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The dynamic behaviors of cellular silica were experimentally investigated. The
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systematically. Under dynamic shearing, the shear localization in nano-cellular silica
could be significantly suppressed. Under dynamic indentation, the effective indentation
resistance of nano-cellular silica could be higher than that of solid silica. These unique
phenomena of nano-cellular silica could be attributed to the local hardening caused by
the fast compaction of the small cells.

Based on dimensional and theoretical analyses, two models were developed to

describe the cell size effect on the deformation zone size in dynamic shearing and on the
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effective indentation resistance in dynamic indentation, respectively. They agree well
with the experimental results. A diagram of cell size effect, accounting for the three
factors of cell size, cell volume fraction, and kinetic energy, was drawn to distinguish the

nano-cellular materials from the regular cellular materials.
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CHAPTER 1

INTRODUCTION

1.1.  Project Motivation

Dynamic behavior of materials has been extensively investigated for decades
(Achenbach, 2012; Clifton, 1983; Clifton, 1974; Daraio et al., 2005; Davison and
Graham, 1979; Dodd, 1992; Field et al., 2004; Kinslow, 2012; Kolsky, 1963; Lu and Yu,
2003; Meyers, 1994; Meyers and Murr, 1981; Nesterenko et al., 2005a; Nesterenko, 2001,
Zukas, 1982). Two comprehensive books, “Dynamic Behavior of Materials” written by
Professor Marc Meyers (1994) and “Dynamics of Heterogeneous Materials” written by
Professor Vitali Nesterenko (2001), well summarized the previous results for metallic,
ceramic, granular, and porous materials.

When a material is subjected to a high-strain-rate loading, the material responses

can be significantly different from those under quasi-static conditions (Meyers, 1994). A



few classic examples were discussed in the book of Meyers (1994): A sand bag can
capture a bullet, but cannot withstand a stab; a solid steel plate can be penetrated by a
bullet, but never by a knife. Under dynamic loadings, materials respond to external forces
through mechanisms that involve dislocation generation and motion, twinning, phase
transformation, fracture, viscous glide of polymer chains, among others (Meyers and
Chawla, 2009). Based on experimental observations, a couple of empirical and semi-
empirical models were developed to predict the flow stress of strain-rate dependent
materials, such as the Johnson-cook model (Johnson and Cook, 1983), the Klopp model
(Klopp et al., 1985), the Meyers model (Meyers et al., 1994), and the Andrade model
(Andrade et al., 1994). In general, the flow stress (Meyers and Chawla, 2009)
o= f(&&T,deformation history) (1.1)

where ¢ is the strain, € is the strain rate, T is the temperature, and f represents a certain
function.

Compared with homogeneous materials, the microstructural effects in highly
heterogeneous materials are critical under intense dynamic loadings (Nesterenko, 2001).
In one study, thick-walled cylinder (TWC) method (Nesterenko, 1994; Nesterenko et al.,
1989; Nesterenko et al., 1997; Nesterenko et al., 1994b; Xue et al., 2003) was developed
to investigate the shear behaviors of granular silicon carbide (SiC) and pre-fractured SiC.
The results show that the shear band spacing in granular SiC is much smaller than that in
pre-fractured SiC (Shih et al., 1998a; Shih et al., 1998b).

While dynamic responses of solid and granular materials have received
considerable attention and earlier efforts have brought about a sound understanding of

many fundamental issues (Balch et al., 2005; Carretero-Gonzalez et al., 2009;



Dannemann and Lankford, 2000; Daraio et al., 2005; Daraio et al., 2006; Dauchot et al.,
2005; Deshpande and Fleck, 2000; Meyers et al., 2001; Nesterenko et al., 2005a;
Nesterenko, 2001; Sen et al., 2008; Tan et al., 2005; Xue et al., 2002), more research
needs to be conducted on cellular materials, particularly nano-cellular materials with the
cell sizes on the nanometer (nm) or sub-micron (um) scale.

Much of the attention of earlier work on cellular materials has been paid to quasi-
static conditions, and the cell sizes were typically at the microscopic or millimeter (mm)
level (Dannemann and Lankford, 2000; Deshpande and Fleck, 2000; Gibson and Ashby,
1999; Meyers and Chawla, 2009; Queheillalt and Wadley, 2005; Scheffler and Colombo,
2006). Physically speaking, a cellular material is characterized by two major parameters:
the cell size (d) and the cell volume fraction (p). According to classic theory, under a
quasi-static loading, the material behavior is only related to the cell volume fraction and
independent of the cell size (Gibson and Ashby, 1982; Gibson and Ashby, 1997)

X o (1-p)© (1.2)
where X could be the stiffness, the strength, the hardness, or the toughness of a cellular
material, and o is a system constant. The increase in the cell volume fraction tends to
weaken the materials.

As mentioned at the beginning of this chapter, the dynamic and the quasi-static
behaviors of a material could differ significantly. Moreover, in Equation (1.2), the factor
of cell size, as one of the two most critical parameters of a cellular material, does not
show up, indicating that there must be something missing. The motivation of this work is
to systematically investigate the dynamic behaviors of nano-cellular materials, and to

shed light on developing advanced projectile protection and shock mitigation materials.



1.2. Literature Review

1.2.1. Shear Localization

Due to the long and flat plateaus in stress-strain curves, cellular materials, such as
foams and honeycombs, are often used for protection against impact and/or shock
loadings (Gibson and Ashby, 1999; Meyers and Chawla, 2009; Scheffler and Colombo,
2006). Under compression loadings, they can dissipate a considerable portion of the input
energy (Balch et al., 2005; Dannemann and Lankford, 2000; Deshpande and Fleck, 2000;
Tan et al., 2005); however, under shearing especially dynamic shearing, the energy
dissipation tends to occur in a number of narrow bands, with the majority of the
protection capacity of the materials being essentially wasted. Currently, dynamic shearing

in foams and honeycombs is relatively under-investigated.

A. Definition of Shear Band

A shear band is a thin layer in between two parallel discontinuity surfaces of
velocity gradient (Hill, 1962; Rice, 1976). The distance between the two discontinuity
surfaces is defined as the shear band thickness or width (Mihlhaus and Vardoulakis,
1987; Roscoe, 1970). In the framework of the classical continuum mechanics, there is no
internal length scale associated with the thickness of shear band (Bardet and Proubet,

1992; Mihlhaus and Vardoulakis, 1987; Tejchman and Wu, 1993). Yet in general, shear



band thickness is on the microscopic scale (Dodd and Bai, 2012; Hutchinson, 2000;

Mihlhaus and Vardoulakis, 1987; Meyers et al., 2001).

B. Initiation of Shear Localization

Shear localization can be caused by either material instability or geometrical
instability (Nesterenko, 2001). For the material instability, in ductile materials, such as
metals and polymers, it is associated with thermal softening under high strain and high
strain rate (Bai, 1981; Bai et al., 1994; Culver, 1973; Dodd, 1992; Fressengeas and
Molinari, 1987; Meyers, 1994; Meyers et al., 2001; Poirier, 1980; Recht, 1964; Semiatin
et al., 1984; Xu et al., 2001; Zener and Hollomon, 1944; Zurek, 1994); while in hard
materials, such as boron carbide (BC) and metallic glass, recent researches suggested
stress-driven mechanisms (Argon, 1979; Falk and Langer, 1998; Huang et al., 2002,
Ketov and Louzguine-Luzgin, 2013; Reddy et al., 2013; Spaepen, 1977, 2006; Wright et
al., 2003). For the geometrical instability, shear localization is related to geometry
changes of testing samples or setups which may be promoted by hat-shaped sample
(Hartmann et al., 1981; Meyer et al., 1994; Meyers et al., 1992; Meyers et al., 2003;
Nesterenko, 2001; Xu et al.,, 2008) and thick-walled cylinder (TWC) techniques
(Nesterenko, 1994; Nesterenko et al., 1989; Nesterenko et al., 1997; Nesterenko et al.,
1994b; Xue et al., 2003), as shown in Figure 1.1. The two mechanisms, material
instability and geometrical instability, may accompany with each other (Nesterenko,

2001).



C. Evolution of Shear Localization

The evolution of shear localization was a gradual process in a number of metals,
such as steel, Ti-6Al-4V alloy, etc. (Bai et al.,, 1994; Marchand and Duffy, 1988;
Nesterenko et al., 1997; Xu et al., 2001). In Figure 1.2, a series of interrupted tests were
performed on Al-Li alloy with the average strain rate of ~2250 s (Xu et al., 2001).
When the strain is ~0.10, the deformation appeared to be homogeneous, and there was no
shear localization, as shown in Figure 1.2 (a); when the strain increased to 0.17, localized
deformation occurred, as shown in Figure 1.2 (b); when the strain continued to increase,
the localization became more pronounced, as shown in Figure 1.2 (c); eventually, a
narrow shear band was formed, as shown in Figure 1.2 (d).

Shear localization of granular materials under dynamic loadings is of different
characteristics. As shown in Figure 1.3, with the increase of shear strain, mainly through
internal friction the particles comminute, rearrange and rotate, promoting the growth of
shear bands (Meyers et al., 2001; Nesterenko, 2001; Shih et al., 1998a; Shih et al.,
1998Db). Since the granular material is porous, the local comminution and rearrangement
are sufficient to accommodate the large shear strain, resulting in a regular shear band

structure (Nesterenko, 2001; Shih et al., 1998b).

D. Characteristic Length Scale of Shear Localization

As shear banding occurs, the external energy is dissipated only in a number of
narrow bands; the energy dissipation is closely related to the thickness and the number of

the shear bands. Typically, the thickness of a shear band in metals is 10-100 um, and is



~10 nm in bulk metallic glass (Dodd and Bai, 2012; Donovan and Stobbs, 1981; Jiang et
al., 2009; Jiang and Atzmon, 2006; Kim et al., 2008; Masumoto and Maddin, 1971,
Pekarskaya et al., 2001). Selected data of shear band thicknesses of various materials are
listed in Table 1.1. In silica sands with the average grain size in the range of 0.22-1.60
mm, the shear band thickness (w) is proportional to Ds, (Alshibli and Sture, 1999),
w  Dg, (1.3)

However, as the grain size further reduces, the shear band thickness converges. In
granular SiC, when the grain size varies from 50 um to 0.4 um, the shear band thickness
changes only slightly (Meyers et al., 2001; Shih et al., 1998a); in granular Al,Os, as the
grain size changes from 4 pm to 0.4 um, the shear band thickness remains at about 10 pm
(Meyers et al., 2001; Nesterenko et al., 1996).

Theoretically, to estimate the thickness of an adiabatic shear band under confined

stresses, Dodd and Bai developed an empirical equation (Dodd and Bai, 1989)

W =2 (T V,) (1.4)

where 4 is the thermal conductivity, 6, is the temperature rise inside the band, o, is the
shear stress, and y, is the strain rate. The temperature rise can be obtained by assuming

that 90% of the deformation work is transformed into heat

0.97.7.
0, = (1.5)
pc

where y, is the strain, p is the material density, and c is the heat capacity. Combining
Equations (1.4) and (1.5), the time required for the formation of shear band can be

obtained as



Y LY

t=3 " 361"

(1.6)

Equation (1.4) does not contain a thermal softening term. Grady assumes a linear
relationship between the flow stress and the relative temperature (Grady, 1992, 1994;
Grady and Kipp, 1987)

T, = To(1 — a40,) a7
where 7, is the strength at a reference temperature T,, a, is the thermal softening rate,
and 6, is the relative temperature T — T, inside the band. He then gives a modified

equation of the shear band thickness

9p3czaz\"*
v=(Far) )
* ULs [«

where C, is the heat capacity per unit mass.
For brittle materials under dynamic loading, based on the equilibrium condition of
kinetic energy and surface energy, as shown in Figure 1.4, Grady (Grady, 1982; Grady

and Olsen, 2003) developed an analytical model to predict the nominal fragment diameter

(L).

2/3

L (K’C) (19)

pCE

where K¢ is the fracture toughness; p is the mass density; c is the speed of sound; and &
is the strain rate. Grady (Grady, 1982) extended this concept to uniform one-dimensional
shear deformation. If the fracture area is interpreted as the interface area of the shear
bands, y is the interface energy consumed during the shear banding process, and w is the

thickness of shear band:



y \1/3
W o (F) (1.10)

Furthermore, it is assumed that all the energy dissipation occurs in the shear bands; the
energy dissipation density (2) can be estimated as
y=X-w (1.11)

Combination of Equations (1.10) and (1.11) leads to

This model captures the effects of strain rate and the resistance to shear (Shih et al.,
1998a). More importantly, it provides an approach to group physical parameters

(Nesterenko, 2001).

1.2.2. Cellular Materials

Cellular materials are referred to as assembly of cells with solid ligaments
(Gibson and Ashby, 1997). When the cells pack in two dimensions, the materials are
called honeycombs; when the cells are in the form of three-dimension arrays, they are
called foams. In this thesis, we focus on monolithic foams. The two most critical
parameters of a cellular material are the average cell size (d) and the cell volume fraction
(p). Cellular materials can be made of polymers, metals/alloys, and/or ceramics (Hedrick
et al., 1999; Nakanishi, 2010; Tappan et al., 2010). They are widely used in packaging,
thermal/acoustic insulation, protection and damping, energy storage, and chemical

engineering systems, due to their unique micro-structures and properties (Asefa et al.,
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2009; Ashley et al., 2011; Lee et al., 2010; Md Jani et al., 2013; Misra et al., 2009;

Rahman et al., 2014; Schmid et al., 1999).

A. Cellular Ceramics

Commonly used cellular ceramics include silica (SiO;), alumina (Al,O3), etc.
Here we focus on cellular silica. The processing techniques of cellular silica have been
well developed (Brinker and Scherer, 1990). They can be processed through CPG, sol-gel
method, templating, to name a few (Elmer, 1991; Haller, 1965; Kiefer and Sura, 1986;
Miyamoto et al., 2013; Nakanishi, 2010; Reinhardt et al., 2012; Shoup, 1976). As shown
in Table 1.2, the cell size can span from a few nm to hundreds of microns. In the CPG
approach, the cell size can be controlled via changing the heat treatment time and
temperature (Schnabel and Langer, 1991; Wolfgang, 1970)

dt=k-t-e /T (1.13)

where d is the cell size (A); T is the temperature of heat treatment (K); t is the time of
heat treatment (hr); and k, m, n are system constants. In the sol-gel methods, the cell size
is mainly tailored via changing the mass ratio of PEG to TMOS or colloidal silica to
potassium silicate (Nakanishi, 2010; Shoup, 1976); a larger PEG or colloidal silica
amount would lead to a smaller cell size. In the templating method, the cell size is mainly
controlled by the initial grain size of inorganic salt (Kiefer and Sura, 1986; Reinhardt et
al., 2012). Compared with the approaches of CPG and templating, sol-gel methods help
to improve uniformity of cellular silica samples; the so-produced cell size can span from

tens of nm to a few microns.
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B. Cellular Polymers

Cellular polymers with the average cell sizes ranging from tens of nm to a few
microns to a fraction of mm can be synthesized via co-polymering, gas dissolution
foaming, extrusion, etc. (Hedrick et al., 1999; Kanazawa et al., 2010; Pinto et al., 2014;
Svec and Frechet, 1995). Selected data of cellular polymers are listed in Table 1.3. The

green background indicates a similar cell volume fraction but different average cell sizes.

