in the plastic-dominant region [Fig.13].
The early stages of (2) shows a sharp pressure drop with no
evidence of pop-in event within a strain limit of 0.1 and 0.2 which
lies in the Hertzian first pop-in regime [21, 22]. Pop-in events in
bulk amorphous materials are an indication the material is yielding
[7, 34], however, the fact that the amorphous particle did not
experience pop-in events does not mean the material is not
plastically deformed. Due to the material composition and
dislocation free in some amorphous particles, pop-in event may
not happen. The particle completely fractured at a strain of 0.91
[Fig.13] and [Fig.11 (c)] starting from a peak stress of 10 GPa. The
final mean contact diameter of the fractured particle was measured
to be 2.8 µm using SEM [Fig.14].It was substituted into the
geometric Mook model to generate the behavior of the particle.
The true behavior of the particle measured in SEM was then
compared to the cylindrical Mook model and Hertz model. It could
be seen that the contact diameter measured in SEM shows almost

(a)

Fig. 8.
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the same behaviour as compared to the Mook model and Hertz
model [Fig.14]. The graph of cylindrical Mook model dcyl [Fig.14],
which indicates that the particle is in the plastic dominant regime,
the graph was observed to be linear in both stages (2) and (3)
within strain limits of 0 to 0.27 and 0.27 to 0.96 respectively. An
indication that means that uniform pressure distribution exists and
the particle is deforming plastically. However, no shear bands
were observed during deformation. At that point, the particle
assumes a barrel shape [Fig.11. (C)]. The graph of geometric
Mook model dgeo [Fig.14], which is a model that is used to predict
the behaviour of a particle in elastic-plastic and plastic regime,
shows that at elastic-plastic deformation stage (2), the contact
diameter of the particle increased with increase in strain delineated
by non-linear behavior. However, stage (3) shows a linear
behavior that means the particle is plastically deformed. The graph
of the Hertz model dhertz [Fig.14], which is a model that is used to
predict the behavior of a particle in elastic-plastic regime only, it
was obvious in stage (2) that the behaviour of the particle is nonlinear within strain limits of 0 to 0.27. That confirms that the
particle is still in the elastic regime and therefore a non-uniform
pressure distribution dominate in that region. However, dm, contact
diameter measured in SEM, [Fig.14], reveals that in the plastic
domain region (3), the contact diameter of the particle changes
almost linearly with the strain (this is where the particle takes the
barrel shape). It is a plastically dominant regime where
compressive stresses converged at 4.2 GPa. At that point,
plasticity would have remained constant at 4.2 GPa and free
volume annihilation might have occurred. In stage (2) [Fig.14], a
polynomial (non-linear) behavior was observed whilst stage (3)
depict that of a linear behavior. However, the Mook model did not
fit exactly with the contact diameter measured in SEM. The reason
may be experimental uncertainties. The true behavior of the
particle is made up of non-linear in the elastic-plastic regime
characterized by linear behavior in the plastically dominant region
[Fig.14].

(b)

Contact pressure-strain behaviors of particles exhibiting size-dependent at (a) 0.05/s and (b) 0.025/s respectively.
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(b)

Fig.9.Contact pressure-strain curves (a) at 30 % deformation with strain 0.05/s strain rate (b) at 40 % deformation with strain rate
0.025/s. Both graphs show size effect in the plastic regime.

Fig. 10. Particle size dependence of the normalized contact pressure with strain rate 0.025/s and 0.05/s at deformation level 20 %.

(a)

(b)
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E
F
G

H

I

D

Fig. 11. (a) Particle before test (b) and (c) The particle were loaded to a maximum strain of 0.96, after compression, microsphere barreled
and show cracks in meridian planes as indicated by D, E, F, G, H and I.
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Fig. 12. Stage one shows nose effect of the indenter tip (2) Elastic-plastic deformation stage. Deflection point was observed that separate
the Elastic-plastic from the plastic region. (3) Dominantly plastic deformation.

Fig. 13. The elastically deformed zone decreases with increasing strain, and become much smaller than the zone with plastic deformation
in (2). The early stage of (2), shows a sharp pressure drop with no pop-in event.

Fig. 14. (2) Elastic-plastic deformation stage, the contact diameter of the particle increased with increase in strain as compared to the
other three contact models. However, it was seen in the plastic domain region (3) that the contact diameter of the particle changes almost
linearly with the strain (this is where the particle takes the barrel shape).
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IV. CONCLUSION
By using a nanoindentation-based flat punch test method, the
mechanical properties and behavior of four groups of amorphous
micron-sized particles have been studied. A clear distinction
between the elastic-plastic and plastic regime has been probed. A
deflection point was observed in the load-strain graph. The
particles are made of same chemical compositions but different
sizes, 3.36 µm, 4.39 µm, 7.19 µm and 10.05 µm. The contact
pressure –strain curves are calculated from the indentation load–
displacement results. The contact pressure–strain behavior up to
20 %, 30 % and 40 % deformation is considered. Cracks in
meridian planes exhibit slabbing or axial splitting and seem to be
guided around a core structure. A shape pressure drop was
observed in the contact pressure-strain behavior of the particle.
The elastic range is seen to be much smaller as compared to the
plastic range. Stress converges at approximately 4.2 GPa in the
plastic-dominant region which shows a ductile failure. The results
demonstrate that contact pressure–strain behavior of the
amorphous particles in the plastic regime have significant size
dependence: the smaller the size, the harder the particles behaves.
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