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This article describes the use of a combination of experimental nanoindentation and finite element numerical simulations to
indirectly determine the elastic modulus of individual porous, micron-sized silica (SiO,) particles. Two independent nanoindenta-
tion experiments on individual silica particles were employed, one with a Berkovich pyramidal nanoindenter tip, the other with a
flat punch nanoindenter tip. In both cases, 3D finite element simulations were used to generate nanoindenter load—displacement
curves for comparison with the corresponding experimental data, using the elastic modulus of the particle as a curve-fitting para-
meter. The resulting indirectly determined modulus values from the two independent experiments were found to be in good agree-
ment, and were considerably lower than the published values for bulk or particulate solid silica. The results are also consistent with
previously reported modulus values for nanoindentation of porous thin film SiO,. Based on a review of the literature, the authors
believe that this is the first article to report on the use of nanoindentation and numerical simulations in a combined experimental/

numerical approach to determine the elastic modulus of individual porous silica particles.

Keywords: Elastic, finite element, moduli, nanoindentation, porous silica

1. Introduction

Silica (silicon dioxide, or SiO,) particles have been used for
many years as nonstructural fillers for plastics, where their
low thermal expansion coefficient, low thermal conductivity,
low density, low cost, and compatibility with a variety of
polymer resins make them very attractive (Wypych 2010).
Depending on their shape, silica particles may also be useful
for structural reinforcement in polymer composites. More
recently, silica nanoparticles are being used to enhance the
structural properties of conventional fiber-reinforced
composites in a new class of composites known as hybrid
multiscale composites (Uddin and Sun 2008; Manjunatha
et al. 2009). Characterization of physical properties of silica
particles has been the subject of several investigations,
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including indirect determination of elastic moduli by com-
bined experimental /numerical approaches. Such procedures
involve either tensile test experiments (Jang et al. 2013) or
nanoindentation (Yan et al. 2011) of both silica-reinforced
polymers and the corresponding neat polymer resins, along
with finite element numerical simulations of the experiments
using the particle modulus as a curve-fitting parameter.
Direct nanoindentation of large diameter (155-476 pm) crys-
talline pharmaceutical powders using the method of Oliver
and Pharr (1992) has been reported by Taylor et al.
(2004), but nanoindentation of small (~10um) diameter
individual porous silica particles combined with numerical
simulation for indirect determination of the particle Young’s
modulus has not been explored.

Due to its low dielectric constant, low density, low
thermal conductivity, and high surface area, porous silica
in the form of particles, films, or coatings has many potential
applications, such as microelectronic interconnects (Jain
et al. 2001), thermal insulators (Coquard et al. 2013), antire-
flective coatings (Karasinski et al. 2011), and acoustic
attenuators (Caponi et al. 2003). While the presence of pores
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in these materials leads to desirable properties such as low
dielectric constant, low density, low thermal conductivity,
and high surface area, the same pores cause reductions in
elastic properties such as Young’s modulus, and the study
of such behavior calls for experimental work. In addition,
development of analytical models for predicting elastic beha-
vior of these materials depends in part on the availability of
experimental data for comparison with predictions. Thus,
experimental characterization of elastic properties such as
Young’s modulus of porous silica particles is of considerable
interest, and is the focus of the research reported here.
Others have previously reported on the use of nanoindenta-
tion to characterize elastic properties of porous silica films
(Huang and Pelegri 2003; Chang and Huang 2006;
Herrmann et al. 2006; Herrmann et al. 2008), and scanning
force microscopy has been employed to determine elastic
properties of porous nanosilica coatings (Vincent et al.
2007), but to the best of the authors’ knowledge, the use
of nanoindentation, numerical simulations, and a combined
experimental /numerical approach to characterize the
Young’s modulus of individual porous silica particles has
not been previously reported in the literature.