C. Cellular Metals

Cellular metals with the average cell sizes varying from tens of nm to a few
microns may be synthesized by using platinum, gold, copper, etc., through dealloying,
templating, nanosmelting, combustion synthesis, among others (Hayes et al., 2007; Nyce
et al., 2007; Tappan et al., 2010; Vukovic et al., 2013). Selected data of cellular metals

are listed in Table 1.4.

1.3.  Objective and Approach

The objective of the current study is to experimentally investigate the dynamic
behaviors of cellular materials. It is expected to observe some unique phenomena, and
apply these unique phenomena on impact protection. As mentioned in Section 1.1, we
need to find the missing part, the role of the cell size in the material behaviors. To

achieve these, a Split Hopkinson Bar (SHB) system will be built up to conduct dynamic
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tests; the investigated materials are chosen to be cellular silica. The parameters under
investigation include: the cell size (d) and the cell volume fraction (p) of cellular silica,
the strain rate (¢), and the loading mode (shear verses compression). The properties of

cellular material (X*) can be written as

X = f(d,p, ¢ loading mode) (1.14)
where the cell size will range from tens of nm to a few microns; the cell volume fraction
will vary from ~50% to ~70%; the strain rate is related with the impact rate of the striker;
and the loading mode will include compression, shearing and indentation.

Chapter 2 describes the subcritical calcination (SCC) technique that we developed
to precisely and independently control the cell size and the cell volume fraction. Chapter
3 provides the details of the testing conditions: Section 3.1 describes the SHB system;
Section 3.2 describes the shear promotion support ring (SPSR) system; Section 3.3
describes the indentation system. Chapter 4 describes the quantitative image analysis
technique, which we developed to connect the dynamic behaviors of cellular silica
samples to the changes in the cell structures.

Chapter 5 presents the results of dynamic shearing of cellular silica. In Section
5.1-5.4, the cell volume fraction and the shear strain rate are nearly constant, and the only
variable is the cell size. In Section 5.5, the cell volume fraction is nearly constant, and for
a specific cell size, the only variable is the shear strain rate. In Section 5.6, the shear
strain rate is nearly constant, for a specific cell size, the only variable is the cell volume
fraction. In Section 5.7-5.8, a modified version of Grady model is derived.

Chapter 6 discusses the results of dynamic indentation of cellular silica. In

Section 6.1-6.4, the cell volume fraction and the shear strain rate are nearly constant, and
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the only variable is the cell size. In Section 6.5, the cell volume fraction is nearly constant,
and for a specific cell size, the only variable is the strain rate. In Section 6.6, the cell size
and shear strain rate are nearly constant, and the only variable is the cell volume fraction.
In Section 6.7, a model is built up to characterize the dynamic indentation behaviors of
cellular silica. In Section 6.8, a diagram of the cell size effect is drawn to distinguish
nano-cellular materials from regular cellular materials.

Finally, Chapter 7 presents the summary and our conclusions.
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Table 1.4: List of cellular metals reported in the literature

No. Materials Cell size Source

1 Ag 1-2 um

2 Au 1-3um

3 Ni ~300 nm

4 Cu/Co/Ag 1-2um (Tappan et al., 2006; Tappan et al., 2010)
5 Pd 100-200 nm

6 Pt 10-200 nm

7 Ti ~400 nm

11 Au 5-126 nm (Hakamada and Mabuchi, 2007)
12 Ag 150-350 nm (Du and Kang, 2008)

13 Ag 10 um (Walsh et al., 2003)

16 Ag 25 nm

17 Cu 60-100 nm (Cheng and Hodge, 2013)

18 Pd 30 nm
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Figure 1.1: Two experimental techniques causing shear localization via geometrical
instability mechanisms under high-strain-rate loadings. (a) Initial and (b) final hat-shaped
specimen; (c) thick-walled cylinder method; (d) initial and final configurations of thick-

walled cylinder specimen (Meyers et al., 2001; Nesterenko, 2001).
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Figure 1.2: Evolution of localized deformation in Al-Li alloy as strain is increased under
the strain rate of ~2250 s™* (Nesterenko et al., 1997; Xu et al., 2001).
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bands. (b) Diagram of shear-band formation.
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Figure 1.4: Grady model for dynamic fragmentation (Grady, 1982). The terms of kinetic

energy and surface energy determine the conditions of equilibrium fragmentation.



CHAPTER 2

PROCESSING OF CELLULAR SILICA

2.1. Introduction

Cellular materials are widely used in packaging, thermal/acoustic insulation,
protection and damping, energy storage, and chemical engineering systems (Asefa et al.,
2009; Ashley et al., 2011; Lee et al., 2010; Md Jani et al., 2013; Misra et al., 2009;
Rahman et al., 2014; Schmid et al., 1999). A cellular material may be in particle form, in
membrane form, or in monolithic form.

Processing techniques of cellular silica have been well developed (Brinker and
Scherer, 1990). Their average cell sizes could be reduced to a few nm (Levitz et al.,
1991), and their cell volume fractions could be increased to more than 90% (Schmidt and
Schwertfeger, 1998). They can be processed through phase separation of alkali
borosilicate glasses, sol-gel method, and templating (Elmer, 1991; Haller, 1965; Kiefer

and Sura, 1986; Miyamoto et al., 2013; Nakanishi, 2010; Reinhardt et al., 2012; Shoup,

22
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1976). Compared with the approaches of CPG and templating, sol-gel methods help to
improve uniformity of cellular silica samples; the so-produced cell size can span from
tens of nm to a few microns. However, a major problem is that, as the cell size is adjusted
by changing the ratios of different components, it would inevitably affect the cell volume
fraction (Nakanishi, 1997; Shoup, 1976; Tokudome et al., 2007). In another word, the
cell size and the cell volume fraction are coupled. As shown in Figure 2.4 (a), the cellular
silica samples synthesized via Shoup’s method (Shoup, 1976) have a wide range of
average cell size; the silica with the cell size of ~300 nm has a cell volume fraction of
~76% (density ~0.52 g/cm®); while the silica with the cell size of ~50 nm has a cell
volume fraction of ~86% (density ~0.32 g/cm®).

Based on a unique phenomenon that when the treatment temperature is slightly
higher than the glass transition point of amorphous silica, ~1200 °C, the cell size and the
cell volume fraction have different sensitivities to the temperature, we developed the
subcritical calcination (SCC) technique for cellular silica, to adjust the cell size in a wide

range while keep the cell volume fraction nearly constant.

2.2.  Preparation of Silica Monoliths

Silica monoliths with various average cell sizes were first synthesized through
sol-gel methods, following the work of (Shoup, 1976) for samples with the average cell
size smaller than 500 nm and the works of (Miyamoto et al., 2013; Nakanishi, 2010) for

samples with the average cell size larger than 1 pum, respectively.
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For the former (smaller cells), as shown in Figure 2.1 (a), Sigma-Aldrich Ludox
HS-40 colloidal silica was mixed with PQ Kasil-1 potassium silicate solution in a flask
under magnetic stirring for 30 min, with the mass ratio in the range from 1:99 to 40:60. A
larger colloidal silica amount tended to cause a reduced cell size. A 25 wt% formamide
solution, which was diluted in water with the mass ratio of 40:60, was slowly added into
the silica-silicate mixture and vigorously mixed by a magnetic stirrer for 30 min.

For the latter (larger cells), as depicted in Figure 2.1 (b), Sigma-Aldrich
tetramethyl orthosilicate (TMOS, 98%) was added to a 0.01 M aqueous solution of acetic
acid, and was thoroughly mixed in a flask under magnetic stirring for 30 min. In the
acetic acid solution, Sigma-Aldrich polyethylene glycol (PEG, with the average
molecular weight of 10,000) had been dissolved. The TMOS to PEG mass ratio varied
from 3.0 to 7.2, so as to tailor the cell size.

The mixture was then transported into a polypropylene plastic vial, either a
smaller one with the inner diameter of 35.6 mm and the height of 16.3 mm (for smaller
cells) or a larger one with the inner diameter of 46.2 mm and the height of 21.6 mm (for
larger cells). After aging and rinsing, the silica gels were dried in a VWR 1330GM oven
at 80 °C for 72 h. The initial component mass ratios were listed in Table 2.1. The sol-gel

synthesis setups were shown in Figure 2.2.

2.3.  Subcritical Calcination of Silica Monoliths

The obtained silica monoliths had different average cell sizes and cell volume

fractions. The cell size and the cell volume fraction were highly correlated, as shown in
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Figure 2.4 (a). In order to uncouple these two important parameters, specifically to vary
the cell size in a broad range and simultaneously keep the cell volume fraction around
60%, a subcritical calcination (SCC) treatment was carried out in a MTI GSL-1700X
horizontal tube furnace at selected temperatures (Ts) for 1 h. The SCC temperatures
ranged from 850 °C to 1265 °C. The ramp rate was initially set as 3 °C/min to keep the
total heating time relatively short; and when the temperature was less than 100 °C away
from T, was reduced to 1 °C/min, to minimize over-shooting. In order to reduce the
residual stress, the cooling rate was set to be 3 °C/min.

In Figure 2.3, it can be seen that, when the temperature is slightly higher than the
glass transition point of amorphous silica, ~1200 °C (Mackenzie, 1964), compared with
the cell size, the cell volume fraction is much more sensitive to the treatment temperature.
When the temperature is at the vicinity of the glass transition point, the viscosity of silica
is highly dependent on temperature, resulting in the steep variation of the cell volume
fraction (Brinker and Scherer, 1990). The relatively mild change in average cell size
should be attributed to the balance between the reduction in smaller cells and the
shrinkage of larger cells (Brinker and Scherer, 1990; ller, 1979). Table 2.1 and Figure 2.4
(b) shows that as the treatment temperatures were optimized for silica monoliths of
various initial component mass ratios, their cell volume fractions could be adjusted to a

similar level, e.g. 60%.

2.4.  Polishing of Cellular Silica
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To obtain homogeneous samples, the surface layers (Diao et al., 2011; Kawaguchi
et al., 1986) of SCC-treated cellular silica samples were removed by a set of silicon
carbide sandpapers. Before the SCC treatment, the thickness of silica gel samples was 10-
14 mm. After the SCC treatment, the thickness shrank to about 8-9 mm. Nearly 1.5 mm
thick surface layers from the top and the bottom of the samples were first removed by
320-grit sandpapers, followed by further polishing with 600-grit sandpapers until the
sample thickness was around 5 mm. Then, the sample thickness was reduced to about
4.75 mm by 1200-grit sandpapers and finally to about 4.50 mm by 2500-grit sandpapers.
During the polishing, a self-made sample fixture, as shown in Figure 2.5, was used to
guarantee that the two sides of the sample disk were flat and in parallel, and that the final

thickness had the accuracy of £0.05 mm.

2.5. Characterization of Cellular Silica

2.5.1. Cell Volume Fraction

The cell volume fractions of the cellular silica samples were calculated from their
mass densities (Gibson and Ashby, 1999): p = 1-p/p,, Where p is the sample density and
pn = 2.2 glcm?® is the density of solid amorphous silica (Brinker and Scherer, 1990). The
specific cell volume is estimated using v = p-V¢/m (Gibson and Ashby, 1999), where V; is
the sample volume and m is the sample mass.

The dimensions and the cell volume fractions of SCC-treated silica samples are

listed in Table 2.2. After being treated at different optimized SCC temperatures, the
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samples have a similar cell volume fraction of ~60%, corresponding to a specific cell

volume of ~0.7 cm®/g.

2.5.2. Cell Size

The cell size (d) was characterized by the well-established Washburn method
(Pirard et al., 2005; Washburn, 1921): d = 40c0s0/Png, Where Pyg is the infiltration
pressure, o = 0.484 N/m is the surface tension of mercury, and 6~140° is the contact
angle. Figure 2.6 shows typical mercury porosimetry curves of cellular silica samples.
The profile of the infiltration plateau, Png, indicates the distribution of cell size. The
width of the infiltration plateau is associated with the cell volume. The beginning and the
ending points of the infiltration plateau are defined by dP/dV, as shown in Figure 2.7. The
beginning point is taken as the location where dP/dV abruptly drops, associated with the
large decrease in effective system compressibility. The ending point is determined by the
point where dP/dV becomes relative large. From the infiltration plateau, the cell size
range was calculated, and the average cell size was taken as the median value.

The mercury porosimetry results are summarized in Table 2.1. With the cell
volume fraction of ~60%, the average cell size of cellular silica samples in the

investigation ranges from tens of nm to more than 1 pm.

2.5.3. Speed of Sound

Longitudinal wave velocities of cellular silica samples with various average cell

sizes were measured with a 38DL PLUS gage and a M112-RM transducer (10 MHz
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longitudinal wave). As shown in Figure 2.8, the longitudinal wave velocity is not
sensitive to the cell size. For the cell volume fraction of 60%, the longitudinal wave
velocity is ~2.35 km/s, about 40% of that of solid silica ~5.97 km/s (Kaye and Laby,

1921).

2.5.4. X-Ray Diffraction Analysis

The SCC-treated cellular silica samples were analyzed through powder x-ray
diffraction (PXRD), by using a Bruker D8 Advance Diffractometer at 40 kV and 40 mA
for Cu Ka (A= 1.5418 A). The scan speed was 0.1 sec/step; the step size was 0.02°; the 26
range was 10° to 80°.

As shown in Figure 2.9, the broad peaks around 26 =~ 22° suggest that the SCC-
treated silica samples all exhibit a short range order; that is, the SCC temperature, Ts, in

this investigation does not influence their amorphous nature.

2.5.5. Microscopy Analysis

The cellular silica samples were observed under a FEI-XL30 environmental
scanning electron microscope (SEM) at 20kV, with a spot size of 3.0. The SEM samples
had been coated with iridium using an Emitech K575X sputter coater at 85 mA for 6
seconds prior to the observation.

Figure 2.10 confirms that the cellular configurations of SCC-treated silica

samples are similar. As the cell size changes in a broad range, neither the cell volume
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fraction nor the cell structure is affected. All the cells are interconnected and open. The

ligament length is correlated with the cell size, as it should be.

