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Abstract

Particulate Polymer Composites (PPCs) generally consist of nano- or micro-fillers of
various sizes and shapes randomly dispersed in a polymer matrix. Introduction of second
phase fillers of different stiffness and alteration of filler-matrix adhesion characteristics
offer a cost effective way of tailoring strength, stiffness and fracture toughness of such
composites. However, filler size, filler stiffness and loading rate (static or dynamic) could
vary the mechanical response in general and fracture behavior in particular. Furthermore,
failure of PPCs is intrinsically linked to the interactions of a matrix crack with foreign
particles. Accordingly, an in-depth understanding of the fracture behavior of PPCs is

essential for design and safety of the mechanical members made of these materials.

The first part of this research investigates the role of nano- and micro-filler size, and
loading rate effects on silica-filled epoxy PPCs. The digital image correlation method in
conjunction with high-speed photography (250,000 — 300,000 frames/sec) is used to
quantify crack-tip deformation histories during impact loading. The measured
displacement fields are analyzed to extract stress intensity factor histories for
dynamically propagating cracks. The quasi-static fracture tests show improved fracture
toughness of ~170% for nanocomposites and ~55% for micro-particle filled ones at 10%
volume fraction, relative to the neat epoxy. The dynamic crack initiation toughness, on
the other hand, is consistently lower for nanocomposites than the micro-filler

counterparts. The post-mortem analyses of fracture surfaces reveal higher surface



ruggedness for nanocomposites under quasi-static loading. However, the opposite is
evident for inertial loading cases. Next, the synergistic effects of amino-functionalized
multi-walled carbon nanotubes and polyol diluent on fracture of two- and three-phase
(hybrid) epoxy nanocomposites are investigated at quasi-static and impact loading
conditions. Measurements show improved crack initiation toughness in modified-epoxies
relative to the neat resin with the highest enhancement of ~90% in case of hybrid
nanocomposites. Fractography reveals a combination of toughening mechanisms

including shear yielding, crack deflection, CNT bridges and pull-outs.

In the second part, to gain fundamental understanding of the counterintuitive loading
rate effects on fracture responses of PPCs, experimental simulations of dynamic crack
growth past inclusions of two different elastic moduli, stiff (glass) and compliant
(polyurethane) relative to the matrix (epoxy), are carried out. The crack growth behavior
as a function of inclusion-matrix interfacial adhesion strength and the inclusion
eccentricity relative to the initial crack path is studied. The measurements show that the
crack front is arrested by a symmetrically located compliant inclusion for half of the
duration needed for complete specimen fracture. The dynamically growing crack is
attracted and trapped by the weak inclusion-matrix interface in case of both stiff and
compliant inclusions when located symmetrically, whereas it is (i) deflected by the stiff
inclusion and (ii) attracted by the compliant inclusion, when located eccentrically and
strongly bonded to the matrix. The compliant inclusion cases show higher fracture
toughness than the stiff inclusion counterparts. Measured crack-tip mode-mixities

correlate well with the observed crack attraction and repulsion mechanisms. Fracture



surfaces reveal much higher surface roughness and ruggedness after crack-inclusion

interaction for the compliant inclusion case than the stiff counterpart.

Lastly, the fracture behavior of transparent Interpenetrating Polymer Networks
(IPNs) with poly(methyl methacrylate) (PMMA) as the stiff phase and polyurethane (PU)
as the ductile phase and varying PMMA:PU ratios in the range of 90:10 to 70:30 are
studied. Quasi-static and dynamic fracture tests show that an optimum range of
PMMA:PU ratio in the IPNs can produce enhanced fracture toughness (~60%) when
compared to PMMA. All IPNs show higher impact energy absorption capability (a 3 to 4
fold increase) relative to PMMA. The impact damage features reveal shear-crazing and
through-the-thickness cracking as the dominant failure modes responsible for greater

energy absorption in IPNs.
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CHAPTER 1