2. Experiments and Simulations

Spherical particles of porous silica having an average diam-
eter of 10 um and an average pore size of 2nm (Figure 1)
were obtained from ABC Nanotech in South Korea.
Nanoindentation of individual particles (Figure 2) was
conducted using Hysitron TI 950 Tribolndenter Nanome-
chanical Test Instruments (Hysitron web site 2014) located
at the University of Nevada, Reno in Reno, Nevada and
at Hysitron, Inc. in Minneapolis, Minnesota. The nanoin-
dentation experiments at the University of Nevada, Reno
were conducted with a Berkovich pyramidal indenter tip
[Figures 2 and 3(a)] (University of Nebraska web site
2014), while the tests at Hysitron were conducted with a
flat-ended conical punch tip [Figures 2 and 3(b)] (Simha
et al. 2007). In both cases, experimental load—penetration
depth curves were generated for comparison with the corre-
sponding results from finite element simulations, using the
Young’s modulus of the particle as a curve-fitting parameter
in the simulations. Experimental penetration rate or

5um

Fig. 1. SEM image of 10pum nominal diameter porous SiO,
particle with randomly distributed pores of nominal size 2 nm.

Gibson et al.

Berkovich Tip Flat-ended Tip

SiO, Particle

Bottom View Bottom View

Fig. 2. Illustration of experimental setup for nanoindentation of
SiO, particles.

indentation rate is approximately 200 nm/s, which roughly
corresponds to a strain rate of 0.02/s over a 10-um diameter
particle. This seems to be a reasonable strain rate for a
ceramic material, since nanoindentation of various ceramics
has been conducted at strain rates of 0.04/s by Page et al.
(1992); 0.01/s to 0.1/s by Bhakri et al. (2012); and 0.025/s
to 0.125/s by Vandeperre et al. (2010). Comparisons of
experimental and predicted load—depth curves were done
for the case of penetration depth control.

Finite element simulations were conducted by one of the
co-authors, Dr. Jang, when he was located at the University
of Delaware using the ABAQUS 6.11 commercial finite
element software under the assumption of elastic behavior.
Figure 4 shows the finite element model for the Berkovich
indenter and particle, while Figure 5 shows the correspond-
ing simulation for the flat-ended conical punch indenter and
particle. The models in Figures 4 and 5 were developed using
CAX4R 4-node bilinear axisymmetric quadrilateral ele-
ments. For purposes of illustration and visualization, the
mesh sizes shown in Figures 4 and 5 are larger than the
actual mesh sizes. In the actual FEA models of Figures 4
and 5, the number of elements for both SiO, particles is

(b)

Fig. 3. (a) Berkovich pyramidal (permission granted by
University of Nebraska to reproduce image from web site
http://bm3.unl.edu/hysitron-nanoindenter#details and (b) flat-
ended conical (permission granted by American Society of
Mechanical Engineers to reproduce image from Simbha, et al
(2007)) nanoindenter probes.
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Indenter
Displacement

U, : Fixed

Fig. 4. Axisymmetric finite element model for Berkovich
indenter and SiO, particle.

4,284 and the Berkovich indenter with a tip radius of 100 nm
has 3,693 elements (flat-ended indenter: 1,798 elements). In
addition, the contact surface between the SiO, particle and
the indenter involves a fine mesh, and the element size of
the Berkovich tip is much smaller than that of the SiO, par-
ticle. Surface-to-surface contact at the indenter/particle and
particle/base plate interfaces was modeled with the “Hard
Contact” condition in ABAQUS, which minimized the pen-
etration of the slave surface into the master surface at the
constraint locations, and it did not allow the transfer of ten-
sile stress across the interface. The assumed Young’s modu-
lus and Poisson’s ratio for the diamond indenter, the silica
particle, and the steel base plate are listed in Table 1, where
the assumed Young’s modulus for the silica particle was

Indenter
Displacement

Uy : Fixed

Fig. 5. Axisymmetric finite element model for flat-ended conical
indenter and SiO, particle.

Table 1. Properties used in finite element simulations

Material Young’s modulus (GPa) Poisson’s ratio
Diamond indenter tip 1,200¢ 0.2¢
Silica particle Varied” 0.17¢
Steel base plate 1807 0.3

“http://www.chm.bris.ac.uk /motm/diamond /diamprop /htm.

bParticle Young’s modulus used as a curve-fitting parameter in the finite
element simulations.