2.6.  Summary and Conclusion

Sol-gel method is a powerful approach for synthesis of silica-based cellular
monoliths. However, the cell size and the cell volume fraction may be highly correlated.
Based on a unique phenomenon that when the treatment temperature is slightly higher
than the glass transition point of amorphous silica, compared with the cell size, the cell
volume fraction of silica gel is much more sensitive to the temperature, we developed a
subcritical calcination (SCC) technique to uncouple the relationship between the cell size
and the cell volume fraction. As the SCC temperatures are optimized for silica gels of
various initial component mass ratios, their cell volume fractions can be tailored to a
similar level, while the final cell sizes ranges from tens of nm to more than 1 pum. The
measurement of speed of sound suggests that the longitudinal wave velocity is mainly a
function of the cell volume fraction. The powder x-ray diffraction (PXRD) analysis
shows that all the SCC-treated silica samples are amorphous. The SEM observation
indicates that all the SCC-treated silica samples have interconnected and open cell
structures.

Chapter 2, in part, has been submitted for publication in Materials & Design, and
co-authored by Meng Wang, Yang Shi, Jianguo Cao, and Yu Qiao. The dissertation

author was the primary investigator and author of this work.
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Figure 2.1: Flow charts of silica monolith processing.
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Figure 2.3: Effects of the SCC temperature, Ts, on (a) the cell volume fraction and (b) the
average cell size of silica monoliths.
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Figure 2.5: Sample fixture for polishing.
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Figure 2.8: Speed of sound of cellular silica samples with various cell sizes. The cell
volume fractions of all the samples are of ~60%.
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Figure 2.9: Typical XRD analysis results. The top curve is for an untreated silica
monolith, and the bottom three are for SCC-treated cellular silica samples.
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Figure 2.10: Typical SEM images of SCC-treated cellular silica samples, with the
average cell sizes of (a) 50 nm; (b) 85 nm; (c) 120 nm; (d) 185 nm; (e) 315 nm, and (f)
1380 nm. The cell volume fractions of all the silica samples are ~60%.



CHAPTER 3

TESTING APPARATUS AND APPROACHES

3.1.  Split Hopkinson Bar System

The dynamic responses of cellular silica disks were characterized by a Split
Hopkinson Bar (SHB) system (Chen and Song, 2010; Kolsky, 1963), as depicted in
Figure 3.1(a). By using a gas chamber, a Grade 9 titanium (Ti) tube striker was projected
onto the impact end of the stainless steel incident bar. The outer diameter, the inner
diameter, and the length of the striker were respectively 12.7 mm, 11.4 mm, and 462.0
mm. The two ends of the Ti tube were sealed by two 17-4 PH H900 stainless steel
endcaps, respectively. The endcaps were pressed into the tube with a tight fit, and fixed
by two stainless steel pins across the tube wall, respectively. The thickness of the endcaps
was 5.1 mm, and the pin diameter and length were 3.2 mm and 12.7 mm, respectively.
The total mass of the striker was 62.8 g. The striker was hosted by an AeroMarine

polyurethane foam sleeve inside the gas chamber. The striker speed was controlled via

38
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changing the inner pressure in the gas chamber. For example, when the gas pressure was
set to 15.0 psi, the striker speed was ~8.5 m/s. The striker speed was measured by a
couple of OMRON EE-SPW421 photomicro sensors.

The diameters of the incident bar and the transmission bar were the same, D =
12.7 mm; the lengths of them were 178 cm and 152 cm, respectively. They were made of
17-4 PH H900 stainless steel. The Young’s modulus was 196.5 GPa, and the mass
density was 7750 kg/cm®. At the center of the two bars, two sets of Vishay WK-13-
250BF-10C strain gauges were respectively mounted to collect the stress wave signals
through a Vishay 2310B data acquisition (DAQ) system.

To ensure that only a single pulse loading would be applied on the cellular silica
sample, a momentum trapper was employed, following the works of Nemat-Nasser and
Chen (Nemat-Nasser et al., 1991; Song and Chen, 2004), as shown in Figure 3.1 (c). It
consisted of a rigid block, a flange attached to the far end of the incident bar, and a two-
piece thread clamping locknut. There was a gap between the flange and the rigid block.
The gap width was precisely controlled so that the motion of the flange would be stopped
immediately after the entire tensile stress wave generated by the striker had entered into

the incident bar. Thus, repeated pulse loadings were prevented.

3.1.1. Dynamic Compression Tests

Dynamic compression tests on cellular silica samples were conducted by using
the SHB system. The titanium striker was projected by the gas chamber to the stainless

steel incident bar. Upon impact, a compressive stress wave was generated and propagated
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along the incident bar (Kolsky, 1963). In all the tests, the striker speed was kept at ~8.5
m/s. On the near end of the incident bar a cellular silica disk sample was firmly attached,
supported by a stainless steel transmission bar from the back. The stress wave entered

into the silica sample, and eventually transmitted to the transmission bar.

3.2.  Shear-Promotion System

The shear-promotion support ring (SPSR), as shown in Figure 3.2, included a
front part, a rear part, and several mounting parts (e.g. cap screws, spring washers and
hex nuts). The main body (rear and front parts) was made of 17-4 PH stainless steel.
Figure 3.4 showed its configuration in the SHB system. In Figure 3.4 (a), the silica disk
sample (#2) was mounted between the front part (#7, #8 and #9) and the rear part (#3, #4
and #6). The end of the incident bar (#1) was compressed against the surface of the
sample. At the back of the silica disk, a stainless steel ring (#3) and a stainless steel disk
(#4) were used to support the sample against the transmission bar (#5). The inner
diameter of the ring (#3, D;) was 13.1 mm; the outer diameter was 25.0 mm; the
thickness was 3.0 mm. The diameter of the steel disk (#4) was 43.0 mm; the thickness
was 3.0 mm. The centers of the incident bar (#1) and the support ring (#3) were
accurately aligned with the help of the guiding parts (#6 and #9) and the tight fit between
the six positioning holes (diameter 3.0 mm) on the edge of the SPSR with M3 screws,
with the gap width between the outer surface of the incident bar (#1, D) and the inner
surface of the support ring (#3, D,) being 0.20 mm along all the directions. Parts #3 and

#7 were designed to reduce the potential bending of the silica sample during the testing.
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Figure 3.4 (b) depicts the working principle of the SPSR. With the forces of the incident
bar and the support ring applied on the silica sample in the opposite directions, geometric
instability would be generated, promoting shear deformation. The design of SPSR was
inspired by the hat-shaped specimen used often by Marc Meyers and Vitali Nesterenko
(Meyers et al., 1992; Meyers et al., 2003; Nesterenko, 2001). The lateral surface of silica
sample was loosely confined by a compliant polyurethane ring, with the initial inner

diameter of 19.1 mm and outer diameter of 22.2 mm.

3.2.1. Quasi-static Shear Tests

Quasi-static shear tests on cellular silica samples were conducted using an Instron
5582 machine. As shown in Figure 3.3, a disk sample was sandwiched in between a
stainless steel loading rod and a stainless steel shear-promotion support ring (SPSR). The
inner diameter of the SPSR was 13.1 mm, slightly larger than the outer diameter of the
loading rod, 2r = 12.7 mm. The shear gap width, the difference between the radius of the
moving rod and the inner radius of the support ring, was 0.20 mm. On the Instron
machine, the loading rod compressed the silica sample, with the loading/unloading rate of
0.01 mm/min. Shear instability was triggered by the geometrical change of the SPSR

(Meyers et al., 2003; Nesterenko, 2001).

3.2.2. Dynamic Shear Tests

Dynamic shear tests were conducted on cellular silica disks by using the SHB

system shown in Figure 3.1. As shown in Figure 3.4, a cellular silica sample was
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compressed against the near end of the incident bar; at the back of the sample, a stainless
steel ring and a stainless steel disk were used to support the sample against the
transmission bar. The SPSR was the same as that in the quasi-static shear experiment.
Due to the geometrical change, the shear instability was promoted (Meyers et al., 2003;
Nesterenko, 2001). There were two main variables: striker speed and shear gap width,
which affect the effective shear strain rate. In most of the experiments, the striker speed
was maintained at ~8.5 m/s and the shear gap width was set as 0.20 mm to investigate the
cell size effect. In order to analyze the rate effect, the striker speed was varied from ~5.0

m/s to ~9.5 m/s, and the shear gap width was changed from 0.40 mm to 0.10 mm.

3.3. Indentation System

The indentation test system, as shown in Figure 3.5 (a), consisted of a front part, a
rear part, a hemispherical indenter, and several mounting parts (e.g. cap screws, hex nuts,
and spring washers). The front and rear parts were made of 17-4 PH stainless steel,
designed to minimize the bending deformation of the silica sample during testing. A
tungsten carbide (TC) indenter with the diameter of 4.75 mm, the hardness of 91 HRA,
and the surface roughness of 0.7 micro inch Ra maximum was employed. It was firmly
attached to one end of a 17-4 PH stainless steel cylinder by VISHAY M-Bond 200
adhesive. The diameter and the length of the cylinder were 12.7 mm and 25.4 mm,
respectively. A cellular or solid silica sample was sandwiched in between the indenter
and the steel substrate on the rear part, as shown in Figure 3.5 (b). The far end of the steel

cylinder would be subjected to either a quasi-static or a dynamic loading. The lateral
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surface of the silica sample was confined by two rings: a compliant polyurethane (PU)
inner ring, with the initial inner diameter of 19.1 mm and the initial outer diameter of
22.2 mm; and a stiff polyvinyl chloride (PVC) heat-treated outer ring, with the initial

inner diameter of 25.4 mm and the shrinking ratio of 2:1.

3.3.1. Quasi-static Indentation Tests

Quasi-static indentation tests were conducted on cellular and solid silica samples
using an Instron 5582 machine, as shown in Figure 3.6. A silica sample was sandwiched
in between a hemispherical indenter and a steel substrate. The hemisphere indenter was
compressed into the sample. There were three parameters here: loading/unloading rate,
maximum force, and indenter diameter. In this project, the loading /unloading rate was

0.01 mm/min; the maximum force was 300 N; and the indenter diameter, 2r = 4.75 mm.

3.3.2. Dynamic Indentation Tests

Dynamic indentation tests were performed on a similar set of cellular and solid
silica samples using the SHB system. As shown in Figure 3.7, as the striker was projected
by a gas chamber to impact the incident bar, the incident bar compressed a tungsten
carbide hemispherical indenter into the silica sample. The silica sample was firmly
supported by a stainless steel substrate, followed by the transmission bar. The diameter of
the indenter was 4.75 mm. The loading mode was similar with that in the quasi-static

indentation experiment, while the loading rate was much higher.
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(b) (©

Figure 3.1: Split Hopkinson Bar Systems: (a) the overall configuration; (b) the shear-
promotion system; and (c) the momentum trapper.
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Figure 3.3: Quasi-static shearing. (a) Experimental setups. (b) Schematic of forced-
shearing.
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1. Incident bar 3 & 7. Reducing bending
2. Cellular silica disk 4 & 8. Clamping

3. Support ring 6 & 9. Centering

4. Steel substrate D. 12.7 mm

5. Transmitted bar D_.13.1 mm

Figure 3.4: Configuration of shear promotion support ring in the split Hopkinson bar
system: (a) half-section view of SPSR; (b) diagram of forced shearing. The shear gap
width here is 0.20 mm. The yellow arrow indicates the impact direction of the striker (not
shown here).
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: TC = ‘ M) Mounting
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Cellular silica

Figure 3.5: Photos of the indentation test system. (a) The system components and a
cellular silica sample. (b) A cellular silica sample mounted on the indentation test system.
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Figure 3.6: Quasi-static indentation. (a) Experimental setups. (b) Schematic of
indentation.
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b Transmitted bar Silica sample
Q Incident bar
— -
Substrate Hemispherical
indenter

Figure 3.7: Dynamic indentation. (a) Experimental setups and (b) Schematic of
indentation.



CHAPTER 4

QUANTITATIVE SEM IMAGE ANALYSIS

4.1. Introduction

To associate the macroscopic shear behavior of cellular silica with its
microstructural changes, a quantitative image analysis technique was developed, by using
Matlab and Image-Pro Plus. Two-dimensional nominal cell volume fractions of pristine
and tested cellular samples were measured.

The pristine cell structures were uniform, providing a reliable reference for the
analysis of deformed cell structures. The SEM samples were harvested appropriately and
well preserved. A relatively large number of SEM images were processed to obtain
statistically meaningful results.

Below, we will use a cellular silica sample with the average cell size of 255 nm as

an example to show the procedure of the SEM image analysis technique. The cell volume
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fraction was ~79%; the sample thickness was 5.0 mm. It was dynamically sheared with a

striker speed of ~4.0 m/s and the shear gap width of 0.20 mm.

4.2. Two-dimensional Nominal Cell Volume Fraction

Because the depth of the SEM view field was larger than the investigated cell
size, there would inevitably be shadows in the SEM images, as shown in Figure 4.1. In
order to carry out a quantitative image analysis, image filtering was conducted through
combination of the Shading Correction technique developed by Reyes-Aldasoro (Reyes-
Aldasoro, 2009) and the Local Equalization function built in the Image-Pro Plus software
(Media Cybernetics Manufacturing, Warrendale, PA, USA), as demonstrated in Figure
4.2. A SEM image was first enhanced by the Shading Correction, reducing the shadow of
the cell structure. Then it was imported into Image-Pro Plus, and Local Equalization was
employed to enhance its local contrast with the window size of 60 pixels, the step of 1
pixel, and the standard deviation of 0.5. Finally the Otsu’s method (Otsu, 1975) was used
to obtain the threshold (Matlab built-in function Graythresh) and the image was
converted into binary format. On the converted image, a nominal two-dimensional cell
volume fraction, p,, was defined as the percentage of the black area. The measurement
results of p, qualitatively matched the cell volume fraction data (p) calculated from the
mass density of untested cellular silica samples, consistent for self-comparison purpose.
The numbers of pixels in white and black areas were counted through the Matlab built-in

function Bwarea.
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4.3.  Uniformity of Pristine Cell Structure

Sol-gel methods were employed to process the cellular silica samples. The
structure before firing should be uniform. After the gel was fired at different temperatures
to achieve the desired cell volume fraction, there might be variations in cell structures
from the surface to the interior. For the 255 nm cell-sized silica, the initial sample
thickness was around 9~10 mm. We used sandpapers to remove the top and the bottom
layers, and polished the final sample thickness to ~5.0 mm. The diameter of the disc
sample was about 23 mm, and only the center part was used for the test. In Figure 4.3,
around the center part, and along the thickness direction, the cell structures were scanned.
The image analysis gave the two-dimensional nominal cell volume fractions of local

areas. The results showed that the sample structure was quite uniform.