INTRODUCTION

Polymer-based materials have entered nearly all facets of daily life due to their
superior properties, cost, as well as ease of processing. A few polymers are known to
occur in nature in the form of human/animal skin, cellulose, proteins, and silk, while
many others, including polyester, nylon, polyurethane, acrylic, and polycarbonate are
man-made. The origin of polymer synthesis may be traced back to the development of
vulcanization process in 1830s by Charles Goodyear who modified the sticky latex
natural rubber to a more useful elastomer for tires [1]. Since then, researchers have
synthesized a wide variety of polymers including thermoplastics (polyethylene,
polypropylene, PVC, polystyrene, polyamide, etc.) and thermosets (bakelite, epoxies,
urea-formaldehyde, duroplast, polyimides, melamine resins, etc.). Due to their low
density and high specific strength, polymers are commonly used as matrix materials for
composites. In its simplest form, a composite material is one that is made by combining
two or more constituent phases with significantly different physical or chemical
properties to obtain a new product with characteristics different and/or better than the
individual constituents. The concept of a composite material can be seen in nature in both
the plant and animal worlds. Wood, palms and bamboo are few prehistorically natural
composites still used by the mankind in construction and scaffolding. Wood consists of
cellulose held together by lignin, a natural polymer, forming the woody cell walls where

the molecules of cellulose are oriented along the axis of the fibers so that maximum
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strength is in that direction. The human bone is also a composite where the collagen acts
like the resin and the nano-sized hydroxyapatite mineral crystals (~20 nm long) serve as
the reinforcement. These mineral crystals are exceptionally strong in tension and flexure.
Silky threads spun by spiders are another example of natural composite consisting of a
gel core encased by a solid structure of aligned molecules, and are as strong as steel. The
earliest man-made composite materials may have been the adobe bricks, fashioned by the
ancient Egyptians by mixing clay with water and straw, resistant to both compression and
tearing, making them excellent building blocks [1]. Plywood is another ancient composite
made by gluing wood at different angles to enhance the strength by exploiting grain
structure and resistance to hygrothermal expansion. Figure 1.1 shows some examples of

natural and first man-made composite materials.
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Fig. 1.1: Examples of natural and first man-made composite materials.

Inspired by natural composites and introduction of polymers, the mid-20" century
witnessed a tremendous progress in the development of polymer matrix composites

(PMCs) that compete favorably with more traditional materials, such as metals and


http://www.solidearth.co.nz/adobe-brick-technique.php

concrete, for structural, automotive and aerospace applications where high strength-to-
weight ratio is an important factor. Figure 1.2 depicts the increasing use of composite
materials in aerospace industry in the last few decades. For example, the composites

content in the B787 and A350 aircrafts is about 35-50% by weight.
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Fig. 1.2: Composites content (by weight %) in commercial aerospace in the last few decades.
(Source: Grant Thornton and Hexcel Corporation)

Typically, PMCs are multiphase materials having physical mixtures of a host
polymer and one or more secondary phases at the macro-, micro- or molecular scale. The
secondary phase can be in the form of particulates of different sizes and shapes, and
could be another polymer network or domain. Over the years, there has been an
increasing demand for lightweight, fracture-resistant, stiffer, stronger and tougher
materials. Fillers play a vital role in tailoring the desirable properties of polymers. In this
regard, particulate polymer composites have attracted growing interest in a vast number
of engineering applications. Also, in recent years, the search for transparent, impact

resistant, energy absorbing materials as alternatives to glass, polycarbonate, and acrylics
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has led to studies on molecular composites for use in a variety of civilian and military

applications.

Particulate polymer composites (PPCs) generally consist of metallic or nonmetallic
particles dispersed in either organic or inorganic matrices. Syntactic structural foams,
dental fillers, bone cements, self-healing materials, underfills in electronic packages,
surface coatings for thermal insulation, scratch, erosion and corrosion resistance are few
examples that fall into this category. Among these, syntactic foams (filled polymers with
thin walled hollow microballoons) exhibit excellent compressive strength, low moisture
and high energy absorption capabilities, and are increasingly used as core materials in
sandwich structures, buoyancy modules, offshore platforms, aerospace and military
applications. As shown in Fig. 1.3, particulate composites such as silica-filled epoxies are
often used as underfill materials in electronic packages to minimize thermal expansion
and hence, stress gradients in electrical interconnects between the flip-chip solder ball

grid arrays and the substrate.