‘http://www.accuratus.com/fused.html.

“http:/ /www.engineeeringtoolbox.com/young-modulus-d_417 /html.
“http://www.engineeringtoolbox.com/metals-poissons-ratio-d_1268.html.

varied to find the best agreement between experimental
and simulated nanoindenter load—depth curves. Due to the
lack of data on Poisson’s ratio for porous silica, the Pois-
son’s ratio for solid silica was used. Since the horizontal
(or transverse) displacements of the particle are not con-
strained during the indentation test, the value of the particle
Poisson’s ratio is not expected to have a significant effect on
the indenter load—displacement relationship along the verti-
cal direction. The indenter and particle displacements were
assumed to be free to move along the Y-direction (the axis
of symmetry), while the baseplate and bottom surface of
the particle were assumed to be fixed against displacements
along the Y-direction. Due to the use of axisymmetric ele-
ments, the pyramidal shape of the Berkovich indenter tip
had to be approximated as an axisymmetric equivalent cone
(Figure 4) having a semiapical angle (half angle) of 70.3°
(Bucaille and Felder 2002). The semiapical angle of 70.3°
is selected so that the volume of the equivalent cone is equal
to that of the Berkovich indenter for a given penetration
depth (Bucaille and Felder 2002). Due to the random shapes
and sizes of the pores, porosity of the particles could not be
included in the simulations, and particles were assumed to be
solid spheres. As a result, the particle modulus values found
from the experiments and simulations can be taken as
effective moduli of equivalent homogeneous particles.

3. Results and Conclusions

Due to the difficulty in precisely aligning the Berkovich tip
with the centerline of the particle, and in order to get a feel
for the sensitivity of the experiments to possible misalign-
ment, 3D half domain finite element simulations were
developed for cases where the tip offset was 0°, 5°, 10°,
and 15° with respect to the vertical centerline of the particle.
Figure 6 shows such a model for the case of a 10° offset. For
these models, it was not possible to use axisymmetric ele-
ments, so type C3D8R (8-node linear 3D brick) elements
and a half domain model were used. The top surface of
the indenter was fixed against displacements along the
X- and Z-directions and free to move along the Y-direction,
while the bottom surface of the particle was fixed against
movement along X-, Y-, and Z-directions. For all of the
tip offset simulations, the particle modulus was assumed to
be 3 GPa, which had been found to be a reasonable value
based on the experiments and simulations described in
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<— 10°

——P Tip Offset

Indenter
Displacement

U, U,U,: Fixed

Fig. 6. 3D half domain finite element model for 10° offset
Berkovich indenter and SiO, particle.

350 [ —.—0° Centerline
300 ~ "5 (8.7%) offset
(| -~~~ 10° (17.4%) offset Sy
250 |LL=15° (25.9%) offset 2
_ E of SiO,= 3.0 GPa Ay
Z 200} S
4
o " .
8 150 P
- _I‘,
100 | oy
e
50 it
0 = _‘_‘a;—';'j”

0 50 100 150 200 250
Depth (nm)

Fig. 7. Predicted load-depth curves for offset Berkovich
indenter simulations (see Figure 6) with tip offsets of 0°, 5°,
10°, and 15° from vertical centerline of SiO, particle.

Initial Contact Point Final Deformed Point

Si0, Particle

Si0; Particle

(a) Centerline Case

Gibson et al.

Figures 4 and 5. Predicted load—depth curves for offset
Berkovich indenter simulations with tip offsets of 0°, 5°,
10°, and 15° are shown in Figure 7. It is seen that the
required indenter load for a given penetration depth
increases slightly with increased offset, probably because of
the increased contact arca between the particle and the
indenter tip. In this paper, the penetration depth is defined
as the distance between the initial contact point and the final
deformed point on the SiO, particle (Figure 8). In addition,
the boundary condition between the indenter tip and the
SiO, particle was assumed to be nonslip, and the contact
area was calculated by the post-processing of ABAQUS
6.11. According to the calculated values, the contact area
was changed from 0.805 to 1.290 um” with the increase in
offset angle from 0° to 15°. As a result, the required indenter
load for a given penetration depth increases slightly with the
increased offset. The resulting uncertainty due to possible tip
offset should be kept in mind when interpreting the
curve-fitting analysis in Figure 9.