4.4. Harvesting SEM Samples

4.4.1. Low Impact Rate Tests

After the dynamically shear test, a SEM sample was harvested from the impacted
cellular silica disk. Under a relatively low impact rate of the striker, as depicted in Figure
4.4, the silica sample remained structurally integral after testing. Attention was primarily
focused on the front side of the silica disk facing the incident bar. To best preserve useful
information, a thin layer of epoxy was applied on the other side of the disk. From the
back surface, in the center part of the disk and along a radius line, three holes with the

diameter of 0.0236°" were drilled. A razor blade was placed in the middle hole, with the
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sharp corner toward an adjacent hole, and carefully impacted by a hand hammer. A crack
would be generated and propagate along the radius direction, splitting the silica disk into

two parts. The exposed lateral fresh fracture surfaces were observed under a SEM.

4.4.2. High Impact Rate Tests

At a relatively high impact rate of the striker, after testing, the cellular silica disk
would fragment into a number of smaller pieces, as shown in Figure 4.5. The parts of the
lowest crack number density were chosen for the SEM analysis. The origin in the SEM
image was offset, as the central part of the disk could be lost, as shown in Figure 4.5 (b).
The diameter of the cellular silica sample was known; the diameter of the forced-shear
ring facing the incident bar was 12.7 mm; along the radius direction of the SEM sample,
the cutoff distance between the two circles could be determined as d;; the length of the
SEM sample was measured from the SEM image directly as d»; the difference between d;
and d, was the offset value of the origin in the X-Depth coordinate system. The origin

offsetting was performed using the software of Photoshop.

4.5.  Strategy of SEM Scanning

A relatively large number of SEM images were analyzed. To collect the
information of the deformation zones effectively, the preserved sample surfaces were
strategically scanned. First, we assessed the scanning range of the sample through visual

inspection. The primary goal was to estimate the areas of deformed cells. As the cell size
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was small and the number of cells was large, the boundaries of deformation zones could
be identified only based on statistics. As shown in Figure 4.6 (a), the areas around the
intersection of the outer edge of the incident bar and the front surface of the cellular disk
should be scanned. Sections immediately adjacent to the sample-bar interface might have
been compressed and were very often damaged; the outer fields were given a higher
priority.

Second, we built up an X-D coordinate system, with “D” indicating the sample
depth direction (parallel to the impact direction) and “X” the radius direction (normal to
the impact direction). The origin was set at the intersection of the outer edge of incident
bar and the front surface of cellular sample, based on the surface features shown in Figure
4.6 (c). The X-D coordinate helped to locate the scanning points and to coordinate the
analysis results of different fields.

Third, we set a scanning map. For each SEM sample, a relatively large
rectangular field ahead of the origin was scanned; typically, ~600 images were taken,
corresponding to ~100 scanning points. Usually five or six scanning lines were needed to
give an acceptable resolution of the boundary of the deformation zone, one of which was
for the compressed area. About 20 points along each line were observed. The sample
thickness was 5.00 mm or 4.50 mm. To cover a half of the thickness by 20 points, the
distance between adjacent scanning points (D) should be about 125 um. In our work, for
the sake of convenience, D; was set to 186 um at the magnification of 500X, the same as
the height of a single SEM image. Cracked areas were skipped.

Then, we set the scanning path for each scanning point, so that the SEM view

field would return to the starting spot after six images had been taken.
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Finally, we took high-resolution SEM images following the pre-set path for each
scanning point. This scanning strategy, specified in Table 4.1, must be strictly followed

for all the scanning points for all the SEM samples.

4.6. Quantitative Image Analysis

Using the developed quantitative image analysis technique, the distribution of
local two-dimensional nominal cell volume fractions for each selected sample was
measured. The cell structure along X = 0 undergoes the most severe deformation, and cell
deformation is less pronounced in the far field. A critical local cell volume fraction
change ratio, different from which the cell structure is considered deformed, is used to
define the boundary of the shear deformation zone: § = (local cell volume
fraction)/(reference cell volume fraction), where the reference cell volume fraction is the
average cell volume fraction of non-deformed areas in the far field. Due to the small cell
size and the large cell number, the standard deviation is less than 2% of the average cell
volume fraction.

Take the cellular silica sample with the average cell size of 255 nm as an
example. Table 4.2 shows the original SEM images along the scanning lines: X = 0 pum,
X =242 um and X = 484 pum. The image analysis results are listed in Table 4.3. The
background cell volume fraction is measured as 0.5246, and the critical normalized cell
volume fraction, 3, is 1.014. Table 4.4 gives the updated image analysis results, in which

the deformed zone is marked by the red numbers.
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Chapter 4, in part, is currently being prepared for submission for publication of
the material, and co-authored by Yu Qiao. The dissertation author was the primary

investigator and author of this work.



(50 X 2.42 mm X 1.86 mm; 500 X 242

Table 4.1: SEM scanning strategy
um X 186 pum; 25000 X 4.84 um X 3.72 pm)

Non-compression zone

Starting Point

Compression zone

é 968 | 726 | 484 | 242 0 -242
5] 4] 3

0 6|12

186

372

558

744
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Table 4.2: Original SEM images along the scanning lines
(Sample thickness 5.0 mm; cell size 255 nm; cell volume fraction 78.8%)
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Unit: pm
0
186
372
558
v 744
Depth
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Table 4.2 (continued)

Unit: pm

930

1116

1302

1488

1674

v

Depth




Table 4.2 (continued)
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A

Unit: um
1860
2046
2232
v
Depth 2418

484
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Table 4.4: Updated results of SEM image analysis
(Sample thickness 5.0 mm; cell size 255 nm; cell volume fraction 78.8%;
partition 3 x 3; background cell volume fraction: 0.5246; critical value 1.014)
X

968 726 484 242 0 -242

0 | 1.0246 | 1.0292 | 1.0366 | 1.0259 | 1.0170 | 1.0116

186 | 1.0065 | 1.0122 | 1.0067 | 1.0294 | 1.0111 | 0.9990

372 | 1.0126 | 1.0135 | 1.0029 | 1.0132 | 1.0206 | 1.0086

558 | 0.9987 | 1.0011 | 1.0084 | 1.0189 | 1.0118 | 0.9975

744 | 0.9981 | 1.0088 | 0.9964 | 1.0261 | 0.9903 | 1.0208

930 | 1.0112 | 1.0112 | 0.9973 | 0.9952 | 1.0114 | 1.0217
1116 | 1.0204 | 0.9973 | 1.0059 | 1.0072 | 1.0126 | 1.0151
1302 | 1.0051 | 1.0084 | 0.9992 | 0.9929 | 0.9956 | 1.0000
1488 | 1.0219 | 1.0158 | 1.0282 | 1.0071 | 1.0282 | 0.9996
1674 | 1.0074 | 1.0038 | 1.0223 | 1.0000 | 0.9975 | 1.0084
1860 | 1.0101 | 1.0124 | 0.9888 | 1.0011 | 1.0263 | 0.9966
2046 | 1.0051 | 1.0158 | 1.0013 | 0.9760 | 0.9910 | 0.9939
2232 | 1.0071 | 0.9909 | 1.0032 | 0.9939 | 1.0141 | 1.0124
2418 | 0.9962 | 1.0042 | 1.0162 | 0.9937 | 1.0027 | 0.9853

Unit: um

Depth
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Figure 4.1: Shadow in the SEM image of a cellular silica sample. (a) Original SEM
image. (b) Binary image derived from the Otsu’s method.

Figure 4.2: Two dimensional nominal cell volume fraction of a cellular silica sample. (a)
Typical original SEM image. (b) Enhanced SEM image. (c) Binary image derived from
the Otsu’s method.
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(@) Cellular silica sample

(d) Bottom, 52.7%

Figure 4.3: Morphology of a cellular silica sample. The percentages listed are the two-
dimensional cell volume fractions of the scanned areas. The cell size is about 255 nm; the
cell volume fraction is ~79%; the sample thickness is 5.0 mm.
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u 0

(a) Before testing (b) After testing

(c) Harvesting of a SEM sample

Figure 4.4: Forced-sheared cellular silica under the striker speed of 4 m/s.
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(a) Tested sample (b) After the rubber ring being removed

(c) Parts of interest (d) Part #01

(e) Harvesting of SEM sample

Figure 4.5: Forced-sheared cellular silica under the striker speed of 8.5 m/s. The dark
color on the surface of the SEM sample is caused by the iridium coating.



(c) Surface features

(b) A larger view (d) A starting point

Figure 4.6: SEM scanning strategy.
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CHAPTER 5

DYNAMIC SHEAR TESTS ON CELLULAR

SILICA

5.1. Introduction

Under dynamic shear loadings, an intense stress wave can be highly nonlinear and
highly heterogeneous (HNHH) (Meyers, 1994; Nesterenko, 2001). Its propagation,
reflection, and transmission are coupled with the changes in the structure of the medium,
and therefore, many concepts of linear wave theory, such as acoustic impedance and
wave energy conservation, may break down. For example, as a HNHH stress wave
advances in a solid material, it can cause plastic yielding, microcracking, and/or local
phase transformation (Me-Bar and Shechtman, 1983; Meyers et al., 1994; Timothy and

Hutchings, 1985; Xue et al., 2002); in a cellular material, it may trigger cell buckling and
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ligament rupture (Balch et al., 2005); in a granular material, it can activate rearrangement
of close-packed components (Daraio et al., 2006; Meyers et al., 2001). The nonlinearity is
often associated with the heterogeneity (Pauly et al., 2010; Ritchie, 2011; Zener and
Hollomon, 1944); that is, an initially uniform wave front may become heterogeneous and
the wave energy is dissipated in a number of narrow zones, e.g. shear bands (Meyers et
al., 2001; Meyers et al., 1994; Xu et al., 2008; Zhou et al., 1996). The instability of a
HNHH stress wave can be caused by either material instability or geometrical instability
(Nesterenko, 2001).

Cellular materials are solid materials having empty cells. A few examples of
cellular materials include arrays of carbon nanotubes (Ajayan and Zhou, 2001) or
nano/micro-wires (Rao and Govindaraj, 2011), ultra-lightweight microtrusses
(Queheillalt and Wadley, 2005), and porous polymers, metals/alloys, and ceramics
(Hedrick et al., 1999; Nakanishi, 2010; Tappan et al., 2010). In general, cellular materials
are lightweight. They are widely applied for thermal insulation, acoustic damping, and
impact protection (Gibson and Ashby, 1997; Scheffler and Colombo, 2006). In a cellular
material, if a HNHH stress wave becomes unstable, catastrophic failure would take place,
with the majority of the protection capacity being essentially wasted.

Over the years, the instability of HNHH stress wave was extensively investigated
(Daraio et al., 2006; Leonard and Daraio, 2012; Meyers et al., 2001; Nesterenko, 2001;
Nesterenko et al., 2005b; Porter et al., 2009; Starosvetsky and Vakakis, 2010; Theocharis
et al., 2010) . Shear band nucleation, propagation, and morphology change were related
to materials properties and loading modes. However, there is still no efficient way to

stabilize and homogenize HNHH stress waves in cellular media.
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For each material and loading condition, shear bands have a characteristic width,
w, ranging from a few nm in metallic glass (Pekarskaya et al., 2001) to hundreds of um in
cellular materials (Balch et al., 2005) or granular materials (Alshibli and Sture, 1999;

Nesterenko et al., 1996). According to the classic Grady model (Grady, 1982),

where X is the energy dissipation density, p is the mass density of the medium, and & is
the strain rate. Equation (5.1) suggests that w is independent of the characteristic length
of the medium.

In a regular cellular material where the cell size is relatively large (e.g.
comparable with or larger than the characteristic shear-band width), the cell buckling at
the HNHH stress wave front may be viewed as a process that reduces the resistance to
shear banding; thus, wave energy dissipation tends to be limited within narrow bands. In
the current study, we investigate cellular materials in which the cell sizes are relative
small (e.g. much smaller than the characteristic size of shear deformation zone). Under
this condition, cell buckling may become a fast condensation mechanism, which
increases the effective local resistance. As the shear banding is suppressed, the wave

front can be stabilized and homogenized.

5.2.  Preparation of Cellular Silica Samples

The materials under investigation were a set of monolithic cellular silica samples

with a similar cell volume fraction around 60%; their cell sizes were in the range from
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tens of nm to more than 1 um, as shown in Figure 5.1. Details of the material processing
and characterization were documented in Chapter 2. The cell formation was achieved by
sol-gel methods (Miyamoto et al., 2013; Nakanishi, 2010; Shoup, 1976); different
templating agents were employed for small and large cells. Immediately after rinsing and
drying, the material was subcritically calcinated at the temperatures slightly higher than
the glass transition point. In this temperature range, the cell size and the cell volume
fraction varied at distinct rates, and thus, were precisely and independently controlled.
Moreover, the residual stresses were largely reduced. Through x-ray diffraction (XRD)
analysis (Chapter 2), it was confirmed that all the samples were amorphous. The samples

were processed as 4.5 mm thick disks, with the diameter ~23 mm, as listed in Table 5.1.

5.3. Experimental Measurements

5.3.1. Quasi-static Shear Tests

The cellular silica samples were first tested under quasi-static shear loading. A
silica disk sample was sandwiched in between a stainless steel loading rod and a stainless
steel shear-promotion support ring (SPSR). The inner diameter of the SPSR was 13.1
mm, slightly larger than the outer diameter of the loading rod, 2r = 12.7 mm. By using a
type 5582 Instron machine, the loading rod compressed the silica sample, with the
loading rate of 0.01 mm/min. Shear instability was triggered by the geometrical change
of the SPSR. Figure 5.2 shows typical load-displacement curves. The quasi-static shear

strength is defined as So = F/(2nrt), where F is the measured peak loading at the onset of



71

shear failure and t is the sample thickness. Table 5.2 and Figure 5.3 show the quasi-static

shear strength of cellular silica samples.

5.3.2. Dynamic Compression Tests

Dynamic compression tests on cellular silica samples were conducted by using the
Split Hopkinson Bar (SHB) system described in Chapter 3. A 62.8 g titanium striker was
projected by a gas chamber to a stainless steel incident bar. Upon impact, a high-pressure
stress wave was generated and propagated along the incident bar (Kolsky, 1963). In all
the tests, the striker speed was kept at ~8.5 m/s. On the other end of the incident bar, a
cellular silica disk sample was firmly attached, supported by a stainless steel transmission
bar from the back. The stress wave entered into the silica sample, and eventually
transmitted to the transmission bar. The incident, reflected and transmitted wave profiles,
as shown in Figure 5.4, were measured by the strain gauges mounted on the incident bar
and the transmission bar, respectively. The incident wave profiles were similar in all the

tests, and the transmitted wave pressures are summarized in Figure 5.5 and Table 5.2.

5.3.3. Dynamic Shear Tests

Dynamic shear tests were carried out by using a similar SHB system with the
dynamic compression experiment. The striker, the incident bar, and the transmission bar
were the same; the striker speed was maintained at ~8.5 m/s. The same SPSR in the
quasi-static shear tests was employed; the shear gap width was set as 0.20 mm. This setup

was inspired by the work of (Meyers et al., 1992; Meyers et al., 2001; Nesterenko, 2001):
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While the stress wave in the incident bar was compressive, shear deformation would be
promoted in a narrow circular band in between the outer surface of the incident bar and
the inner surface of the SPSR. Due to the geometrical change, the stress wave in the silica
sample was no longer homogeneous, but highly heterogeneous; i.e. its spatial distribution
is non-uniform. Figure 5.6 shows the profiles of incident, reflected, and transmitted stress
waves. Figure 5.7 and Table 5.2 summarize the measured transmitted wave pressure of
cellular silica samples with different cell sizes.

To investigate the influence of the shear strain rate on the cell size effect, dynamic
shear tests were also performed with different impact rates of the striker and different
shear gap widths between the outer surface of the incident bar and the inner surface of the
SPSR: with the shear gap width of 0.20 mm, the striker speed varied from ~5.0 m/s to
~9.5 m/s; with the striker speed of ~9.5 m/s, the shear gap width ranged from 0.10 mm to
0.40 mm. The testing results will be discussed in Section 5.5.

Finally, to investigate the influence of the cell volume fraction on the cell size
effect, dynamic shear tests were conducted on cellular silica samples with the striker
speed of ~9.5 m/s and the shear gaps width of 0.20 mm. The testing results will be

discussed in Section 5.6.

5.3.4. Dynamic Shear Deformation Zone

After testing under the conditions of the striker speed of ~8.5 m/s and the shear
gap width of 0.20 mm, the dynamically sheared silica samples were well preserved.

Selected samples were cleaved along the radius direction, and the areas around the
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circular bands of shear deformation in the exposed lateral surfaces were observed under a
FEI-XL30 environmental scanning electron microscope (SEM), as depicted in Figure 5.8
(b). Figure 5.8 (c,d,e) show typical SEM images. According to the SEM image analysis
algorithm, described in Chapter 4, the boundaries of shear deformation zones (SDZ) were
determined. Outside SDZ, no permanent cell deformation could be detected. Inside SDZ,
the cell volume fraction changed significantly. For self-comparison purpose, SDZ was
defined as the areas where the local cell volume fraction differs from that in the far field
by more than ~1 o, with o being the standard deviation. Table 5.3 listed the nominal two-

dimensional cell volume fractions, p,", of pristine cellular samples with various cell sizes.

5.4. Cell Size Effect

Figure 5.3 suggests that the quasi-static shear strength, Sy, is quite insensitive to
the cell size, as predicted by the classic theory (Gibson and Ashby, 1997): The strength of
a cellular material is determined by its cell volume fraction, p.

So o (1 —p)? (5.2)
Since all the cellular silica disk samples in the current study have a similar cell volume
fraction of ~60%, their shear strengths are at the same level.

In the dynamic SHB tests, because the striker speed is kept nearly constant, the
incident wave profiles and pressures are similar for all the samples, as shown in Table
5.1. Under the incident wave pressure of ~31 MPa, in the dynamic compression tests, the
cell deformation can be ignored; while in the dynamic shear tests, the cells collapse, and

the stress wave is highly nonlinear.
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The acoustic impedance (z) of a cellular silica sample is determined by

z=A"p-c (5.3
where A is the cross section area, p is the mass density, and c is the speed of sound. All
the investigated cellular silica samples have a similar cell volume fraction, ~60%,
indicating that their sample densities are similar. According to Figure 2.8 in Chapter 2,
the speed of sound is almost a constant, regardless of the cell size. Thus, the acoustic
impedance of cellular silica samples should be similar. On the other hand, dynamic
compression tests were conducted, where the silica sample was sandwiched in-between
the incident bar and the transmission bar directly. The stress wave in the incident bar is
one-dimensional and homogeneous (Kolsky, 1963). When such a one-dimensional stress
encounters an interface, part of it will get reflected and part of it will get transmitted. The
extent of the impedance mismatch will determine the percentage of the energy that will
get reflected or transmitted. In another word, we can check the reflected wave pressure or
the transmitted wave pressure to confirm the acoustic impedance. As shown in Figure
5.5, the transmitted wave pressure is nearly constant in all the cellular silica samples,
independent of the cell size. Therefore, the acoustic impedance of a cellular silica sample
is not related with its cell size, d.

In the dynamic shear experiment, the stress wave is highly nonlinear and highly
heterogeneous. Under this condition, as shown in Figure 5.7, the transmitted wave
pressure becomes highly dependent on the cell size. As the cell size decreases from ~1.4
um to ~300 nm, the transmitted wave pressure is lowered relatively mildly by nearly 1/3;
as the cell size further decreases to ~100 nm, the transmitted wave pressure largely

reduces by another ~30%. Overall, with the cell size around 100-200 nm, the transmitted
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wave pressure is only ~1/3 of that of the large-cell-sized samples. In our experiment, the
incident wave pressure and duration are maintained at the same levels; as the impedance
of the material is unrelated to the cell size, the reflected wave profiles do not have a clear
correlation with the cell size. The trend in transmitted waves must be associated with the
structural changes in the cellular medium: As shown in Figure 5.8 (c,d,e), when the cell
size decreases from above 300 nm to ~100 nm, the SDZ configuration undergoes a sharp
transition. As the cell size is above 300 nm, the HNHH stress wave in the cellular silica
exhibits typical unstable, concentrated characteristics. The cell deformation is focused in
the narrow circular band between the outer surface of the incident bar and the inner
surface of the SPSR. As the cell size is ~100-200 nm, the SDZ width abruptly increases.
A much broader field of material is involved in the HNHH propagation, leading to a
much larger volume of structural variation, V; that is, the HNHH stress wave propagation
is stabilized and homogenized. Because more wave energy is dissipated, the transmitted
wave pressure decreases with the cell size.

Under dynamic shear tests, the transmitted wave pressure is a function of the cell
size. The homogenization of the HNHH stress wave occurs only when the cell size is
relatively small. To identify the boundary where the homogenization starts, we define a
pressure reduction factor (¢)

ls| = [Pes — Pol/Pro (5.4)
where Py is the equivalent maximum normal stress under quasi-static shear condition,
equaling to the maximum force on the loading rod divided by the cross-sectional area.
For the cellular silica with the cell volume fraction of ~60%, the measured Py is ~16.1

MPa. As shown in Figure 5.9, when ¢ > 0 (¢*), the maximum transmitted wave pressure
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is higher than 16.1 MPa; this region is defined as the Regular Region; when ¢ < 0 (g7),
the maximum transmitted wave pressure is lower than 16.1 MPa; this region defined as
the Nano Region. The boundary between the Regular Region and the Nano Region, ~200
nm, defines the point where the HNHH stress wave starts to be stabilized and
homogenized with the striker speed of ~8.5 m/s and the shear gap width of 0.20 mm.

The capacity of energy dissipation may be described by the energy dissipation

factor (p):

Ui— U~ U,

B = - (5.5)

where U;, U,, and Uy are the energies carried by the incident, reflected, and transmitted
waves, respectively. When a linear, one-dimensional (1D) stress wave propagates in an
elastic medium, the stress wave energy (U) consists of two parts: the strain energy (Us)
associated with local deformation and the kinetic energy (Uyx) associated with local

particle velocity. The strain energy may be assessed as
Us = AvCo/(2Ep) - [, P2dt, (5.6)

where Ay, Cp, Ep, Pw, and t are the cross-section area of the medium, the speed of sound,
the Young’s modulus of the medium, the wave pressure, and time, respectively (Song and
Chen, 2006; Surani et al., 2005). The integration is performed over the pulse duration, T.
The kinetic energy can be estimated as

Ui = ppApC3/(2E) - [] PZdt, (5.7)
where py, is the mass density. Thus, the stress wave energy (U)

U=U,+ U, (5.8)
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= (4nCo/(2Ey) + ppAyC3/(2ED)) - [ BRdt = ¢ - | R2dt
where & = ApCp/(2Ep)+ ppAsCo’/(2Ew%). For a linear elastic medium, E, = p»Cp’; hence, &
= A,Cy/Eyp. For the Split Hopkinson Bar (SHB) system used in the current investigation,
A, = 126.7 mm?; C, = 5790 m/s; E, = 196.5 GPa. Therefore, the system constant & =
3.73x10™ m°N/s. Here, the definition of stress wave energy is only for self-comparison
purpose.

The calculation results of the energy dissipation factor, B, were summarized in
Figure 5.10 and Table 5.2. With a relatively large cell size above 1 um, the energy
dissipation is quite low; as the cell size decreases, g rapidly increases, and reaches the
peak value as d is ~ 100 nm, consistent with the observed SDZ configurations.

The homogenization of the HNHH stress wave in small-cell-sized cellular silica
should be attributed to the fast compaction of the cells. When a stress wave encounters a
hard inclusion, its front may be dispersed to a broader field (Leonard and Daraio, 2012).
The stress wave in the incident bar is homogeneous. Due to the geometrical change of
this shear setup, the stress wave becomes highly heterogeneous. As the HNHH stress
wave advances into the cellular sample, if the cell size is relative large (e.g. comparable
with or larger than the characteristic size of the wave front), cell collapse leads to local
“softening”, which promotes wave instability (Dannemann and Lankford, 2000; Tan et
al., 2005). If the cell size is relative small (e.g. much smaller than the characteristic size
of the wave front), their collapse takes only a short period of time and effectively
becomes a local compaction process. Therefore, shear localization is suppressed, and the

wave front is stabilized and dispersed into the far field.
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5.5. Influence of Shear Strain Rate

Under quasi-static shearing, the shear strengths of all the SCC-treated cellular
silica samples are similar; while under dynamic shearing, the transmitted wave pressure
shows a remarkable cell size effect. Therefore, the shear strain rate must be an important
factor. Effective shear strain rate equals to the difference between the particle velocities
at both ends of the specimen, which is determined by the impact rate of the striker,
divided by the shear gap width, which is determined by the difference between the outer

radius of the incident bar and the inner radius of the support ring.

5.5.1. Impact Rate of Striker

Figure 5.11 shows the relationship between the striker speed and the incident
wave pressure. They are quite linear to each other, suggesting that the SHB system works
well in the elastic domain. The slope of the regressed line is 3.83 MPa-m™s. All the
SCC-treated silica samples have a similar cell volume fraction, ~60%, and the shear gap
width here is set to be 0.20 mm.

Figure 5.12 shows the transmitted wave pressure of cellular silica samples with
various cell sizes, with the impact rate of the striker from ~5.0 m/s to ~9.5 m/s. As the
impact rate is relatively low, there is no evident cell size effect, similar to the quasi-static
shear test result. As the impact rate reaches ~6-8.5 m/s, evident cell size effect could be
observed: As the cell size is reduced from above ~300 nm to below ~100 nm, the
transmitted wave pressure significantly decreases, suggesting that the shear localization is

effectively suppressed, and the front of the HNHH stress wave is stabilized and
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homogenized. As the impact rate is ~9.5 m/s, the incident loading is so intense that some
cellular silica samples have reached their capacity of energy dissipation; and thus, the
information of cell size effect is partially lost.

The energy dissipation factor (5) is used to quantify the energy dissipation. The
higher the energy dissipation factor, the more energy will be dissipated during the
dynamic shearing process. As shown in Figure 5.13, with the impact rate increasing from
~5.0 m/s to ~9.5 m/s, the cell size effect is greatly influenced. Figure 5.14 and Table 5.4
show the results of silica samples with the average cell size of ~85 nm. As the striker
speed increases from ~5.0 m/s to ~7 m/s, the energy dissipation factor rises somewhat
linearly by more than 0.2 m™s, indicating that the homogenization of HNHH stress wave
is a dynamic effect: Only when the stress wave is sufficiently intense, can the factor of
cell size come in and affect the energy dissipation; when the loading rate is low, the
behavior of the investigated cellular silica resembles that in a quasi-static test. When the
striker speed further rises from ~8.5 m/s to ~9.5 m/s, the energy dissipation factor does

not vary a lot, implying that the energy dissipation is close to saturation.

5.5.2. Shear Gap Width

Another parameter that affects the effective shear strain rate is the shear gap width,
half of the difference between the outer diameter of the incident bar and the inner
diameter of the SPSR. Here the impact rate of the striker is set to ~9.5 m/s, and the shear
gap width varies from 0.10 mm to 0.40 mm. The SCC-treated cellular silica samples have

a similar cell volume fraction of ~60%. As shown in Figure 5.15, when the gap width is
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relatively large, there is no evident cell size effect, which is consistent with the previous
results that under a low impact rate. When the gap width is 0.20 mm, the cell size effect
becomes evident, but as discussed previously, the incident loading is so intense that the
cell size effect is not fully reflected. When the gap width further decreases to 0.10 mm,
the data scatter becomes large, suggesting that the sample alignment may be a major
issue; thus, the measurement data of the transmitted wave pressure are non-conclusive.
Nevertheless, the testing data for the gap widths of 0.40 mm and 0.20 mm agrees with the
previous result that the cell size effect is promoted as the shear strain rate rises.

In Figure 5.16, with the decrease of the shear gap width from 0.4 mm to 0.2 mm,
the energy dissipation factor shows the similar tendency that, at a higher shear strain rate,
an evident cell size effect can be observed. When the gap width is 0.10 mm, the data
scatter is large, probably owning to the difficulty in accurate alignment of the incident bar,

the testing sample, the support ring, and the transmission bar.

5.6. Influence of Cell Volume Fraction

The energy dissipation capacity (¢) can be estimated from SV, where S is the
material strength and V is the volume of the material that undergoes structural changes.
According to Equation (5.2), the strength of a cellular material is related to its cell
volume fraction (p). The energy dissipation capacity caused by cell collapse can be
written as

ex Vo p-(1-p)? (5.9)
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where Vy is initial volume of the material. Thus, the energy dissipation density (X),
energy dissipation per volume, can be assessed as
Zocp-(1-p)? (5.10)

On the one hand, the cell volume fraction should be as large as possible to
increase the change in volume; on the other hand, the increased cell volume fraction will
weaken the material. If it is assumed that the material strength is a constant during the
collapse of the cells, then the optimum cell volume fraction associated with the maximum
energy dissipation density is ~33%.