As mentioned earlier, the main objective of this research
was to compare experimental load—penetration depth curves
with the corresponding finite element simulations, using the
unknown Young’s modulus of the particle as a curve-fitting
parameter in the simulations. Figures 9 and 10 show such
comparisons for the Berkovich and flat-ended conical tips,
respectively. Due to the extreme difficulty in aligning the
Berkovich tip with the particle centerline and preventing slip
and/or rolling of the particle during the test, only one satis-
factory experiment was conducted with the Berkovich tip as
shown in Figure 9. Particle slip and/or rolling may be
responsible for the deviation in the experimental load—depth
curve in Figure 9 above about 175 nm, so only the portion of
the curve below 175nm was considered in the curve-fitting
analysis. A tip offset of zero was assumed in the finite
element predictions shown in Figure 9, but the actual tip off-
set is unknown. The flat-ended conical tip presented fewer
difficulties, so three experiments were conducted and the
curve in Figure 10 represents an average of the three tests.
For the three tests, the coefficient of variation (or standard
deviation divided by the mean) for the ratio of the experi-
mental peak force to the corresponding penetration depth
was approximately 0.16. Both types of tests were conducted
under penetration depth control. Based on the two inde-
pendent tests, the best-fit value of the effective particle
modulus for small penetration depths seems to be in the

Initial Contact Point Final Deformed Point

Si0, Particle Si0; Particle

. (b) Offset Case

Fig. 8. Definition of penetration depth in the finite element modeling and analysis.
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Fig. 9. Comparison of experimental load—depth curve for
Berkovich indenter and SiO, particle with finite element pre-
dictions for various assumed values of SiO, particle modulus.
Experiments were conducted under penetration depth control.

range 1-2.5GPa. These values are significantly lower than
the published value of the Young’s modulus of bulk SiO,
glass, which is around 73GPa (Comte and von Stebut
2002), and the effective modulus of large numbers of SiO,
particles embedded in a polymer matrix, which appears to
be around 10 GPa (Jang et al. 2013). Given the porous nat-
ure of the particles in the current research, these results
should not be surprising. For example, Herrmann et al.
(2008) reported that the Young’s modulus for porous thin
film SiO, measured by nanoindentation ranged from 2.67
to 0.83 GPa, with the Young’s modulus decreasing as the
porosity increased. These numbers are quite consistent with
the present results for nanoindentation of porous SiO, par-
ticles of unknown porosity. In addition, the effective particle
modulus value of 10GPa in Jang et al. (2013) does not
account for the influence of viscoelastic behavior of the sur-
rounding polymer matrix (Beake et al. 2007) and/or the
effects of the particle-matrix interphase (Downing et al.

4000 || —-—E of Si0,= 1.0 GPa )
|| =---Eof $i0,= 2.0 GPa i

3200 - E of Si0,= 2.5 GPa v
|| =-=--E of 8i0,= 3.0 GPa :
Exp. (Flat-ended)

L]

8

o
T

Load (uN)
>
(=3
[=]

=]

(=3

(=]
T

0 200 400 600 800 1000
Depth (nm)

Fig. 10. Comparison of experimental load—depth curve for

flat-ended conical indenter and SiO, particle with finite element

predictions for various assumed values of SiO, particle

modulus. Experiments were conducted under penetration depth

control.

2000). The authors believe that this is the first article to
report on the use of nanoindentation and finite element
simulations in a combined experimental/numerical
approach to determine the elastic modulus of individual
porous silica particles. It is particularly encouraging that
the conclusions from the two independent experiments con-
ducted in two different laboratories and the associated finite
element simulations are in such good agreement. Even with
the uncertainty due to unknown tip offset in the Berkovich
indenter tests as shown in Figure 7, the effective modulus
values determined from Figures 9 and 10 are still in good
agreement. Finally, it is clear that the flat-ended conical tip
is superior to the Berkovich tip for the types of particle tests
that are described here.
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