The above analysis is based on the classical quasi-static theory in which the
deformation of the cells is uniform, and the cell size effect is not taken into consideration.
According to the experimental data, for the cellular silica with the cell volume fraction of
~60%, as the cell size is relatively small (e.g. much smaller than the characteristic length
of the wave front), the shear localization could be effectively suppressed owning to the
local hardening ahead of the wave front, which should be related to the cell volume
fraction. When the cell volume fraction ahead of the wave front is relative high, it might
be difficult to fully achieve local hardening since the local compaction process takes a
longer period of time; when the cell volume fraction is relative low, the time for the cell
collapse becomes shorter, but the compressibility also decreases.

The cellular silica samples used for the cell volume fraction study were processed
through the similar procedure described in Chapter 2, but were fired at different
temperatures slightly higher than the glass transition point to obtain different cell volume
fractions, ranging from ~50% to ~70%. As discussed in Chapter 2, compared with the

cell volume fraction, the cell size was much less sensitive to the calcination temperature.
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Thus, the cell sizes of silica samples with the same initial component mass ratio remained
similar, regardless of the large difference in cell volume fraction. The shear gap width
was set to 0.20 mm, and the impact rate of the striker was maintained at ~9.5 m/s.

Figure 5.17 shows the transmitted wave pressure of cellular silica samples with
various cell sizes and various cell volume fractions. Overall, for the silica samples with a
similar cell size, the transmitted wave pressure reduces with the increase in cell volume
fraction; for the silica samples with a similar cell volume fraction, the transmitted wave
pressure reduces with the decrease in cell size. When the cell size is within the range
from ~70 nm to ~175 nm and the cell volume fraction is within the range from ~60% to
~70%, there is a valley (dark red) in the contour of the transmitted wave pressure, with
the lowest value of ~10 MPa, suggesting that more energy has been dissipated.

Figure 5.18 shows the energy dissipation factor of cellular silica samples with various
cell sizes and various cell volume fractions. The pattern is consistent with the transmitted
wave pressure shown in Figure 5.17. When the cell size is within the range from ~70 nm
to ~175 nm, and when the cell volume fraction is within the range from ~60% to ~70%,
there is a peak in the contour of the energy dissipation factor, with the peak value slightly
higher than 90%. The existence of this peak indicates that: (1) there is an optimal cell
volume fraction to achieve the maximum energy dissipation; and (2) the cell volume

fraction effect and the cell size effect are coupled.

5.7. Grady Model in SPSR
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Based on the equilibrium condition of dissipated energy and kinetic energy,
Grady developed an analytical model to predict the width of shear deformation zone

(Grady, 1982).
w X |— (5.1)

where X' is the density of dissipated energy, p is the mass density of the medium, and &€ is
the strain rate. Following Grady’s idea, we derived an equation in the case of SPSR. As
shown in Figure 5.19, the diameter of the incident bar is Dy, the shear gap width is w, the
global shear velocity is vp, and the sample thickness is t. Before shear localization, it is
assumed that a uniform velocity gradient exists across the shear deformation region: at r
= w+ Dy/2, the local velocity is zero; at r = Dy/2, the local velocity is vp; at a location
within the range of [Dyp/2, w+ Dy/2], the local velocity is

v=)'/-(%+w—r) (5.11)
where the effective shear strain rate is

Yy = ™ (5.12)

The local kinetic energy within the region of [r, r+dr] is
1
dr’ = Evz -dm (5.13)

where
dm=2nr-p-t-dr (5.14)

The kinetic energy within the shear deformation zone is given by the integral,
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2w w* D,-wd
= = 72 (— 5.15
T J-D dT' = ntpy (12 + ¢ ) (5.15)

2

Here the width of the shear deformation zone is much smaller than the diameter of the

incident bar,

w
> <D, (5.16)

Thus, the kinetic energy can be rewritten as

_ mtpy? - Dy - w?

/ 5.17
c (5.17)
In the framework of continuum mechanics, the local kinetic energy density is
TI
= (5.18)
Dymtw
and the interface area to volume ratio, A, is
2Dmt 2
_ Ut _ 4 (5.19)
Dmtw  w
Consequently, the local kinetic energy density can be
2py?
= 5.20
T=—13 (5.20)
The interface energy density is

where y, is the interface energy consumed during the shear localization process. The total

energy density is given by

2py?

The energy terms are plotted in Figure 5.20. Clearly, the Kinetic energy term results in

inertial forces that tend to increase the interface area; while the interface energy term
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provides driving forces that tend to suppress the formation of interface area. At

equilibrium, the system free energy reaches the minimum value:

dlfj—,(:l) =0 (5.23)
The associated interface area is
A3 x 'Dy—yz (5.24)
0
and the width of shear deformation zone is
W (/%)1/3 (5.25)

If we assume that the energy dissipation occurs within the shear deformation zone,
the energy dissipation density (X) can be estimated from
Yo=2 W (5.26)

Combination of Equations (5.25) and (5.26) leads to Equation (5.1).

5.8. Dimensional Analysis for Shear Deformation Zone Size

For the nano-cellular silica under investigation, the testing data showed clearly
that the cell size, d, has important effects on the size of the deformation zone. However,
in Grady model, there is no such a length scale. Here the factor of the cell size is
introduced, and we have

w=f(péd) (5.27)

where f is a certain function. According to the IT theorem (Bridgman, 1922),
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P
pE2d?

w/d = f( ) (5.28)

If f is set to a power law form, Equation (5.28) becomes

)

w/d = a(m)x (5.29)

where « and y >1/2 are two dimensionless material parameters. Equation (5.29) can be

rewritten as

y X
W= a(p?> . d1i-2x (5.30)

When y = 1/2, Equation (5.30) converges to Grady model, and the cell size effect
vanishes. As y > 1/2, the deformation zone size, w, increases as the cell size, d, decreases,
agreeing with our experimental observation. As shown in Figure 5.21, through data
fitting, the value of y can be determined as 1.6+0.1, or ~1.5. In Figure 5.21, the shear

deformation zone (SDZ) sizes were measured from the SEM images in Figure 5.8.

5.9. Summary and Conclusion

We investigated the transmission of intense stress waves across subcritically
calcinated cellular silica, with the cell size ranging from ~50 nm to ~1 um and the cell
volume fraction of ~60%. The experimental results showed that as the cell size was
relatively large, the stress wave energy was dissipated in narrow bands, fitting well with
classic theory; as the cell size was below ~200 nm, however, the stress wave was
homogenized, and consequently, the transmitted wave pressure was significantly reduced.

We attribute this unique phenomenon to the fast compaction of the small cells at the
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wave front. With the shear localization being suppressed by the local hardening ahead of
the wave front, the HNHH stress waves were stabilized and bulk energy dissipation is
promoted.

The influence of the shear strain rate was also investigated. The results suggested
that the homogenization of HNHH stress wave is a dynamic effect: Only when the shear
strain rate is sufficiently high, can the factor of cell size come in and affect the energy
dissipation; when the shear strain rate is low, the behavior of the investigated cellular
silica resembles that in a quasi-static test.

The experiments on the influence of cell volume fraction showed that under a
specific shear strain rate, there is an optimal cell volume fraction at which the energy
dissipation is maximized. Only when the cell volume fraction is appropriate can the local
hardening ahead of the wave front be fully achieved.

Grady model was modified via using dimensional analysis to include the cell size
effect. In the new model, the size of the shear deformation zone increases as the cell size
is reduced, matching well with the experimental observation.

Chapter 5, in part, has been submitted for publication in Physical Review Letters,
and co-authored by Meng Wang, Yang Shi, Jian Luo, and Yu Qiao; in part, is currently
being prepared for submission for publication of the material, and co-authored by Yu

Qiao. The dissertation author was the primary investigator and author of this work.
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Table 5.3: Image analysis results of pristine cellular silica samples

Cell size (nm) ~ 315+75  240#50  185#35  155+25 120420  85#15
p (%) 63.0 62.1 62.9 60.6 63.5 62.4
P, (%) 52.4+0.8 50.8#1.0 50.7+1.3 50.4+0.6 52.4+0.8 50.4+0.8

Table 5.4: Influence of the impact rate of striker on the cell size effect.

Impact velocity (m/s) 5.2+0.1 6.0+0.1 6.9+0.3 8.6+0.1 9.3+0.2
Impact energy (J) 0.84+0.02 1.14+0.04 1.50+0.11 2.33+0.55 2.67+0.12
Incident wave pressure (MPa) 18.6+0.4 23.1+0.4 24.9+1.0 29.1+0.3 35.0+0.6

Transmitted wave pressure (MPa)  17.4+1.4  145+1.0 9.2+0.9 11.2+1.0 12.0+1.1
Energy dissipation factor, g 0.39+0.04 0.56+0.06 0.82+0.09 0.89+0.02 0.91+0.01
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Figure 5.1: SEM images of cellular silicas with the average cell sizes of (a) 50 nm, (b) 85
nm, (c) 155 nm, (d) 315 nm and (e) 1.4 um, respectively. The cell volume fraction of all
the samples is around 60%. The inset between (a) and (d) shows a photo of a cellular
silica disk sample. (f) SEM image of typical deformed cells after dynamic shear testing;
the initial cell size is 155 nm.
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Figure 5.2: Typical quasi-static load-displacement curves; the arrows indicate the average
cell sizes. The outer diameter of the loading rod is D = 12.7 mm; the inner diameter of the
support ring is Dy = 13.1 mm. The loading/unloading rate is 0.01 mm/min. The cell
volume fraction is ~60%.
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Figure 5.3: Quasi-static shear strength, So as a function of the average cell size. The
loading/unloading rate is 0.01 mm/min. The cell volume fraction is ~60%.
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Figure 5.4: Typical incident (upper left), reflected (upper right) and transmitted (bottom)
stress waves measured in the dynamic compression tests. The legends show the average
cell sizes. The impact rate of striker is ~8.5 m/s. The cell volume fraction is ~60%.
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Figure 5.5: The transmitted compressive wave pressure, Py, as a function of the average
cell size. The impact rate of striker is ~8.5 m/s. The cell volume fraction is ~60%.
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Figure 5.6: Typical incident (upper left), reflected (upper right) and transmitted (bottom)
stress waves measured in the dynamic shear tests. The legends show the average cell
sizes. The shear gap width is 0.20 mm. The impact rate of striker is ~8.5 m/s. The cell
volume fraction is ~60%.
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Figure 5.7: The transmitted wave pressure, Py, as a function of the average cell size. The

shear gap width is 0.20 mm. The impact rate of striker is ~8.5 m/s. The cell volume
fraction is ~60%.



96

Sheg

SUppory ar pr, Omotzon _Center line

ring (sp SR) SEM scannmg th //
Cellular silica  @r€d _

Imttedb disk sample A E Inmden:
s / : i § ba
tee] Suppo 7 )
disk - . \ i ‘ A
SEM‘ Circular band of SPSR ™ cellular silica
sample shear deformation disk sample
(b)

Figure 5.8: Schematics of (a) the SHB experimental setup for the dynamic shear test, and
(b) the scanning area (yellow dashed rectangle) in a SEM sample harvested from a tested
cellular silica disk. SEM images of tested cellular silica samples with the average cell
sizes of (c) 315 nm, (d) 155 nm, and (e) 120 nm, respectively. The black squares indicate
the local areas of deformed cells; the red squares and the red lines define the boundaries
of the shear deformation zones (SDZ). The shear gap width is 0.20 mm. The impact rate
of striker is ~8.5 m/s. The cell volume fraction is ~60%.



97

Nano-region Regular-region

€]

100 1000
Cell size (nm)

Figure 5.9: Pressure reduction factor under the dynamic shear tests. The shear gap width
is 0.20 mm. The impact rate of striker is ~8.5 m/s. The cell volume fraction is ~60%. The
entire cell size range under investigation is divided into two regions: Nano-region (solid
diamonds with magenta background) and Regular-region (open diamonds with cyan
background).
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Figure 5.10: The energy dissipation factor, g, as functions of the average cell size. The
shear gap width is 0.20 mm. The impact rate of striker is ~8.5 m/s. The cell volume
fraction is ~60%.
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Figure 5.11: Relationship between the impact rate of striker and the average incident
wave pressure.
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Figure 5.12: Transmitted wave pressure of SCC-treated cellular silica under different
impact rates of the titanium tube striker. The shear gap width is 0.20 mm. The cell
volume fraction is ~60%.
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Figure 5.13: Energy dissipation factor of SCC-treated cellular silica under different

impact rates of the titanium tube striker. The shear gap width is 0.20 mm. The cell

volume fraction is ~60%.
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Figure 5.14: Energy dissipation factor of SCC-treated cellular silica with the average cell
size of 85 nm. The shear gap width is 0.20 mm. The cell volume fraction is ~60%.
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Figure 5.15: Transmitted wave pressure of SCC-treated cellular silica under different
shear gap widths. The impact rate of striker is ~9.5 m/s. The cell volume fraction is ~60%.
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Figure 5.16: Energy dissipation factor of SCC-treated cellular silica under different shear
gap widths. The impact rate of striker is ~9.5 m/s. The cell volume fraction is ~60%.
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Figure 5.17: Transmitted wave pressure of SCC-treated cellular silica with various cell

volume fractions. The blue circles show the experimental data. The impact rate of striker
is ~9.5 m/s. The shear gap width is 0.20 mm.
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volume fractions. The blue circles show the experimental data. The impact rate of striker
is ~9.5 m/s. The shear gap width is 0.20 mm.
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Figure 5.19: Schematic of shear deformation zone for the derivation of shear band width
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Figure 5.20: Equilibrium between kinetic energy and interface energy.
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Figure 5.21: The average shear deformation zone (SDZ) size, w, as a function of the
average cell size, d, fitted with the power law form of w o d*%. The diamonds show the
testing data; the solid line is the regressed curve.



CHAPTER 6

DYNAMIC INDENTATION TESTS ON

CELLULAR SILICA

6.1. Introduction

According to the classic theory (Gibson and Ashby, 1982; Gibson and Ashby,
1997), the mass density of a cellular material, p, is proportional to (1-p), with p being the
cell volume fraction; the strength, Y, the hardness, H, and the stiffness, E, are
proportional to (1-p)“ where « is a system constant; all of them are independent of the
cell size, d. In many applications, a low mass density is desirable and therefore, the cell
volume fraction must be maximized (Bhattacharya et al., 2002; Minakuchi et al., 1996;
Svec and Fréchet, 1992), which however leads to a low strength or hardness. While in
some cases using weak cellular materials are acceptable. In general, the material must

exhibit a sufficiently high strength; otherwise they cannot meet the increasingly high
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requirements on structural integrity (Leventis et al., 2002). In fact, because p o (1-p) and
H o (1-p) very often the cell volume fraction has to be sacrificed to reach the required
strength or hardness; these cellular materials are heavy and/or low-performance(Gibson
and Ashby, 1982; Luo and Stevens, 1999).

Over the years, people were searching for solutions for lightweight and hard
cellular materials, ideally harder than solids. Particularly, under the most critical loading
conditions, i.e. when the cellular material is impacted, the classic relationship of H oc (1-
p)“ should be broken down. A number of beneficial size effects on the nanometer (nm)
scale were investigated: carbon nanotubes (Treacy et al., 1996), copper nanopillars
(Jennings et al., 2010), and nanowires (Wu et al., 2005). They have excellent strengths
compared with bulk materials, thanks to the low defect density and the beneficial surface
phenomena. However, they are small-sized. When they collectively form large cellular
structures, e.g. carbon nanotube forests (Ren et al., 1998), the deformation mechanisms
would change and the nm-scale strength may not be proportionally amplified.
Nanoporous gold has demonstrated a higher strength than bulk gold (Hakamada and
Mabuchi, 2007; Hodge et al., 2006), due to the hardening effect associated with the small
ligament length; yet, this mechanism is most efficient when the network material is
inherently soft and ductile. No conclusive results have been obtained for intrinsically

hard monolithic cellular materials, e.g. cellular ceramics or glass.

6.2.  Preparation of Cellular and Solid Silica Samples
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In the current study, we investigated nanocellular silica monoliths. The cells were
created by using sol-gel methods (Miyamoto et al., 2013; Nakanishi, 1997; Shoup, 1976),
and the cellular morphology was conditioned by a subcritical calcination (SCC) process,
as described in Chapter 2. Solid silica disks were employed as reference samples. They
were processed through a similar procedure while the firing was fully conducted to reach
the density of 2.2 g/cm® (Brinker and Scherer, 1990). The processing conditions and key
material parameters of cellular and solid silica samples were listed in Table 6.1. X-ray
diffraction analysis confirmed that the solid samples had the same amorphous phase as
the cellular silica, as shown in Figure 6.1. The testing samples were in disk form, with the
diameter of 23-24 mm and the thickness of 4.50 mm. Figure 6.2 shows the morphology.
The cell volume fraction of all the samples was maintained at ~60%; the cells were
interconnected and of similar configurations; the average cell size ranged from ~50 nm to
~700 nm, with relatively narrow cell size distributions. The ligament length was nearly

proportional to the cell size.

6.3. Experimental Measurements

6.3.1. Quasi-static Indentation

Quasi-static indentation tests were conducted by compressing a tungsten carbide
(TC) hemispherical indenter into the surface of cellular/solid silica disk, with the
loading/unloading rate of 0.01 mm/min, as discussed in Chapter 3. The indenter was

obtained from Bal-tec Company, with the diameter of 4.75 mm, the hardness of 91 HRA,
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and the surface roughness of 0.7 micro inch Ra maximum. The peak loading was Frax =
300 N. The typical force-displacement curves are shown in Figure 6.3. For each type of
silica, four samples were tested.

After the indenter was removed, the sample surface was characterized by a
Keyence VHX-1000 Digital Microscope. Through its built-in function of “3D Image
Stitching”, the depth profiles of indentations were scanned, with the scanning range
slightly broader than the difference between the highest and the lowest focusing points,
and the scanning resolution of less than 2 um per step. The depth profiles are shown in
Figure 6.4. From the sample surface (Figure 6.5), the indentation radius, R, was
measured, and the results were shown in Figure 6.6. For self-comparison purpose,
effective quasi-static indentation resistance was defined as

Ho = Fpax/TR? (6.)

where Fnax is the maximum loading. The results were shown in Figure 6.7.

6.3.2. Dynamic Indentation

The Split Hopkinson Bar (SHB) setup (Chapter 3) was employed to test the
samples under a more critical, dynamic loading condition. A titanium (Ti) tube striker
was projected by a gas chamber to impact a stainless steel incident bar. For all the tests
the striker speed was maintained at ~8.5 m/s. As shown in Chapter 3, the incident bar
compressed a TC hemispherical indenter into the silica disk sample. The silica sample
was firmly supported by a stainless steel substrate, followed by the transmission bar. The

diameter of the indenter was 4.75 mm. The diameters of the incident and the transmission
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bars were the same, 12.7 mm. The loading mode was similar with that in the quasi-static
indentation experiment, while the loading rate was much higher. The typical incident,
reflected and transmitted stress wave profiles were shown in Figure 6.8. For each type of
silica, 3-5 samples were tested.

After the impact test, the sample surface was observed by the Keyence VHX-
1000 Digital Microscope. The dynamic indentation profile was scanned, with the
scanning parameters same as those for the quasi-statically indented samples. The scanned
profiles were shown in Figure 6.9. From the sample surface in Figure 6.10, the
indentation size, R, was measured, and the results were shown in Figure 6.11. For self-
comparison purpose, effective dynamic indentation resistance was defined as

H = PywAy/nR? (6.2)

where Ay is the cross-section area of the incident bar and Py is the average incident wave
pressure, measured by a set of Vishay WK-13-250BF-10C strain gauges mounted on the

incident bar. The results are given in Figure 6.12.

6.3.3. Dynamic Cell-Deformation Zone

After dynamic indentation, the lateral inner surfaces of selected silica samples
were exposed by cleaving along their diameters, as shown in Figure 6.13 (a), and were
observed under a FEI-XL30 environmental scanning electron microscope (SEM) at
20kV, with a spot size of 3.0. The SEM samples had been coated with iridium using an

Emitech K575X sputter coater at 85 mA for 6 seconds prior to the observation. Areas
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underneath and near the indentations were scanned, as shown in Figure 6.13 (b-d) and

Table 6.2-4. Table 6.5 showed the morphology of dynamically indented solid silica.

6.4. Cell Size Effect

From Figure 6.3 to Figure 6.6, it can be seen that under the quasi-static
indentation loading, the responses of all the cellular silica samples are similar. No clear
correlation can be identified between the indentation size, R, and the cell size, d. The
indentation created in solid silica under the same loading is much smaller, which should
be attributed to its much higher quasi-static indentation resistance. For all the cellular
silica samples, regardless of the cell size, the indentation size, R, is around 650 um. The
indentation size of solid silica is nearly 250 um, nearly 40% of that of cellular silica, as
predicted by the conventional theory (Gibson and Ashby, 1997) for the cell volume
fraction of ~60%. As shown in Figure 6.7, the effective quasi-static indentation resistance
of solid silica is around 1.55 GPa, and that of cellular silica is nearly 200 MPa; the latter
is about 13% of the former, approximately fitting with the classic relationship of

Ho oc (1 —p)? (6.3)

As the loading rate increases, the behaviors of cellular silica samples significantly
change. As shown in Figure 6.8 to Figure 6.11, cell size becomes an important factor.
When the cell size is larger than 165 nm, the dynamic indentation size of the cellular
silica is larger than that of solid silica, which somewhat agrees with the quasi-static
testing result: With the large cell volume fraction, cellular silica tends to be softer than its

solid counterpart. However, as the cell size is reduced to below 165 nm, the indentation
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size rapidly decreases with d; the cellular silica of a smaller cell size tends to be harder.
Eventually, when d is smaller than 105 nm, the dynamic indentation in cellular silica is
smaller than that in solid silica sample, suggesting that the cellular silica is effectively
harder. Figure 6.12 indicates that the effective indentation resistance of solid silica
subjected to dynamic loading is around 1 GPa, lower than but comparable with the quasi-
static value. For cellular silica samples, as the cell size decreases from 700 nm to 165 nm,
the effective dynamic indentation resistance is increased while the change is within the
data scatter. As the cell size changes from 145 nm to 50 nm, the value of H largely rises
from ~0.9 MPa to ~1.4 GPa by more than 50%. Particularly, as the cell size is below ~80
nm, the effective dynamic indentation resistance of cellular silica is higher than that of
solid silica.

This “counter-intuitive” cell size effect indicates that under the dynamic
indentation loading and when the cell size is below 100 nm, the classic theory breaks
down. In Figure 6.13 (b-d), the SEM images of lateral surfaces of dynamically indented
cellular silica samples are analyzed. Underneath the indentation, the material is
compacted and the cells are highly deformed. The local area where more than 50% of
local cells are crashed, as shown in Table 6.2, is defined as the cell deformation zone
(CDZ) and their boundaries are marked by the solid squares in Figure 6.13; in the far
fields, the cells are perfect and are not influence by the indentation, as shown in Table
6.4, and the boundaries are shown by the hollow squares in Figure 6.13. In between the
far field and the CDZ, there is a transition zone (TZ) where the cell deformation is
relatively mild (Table 6.3). For all the cell sizes under investigation, the depth of CDZ is

quite similar, around 1500 um, regardless of the cell size. The CDZ width decreases with
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the cell size, following the trend of indentation radius. A major difference between the
larger cell size above 165 nm and the smaller cell size below 105 nm is associated with
the TZ: When the cell size is relatively large, the volume of TZ is negligible compared
with CDZ; when the cell size is relatively small, TZ becomes much broader. When the
cell sizes are ~105 nm and ~50 nm, the depths and the widths of TZ are 350-450 um and
200-350 um, respectively. The existence of the transition zone implies that, as the
indenter impacts the sample, the resistance to the motion of the indenter comes from not
only the CDZ, but also the transition zone. For small cells, every moment when the
indenter moves a little, it has to overcome the extra resistance provided by a much larger
volume of material in the transition zone. Consequently, the indentation depth and size
becomes smaller when the cell size is relatively small. The results of the effective
dynamic indentation resistance measurement (Figure 6.12) and the SEM image analysis
(Figure 6.13) agree with each other quite well. Compared with cellular silica, the
dynamically indented solid silica, as shown in Table 6.5, shows typical hackle markings
(Bradt and Tressler, 1994; Gash, 1971). Note that the structure of TZ is somewhat similar
with the “cold” boundary layer observed in granular materials (Kostyukov, 1991;
Kusubov et al., 1989; Nesterenko et al., 1994a); however, the mechanisms of dynamic
deformation of cellular and granular materials are fundamentally different.

The loading mode of dynamic indentation is highly nonlinear, since the cells in
CDZ are crashed and the material properties are permanently changed; and highly
heterogeneous, since the impact front is non-uniform (Meyers, 1994; Nesterenko, 2001).
When the cell size is relatively small, the presence of the transition zone and the

associated increase in the resistance force lead to an effective local hardening
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phenomenon. With a certain strain rate, the compaction of smaller cells is completed
faster and more localized. Firstly, when the cell size is relatively small (e.g. much smaller
than the characteristic length scale of the indentation front), the cell collapse would result
in local condensation, instead of local deflection; as the compacted cells are harder than
the initial cellular structure, the local resistance to indentation would rise. Secondly, as
the area underneath the indentation is compacted, the material deformation tends to
develop along the lateral directions that offer less resistance, so that the TZ becomes
wider. The combination of these mechanisms of small cells results in a higher local

indentation resistance, which leads to a smaller indentation size and depth.

6.5. Influence of Strain Rate

The cell size effect, as discussed previously, only works under dynamic
conditions. When a cellular silica sample is subjected to quasi-static indentation, the
indentation size and the effective indentation resistance are only dependent on its cell
volume fraction, exhibiting little correlation with its cell size. However, when the same
cellular silica sample is indented dynamically, the effective indentation resistance would
increase with the reduction in cell size. For the silica sample with the cell volume fraction
of ~60%, when the cell size is below ~100 nm, the effective indentation resistance could
be higher than that of solid silica.

In order to further understand the role of the strain rate, we varied the impact rate
of the striker. The parameters of the indenter, including the indenter material and the

indenter size, were the same for all the tests. The cell volume fractions of all the tested
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samples were ~60%. The cell size ranged from ~50 nm to ~275 nm. The impact rate of
the striker spanned from ~4 m/s to ~10 m/s. The testing results were shown in Figure
6.14. Overall, for the silica samples with a similar cell size, the effective indentation
resistance decreases with the increase in impact rate; for the silica samples with a similar
impact rate, the effective indentation resistance increases with the reduction in cell size.
When the impact rate is within the range of ~7 m/s to ~9 m/s, and when the cell size is
within the range of ~50 nm to ~120 nm, there is a peak (yellow surrounded by orange
marks in Figure 6.14) where the effective indentation resistance is higher than that of
solid silica (~1 GPa). Noted that, the effective quasi-static indentation resistance shown
in Figure 6.7 is ~200 MPa, while the minimum effective indentation resistance shown in
Figure 6.14 is ~600 MPa, so for a specific cell size, there should be a maximum effective
indentation resistance when the impact rate varies. As shown in the left-hand side of
Figure 6.14, for the silica samples with a relatively small cell size, e.g. ~100 nm, the
effective indentation resistance first increases, and then decreases with the increase in
impact rate.

As discussed in Section 6.4, under a dynamic loading, the resistance offered by a
small-cell-sized sample to the indenter comes from not only the cell deformation zone
(CD2), but also the transition zone (TZ). When the impact rate is relatively low, the TZ
could provide high enough resistance to help stop the motion of the indenter. However,
when the impact rate is relative high, the indenter might not be stopped until the kinetic
energy is fully dissipated by cell deformation, resulting in the increase in indentation size

and the decrease in effective indentation resistance.
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In brief, the strain rate has a great influence on the cell size effect. Only when the
strain rate is appropriate can the effective dynamic indentation resistance of cellular silica
be higher than that of solid silica. The strain rate should be related with the formation of

the local hardened layer.

6.6. Influence of Cell Volume Fraction

As shown in Equation (6.3), the quasi-static indentation resistance of an open
cellular material is a function of its cell volume fraction and independent of the cell size.
With the increase of the cell volume fraction, the indentation resistance would decrease.
In Chapter 5, it is shown that the cell volume fraction has a great influence under
dynamic shear loading.

We processed a set of cellular silica samples through similar procedures as
described in Chapter 2; however, the samples were fired at different temperatures slightly
higher than the glass transition point to obtain different cell volume fractions, ranging
from ~55% to ~65%. As discussed in Chapter 2, compared with the cell volume fraction,
the cell size was much less sensitive to the calcination temperature. Thus, as the cell
volume fraction varied, the cell sizes of the silica samples with the same initial
component mass ratio remained similar. The average cell size was ~80 nm. The indenter
diameter was 4.75 mm. The impact rate of the striker was ~8.5 m/s.

Figure 6.15 shows the effective indentation resistance of cellular silica samples
with similar cell size but various cell volume fractions. Within the range of cell volume

fraction from ~55% to 65%, with the increase in cell volume fraction, the effective
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indentation resistance is almost a constant, ~1075 MPa, while theoretically the quasi-
static indentation resistance at the cell volume fraction of 55% should be more than 50%
higher than that of 65%. This unique phenomenon should be attributed to the cell size
effect. Under the impact rate of ~8.5 m/s, with the cell size of ~80 nm, and within the
investigated cell volume fraction range, compared with the cell volume fraction, the
effective indentation resistance is much more sensitive to the cell size: (1) The cell
volume fraction is in the appropriate range so that local hardening can take place, which
has been demonstrated in Chapter 5; (2) the impact rate is in the appropriate range so that
the local hardened layer could dissipate the impact force or energy into the transition
zone, a much larger volume of material being involved in resisting the motion of the

indenter.

6.7. Dimensional Analysis for Dynamic Indentation Resistance

The experimental data suggested that the effective dynamic indentation resistance,
H, is dependent on the cell size (d) and the loading rate (v), and is also related to the
effective quasi-static indentation resistance (Ho):

H=f(d K, Hy) (6.4)
where K is the impact energy and f is a certain function. According to the Il-theorem
(Bridgman, 1922),

H/H, = f(Hyd3/K) (6.5)

If f is taken as a power law and it is assumed that
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K o v? (6.6)
We have
v2 B
Hoc <E> (1—p)¥28 (6.7)
where
H = H/Hgq (6.8)

where Hgq is the effective quasi-static indentation resistance of solid material, and g =
0.10£0.01 is a system parameter determined through data fitting in Figure 6.16.

Clearly, H, which reflects the dynamic indentation resistance of cellular silica, is
fundamentally different from Ho oc (1-p)% the quasi-static indentation resistance: Not
only the influence of the cell volume fraction, p, is weaker by a power of 24, but also a
new factor of v?/d® comes in. While as p rises H tends to decrease, if v is sufficiently high
and d is sufficiently small, / can be larger than 1; i.e. H > Hsg — Under this condition, a

cellular material is effectively harder/stronger than a solid.

6.8.  Diagram of Cell Size Effect

The experimental results of dynamic indentation showed that: (1) When the cell
volume fraction is ~60%, the impact rate of the striker is ~8.5 m/s, as the cell size is
below ~100 nm, cellular silica is harder than solid silica; (2) When the cell volume
fraction is ~60%, if the impact rate is within the range of ~7 m/s to ~9 m/s, and when the
cell size is within the range of ~50 nm to ~120 nm, there is an optimum cell size that

offers the highest effective dynamic indentation resistance, higher than that of solid silica;
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(3) When the cell size is ~80 nm and the impact rate of the striker is ~8.5 m/s, as the cell
volume fraction is within the range of ~55% to ~65%, the cellular silica samples have a
similar effective dynamic indentation resistance, slightly higher than that of solid silica.
In addition, it is reasonable to assume that (4) When the cell volume fraction approaches
zero, regardless of the cell size and the impact rate, the behavior of cellular silica
converges to that of solid silica; and (5) When the cell volume fraction is close to 100%,
regardless of the cell size and the impact rate, the cellular silica offers little
strength/hardness.

Based on these facts and assumptions, a diagram was drawn, as shown in Figure
6.17. The space is divided into three regions: solid-like material region, regular cellular
material (RCM) region, and nano-cellular material (NCM) region. The boundary between
the RCM and the NCM regions is determined by the critical points where the cellular
silica is harder than solid silica. The NCM region exists only under dynamic loadings: the

impact rate or the kinetic energy must be sufficiently high.

6.9. Summary and Conclusion

Under a dynamic loading, a nano-cellular silica could be harder than solid silica,
as the cell size is smaller than ~100 nm. If the loading is applied quasi-statically, the
indentation resistance of the same nano-cellular silica fits well with the classic theory,
having no relationship with the cell size. We attribute this dynamic size effect to the local
hardening that happens when the cell size is sufficiently small and the cell deformation is

sufficiently fast, and the formation of transition zone that offers additional resistance to
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the motion of the indenter. The optimum cell size associated with the maximum effective
dynamic indentation resistance is dependent on the strain rate. Upon a specific strain rate,
the cellular silica samples with the cell size of ~80 nm and the cell volume fraction in the
range of ~55% to ~ 65% have a similar dynamic indentation resistance, slightly higher
than solid silica does. Dimensional analysis is carried out the capture the effects of cell
size and strain rate; a new factor, v?/d®, comes in. A diagram of the cell size effect is
developed to summarize the testing results.

Chapter 6, in part, has been submitted for publication in Nature, and co-authored
by Yu Qiao; in part, is currently being prepared for submission for publication of the
material, and co-authored by Yu Qiao. The dissertation author was the primary

investigator and author of this work.
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Table 6.2: Cell structures in the cell deformation zone of dynamically indented cellular
samples. The cell volume fraction is ~60%. The indenter diameter is 4.75 mm. The

impact rate of striker is ~8.5 m/s.

Magni- Cell Size

fication 275 nm | 165 nm | 105 nm
50000 X

10000 X

1000 X
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Table 6.3: Cell structures in the transition zone of dynamically indented cellular samples.
The cell volume fraction is ~60%. The indenter diameter is 4.75 mm. The impact rate of

striker is ~8.5 m/s.

Magni- Cell Size
fication

50000 X

10000 X

1000 X
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Table 6.4: Cell structures in the far field of dynamically indented cellular samples. The
cell volume fraction is ~60%. The indenter diameter is 4.75 mm. The impact rate of
striker is ~8.5 m/s.

Magni- Cell Size
fication 165 nm
50000 X
10000 X

1000 X

Table 6.5: Morphology of dynamically indented solid silica. The indenter diameter is
4.75 mm. The impact rate of striker is ~8.5 m/s.

SEM Magnification
| 10000 X | 50000 X
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Figure 6.1: Typical x-ray diffraction curves of cellular and solid silica samples.

Figure 6.2: Cellular and solid silica samples. SEM images of cellular silica samples with
the cell sizes of (a) 50 nm, (b) 105 nm, (c) 165 nm, (d) 275 nm, and (e) 700 nm,
respectively. (f) Photo of cellular (left) and solid (right) silica samples. The cell volume
fraction of cellular silica is ~60%. The cell volume fraction of solid silica is less than 1%.
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Figure 6.3: Typical quasi-static indentation curves. The loading/unloading rate is 0.01
mm/min. The indenter diameter is 4.75 mm. The cell volume fraction is ~60%. The
curves have been shifted along the horizontal axis. The arrows indicate the average cell
sizes.
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Figure 6.4: Typical quasi-static indentation profiles. The loading/unloading rate is 0.01
mm/min. The maximum loading is 300 N. The indenter diameter is 4.75 mm. The cell
volume fraction is ~60%.
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Figure 6.5: Photos of quasi-statically indented cellular silica samples, with the cell sizes
of (@) 275 nm, (b) 165 nm, (c) 105 nm, (d) 80 nm, and (e) 50 nm, respectively; and (f) a
quasi-statically indented solid silica sample. The loading/unloading rate is 0.01 mm/min.
The maximum loading is 300 N. The indenter diameter is 4.75 mm. The cell volume
fraction is ~60%. All the scale bars are 250 pm.
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Figure 6.6: Quasi-static indentation radius as a function of the average cell size. The
loading/unloading rate is 0.01 mm/min. The maximum loading is 300 N. The indenter
diameter is 4.75 mm. The blue dash line shows the average indentation radius of solid
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Figure 6.7: Effective quasi-static indentation resistance as a function of the average cell

size. The loading/unloading rate is 0.01 mm/min. The maximum loading is 300 N. The

indenter diameter is 4.75 mm. The cell volume fraction is ~60%. The blue bands in the
blue dash lines mark the ranges of effective indentation resistance of solid silica.
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Figure 6.8: Typical incident (upper left), reflected (upper right) and transmitted (bottom)
stress wave profiles in the dynamic indentation tests. The cell volume fraction is ~60%.
The indenter diameter is 4.75 mm. The arrows indicate the cell sizes.
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Figure 6.9: Typical dynamic indentation profiles. The cell volume fraction is ~60%. The
indenter diameter is 4.75 mm. The impact rate of striker is ~8.5 m/s.
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Figure 6.10: Photos of dynamically indented silica samples, with the cell sizes of (a) 275

nm, (b) 165 nm, (c) 105 nm, (d) 80 nm , and (e) 50nm, respectively; and (f) a solid silica

sample. The cell volume fraction is ~60%. The indenter diameter is 4.75 mm. The impact
rate of striker is ~8.5 m/s. All the scale bars are 500 pm.
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Figure 6.11: Dynamic indentation radius as a function of the average cell size. The cell
volume fraction is ~60%. The indenter diameter is 4.75 mm. The impact rate of striker is
~8.5 m/s. The zone within the blue dash lines marks the range of indentation radius of

solid silica.
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Figure 6.12: Effective dynamic indentation resistance as a function of the average cell
size. The cell volume fraction is ~60%. The indenter diameter is 4.75 mm. The impact
rate of striker is ~8.5 m/s. The blue bands in the blue dash lines mark the ranges of

effective indentation resistance of solid silica.
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Figure 6.13: SEM images of dynamically indented cellular silica samples. (a) Schematic
of the SEM scanning zone. SEM images of cellular silica samples with the cell sizes of
(b) 275 nm, (c) 105 nm, and (d) 50 nm, respectively. The cell volume fraction is ~60%.
The indenter diameter is 4.75 mm. The impact rate of striker is ~8.5 m/s. The positions of
the indenter indicate the maximum indentation depths. The solid squares mark the
boundaries of cell deformation zones (CDZ); the hollow squares mark the boundaries of
transition zone (TZ).
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Figure 6.14: Effective indentation resistance of SCC-treated cellular silica under various
impact rates of striker. The blue circles show the experimental data. The cell volume
fraction is ~60%. The indenter diameter is 4.75 mm.
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Figure 6.15: Effective indentation resistance of SCC-treated cellular silica with various
cell volume fractions. The average cell size is ~80 nm; the impact rate of striker is ~8.5
m/s. The indenter diameter is 4.75 mm.
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Figure 6.16: Effective dynamic indentation resistance as a function of the average cell
size. The open circles show the experimental data. The red solid line is the regressed
curve.
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Figure 6.17: Diagram of dynamic indentation of cellular materials. The boundary
between RCM and NCM is determined by the critical points where cellular silica
becomes harder than solid silica.



CHAPTER 7

SUMMARY AND CONCLUSIONS

Through the current study, dynamic behaviors of cellular silica were
experimentally investigated. The factors of cell size, cell volume fraction, strain rate, and
loading mode were analyzed systematically. Under dynamic shearing, when the cell size
is relatively small, the shear localization could be significantly suppressed. Under
dynamic indentation, the effective indentation resistance of nano-cellular silica could be
higher than that of solid silica.

These unique phenomena of nano-cellular silica could be attributed to the local
hardening that happens when the cell size is sufficiently small and the cell deformation is
sufficiently fast, and the formation of transition zone surrounding the local hardening
area. The fast compaction of nano-cells caused by highly heterogeneous stress waves (e.g.
in dynamic shearing) or highly non-uniform impact loading (e.g. in dynamic indentation)

leads to the fast increase in local resistance. Consequently, bulk energy dissipation is
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considerably promoted. Compared with dynamic indentation, dynamic shear loading is
much more heterogeneous, since the cell deformation is concentrated in a thin layer near
the intersection circle of the incident bar and the support ring. Dynamic indentation may
be viewed as a mixed loading mode of dynamic shearing and compression.

Based on dimensional and theoretical analyses, two models were developed to
describe the cell size effect on the deformation zone size in dynamic shearing and on the
effective indentation resistance in dynamic indentation, respectively. They agree well
with the experimental results. A diagram of cell size effect, accounting for the factors of
cell size, cell volume fraction, and kinetic energy, was drawn to distinguish the nano-

cellular materials from regular-cellular materials.



APPENDIX A

MECHANICAL DRAWINGS OF TESTING

APPARATUS

A.1  Shear Promotion Support Ring

As described in Section 3.2 in Chapter 3, the shear promotion support ring (SPSR)
includes a front part, a rear part, and several mounting parts (e.g. cap screws, spring
washers and hex nuts). Figure.A.1 and Figure.A.2 show the mechanical drawings of the

front and the rear part, respectively.

A.2  Indentation System

The indentation system is similar as the SPSR, designed to reduce the potential
bending during the testing. The difference lies in the rear part; for SPSR, there is a hole

acting as the support ring; for indentation system, the rear part is solid, acting as the
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support substrate. The spherical indenter is firmly attached to one end of a 17-4 PH
stainless steel cylinder by VISHAY M-Bond 200 adhesive. The mechanical drawings of
the front part, the rear part and the indenter were shown in Figure.A.3, Figure.A.4 and

Figure.A.5, respectively.
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APPENDIX B

CODES FOR SEM IMAGE ENHANCEMENT

This appendix provides the main codes for the massive SEM image analysis
through the software of Image-Pro Plus, described in Chapter 4. The input file has a
format of “SilicaFoam12102013 #06-11-01_RO1 01 01.tif”, and the output file has a

format of “SilicaFoam12102013 #06-11-01 RO01 01 01 StdDev.tif”.

Option Explicit
Sub SIECZ()

Dim i As Integer
Dim j As Integer
Dim k As Integer
Dim N As Integer

Dim Temp_Arr2 As String
Dim Temp_Path2 As String
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Dim Graylmage As String
Dim OutputGraylmage As String
Dim fname(50) As String

Fori=1To50
If i <10 Then
fname(i) = "0" & Str(i)
Elself i <= 49 Then
fname(i) = Str(i)

Else
fname(i) = "00"
End If
Next i
Fori=1To50
Forj=1To50
Fork=1To 10
Graylmage =

"C:\Users\zcngu\CalAP\Original\SilicaFoam12102013_#06-
11-01 R" & fname(i) & " " & fname(j) & " " & fname(k)
& " tif"

OutputGraylmage =
"C:\Users\zcngu\CalAP\StdDev\SilicaFoam12102013 #06-
11-01 R" & fname(i) & " " & fname(j) & " " & fname(k)

& "_StdDeuv.tif"
Graylmage = Replace(Graylmage, " ", ")
OutputGraylmage = Replace(OutputGraylmage, " ", ™)

If Dir(Graylmage) = "" Then
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Next j
Next i

End Sub

Next k

Else

End If

ret = IpWsLoad(Graylmage,"TIF")

ret = IpAoiShow(FRAME_NONE)
ipRect.Left =1

ipRect.top =1

ipRect.Right = 645

ipRect.bottom = 482

ret = IpAoiCreateBox(ipRect)

ret = IpWsCopy()

ret = IpFltLocHistEq(60, 1, 6, 0.5)

ret = IpFltMedian(5, 2)

ret = IpFltGauss(5, 10, 1)

ret = IpFltClose(MORPHO_5x50CTAGON, 2)
ret = IpFltShow(0)

ret = IpAoiShow(FRAME_NONE)

ret = IpWsSaveAs(OutputGraylmage, "tif")
ret = IpDocClose()
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