Solder balls

.'/Flipchip _________ A

Substrate L"'T" .

Electrodes Underfill

Fig. 1.3: Application of particulate polymer composite as underfill material in electronic
packaging. The magnified view shows failure in a silica particle-filled epoxy [2].

Molecular composites are combinations of two or more polymers in a co-continuous
network crosslinked at the molecular scale under controlled reaction Kinetics. An

example of molecular composites could be one that combines a thermoplastic with a



thermoset where each contributes its inherent characteristics. Thermoplastics offer higher
toughness but have lower elastic modulus and glass transition temperature (Tg), while
thermosets are generally stiffer, stronger and offer higher Ty but are relatively brittle.
Interpenetrating Polymer Networks (IPNs) are a class of molecular composites where one
polymer is synthesized and/or crosslinked in the immediate presence of the other(s). The
concept behind transparent IPNs is to combine the best features of constituent phases in
order to engineer a new material with optimum toughness, strength and stiffness while
preserving the much needed optical “transparency” intact. The potential usages of these
composites include aerospace, military armor, automotive, hurricane resistant windows,
offshore and many electronics applications where impact resistance and energy
absorption characteristics are of primary importance. Figure 1.4 shows some potential

areas where transparent IPN molecular composites can be useful.

Aircraft canopies Helmet visors Cellphone screens

Fig. 1.4: Potential applications of transparent interpenetrating polymer network (IPN) molecular
composites. (Source: https://www.google.com/imghp?hl=en&tab=wi)

1.1 Motivation and Literature Review

In most PMCs, composite matrices are thermosets due to their high stiffness,
strength and glass transition temperature relative to the thermoplastics. The most
important class of thermosets for structural composites is epoxies as they are relatively

inexpensive and easy to process. However, their relative brittleness often leads to



structural damage due to poor crack growth resistance. A common approach to improve
damage tolerance is to incorporate secondary phases, as filling polymers with particles of
different size-scale, aspect ratio, stiffness, and filler-matrix interfacial strength offers a
cost effective way of functionalizing a polymer. It further allows optimization of material
performance in terms of physical, thermo-mechanical and dielectric attributes. Effective
stiffness, strength and fracture toughness of the multiphase system can be tailored using
stiff or compliant fillers relative to the matrix. From a mechanical characteristics
perspective, addition of relatively stiff phases to a polymer increases the overall stiffness,
strength and creep resistance at the expense of ductility. On the other hand, compliant
fillers show the opposite effect of decreasing the effective stiffness with an improvement
in effective toughness. In addition to the properties of the constituent phases (filler and
matrix), the material behavior, in general, is fundamentally linked to loading rate. In
many circumstances, structural members and their material constituents experience an
expansive range of loading conditions. Specifically, the rate at which the structural
loading occurs can vary from being virtually static to being almost instantaneous. Figure

1.5 shows some real life examples where stress-wave loading dominates.
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Fig. 1.5: Possible scenarios where materials encounter stress-wave dominated loading.

The literature review presented in the following sections shows that most studies on

quantifying stiffness, strength and toughness have been generally made under quasi-static



loading conditions and dynamic loading responses are largely unknown. However, a
recent work by Kitey and Tippur [3] on the dynamic fracture behavior of glass-filled
epoxy with a variety of spherical particles of mean diameter (7 - 200 um) and adhesion
strengths (weak and strongly bonded) at a fixed volume fraction (10%), reveal a few
counterintuitive behaviors such as the existence of an optimum particle size (~35 pum)
relative to which either an increase or a decrease of particle size only results in a
reduction of steady state dynamic fracture toughness. As shown in Fig. 1.6, their results
also show that reinforcements with higher adhesion strength with matrix produce

consistently lower fracture toughness when compared to the weakly bonded ones.
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Fig. 1.6: Variation of measured steady-state stress intensity factor (Ks) as a function of average
particle diameter (D) in glass-filled epoxy at 10% volume fraction (V). Reproduced from [3].

The micrographs in Fig. 1.7 show two different fracture surface morphologies. In
the case of weakly bonded filler, the separation between glass particles and matrix can be
seen whereas in the case of strongly bonded filler, the particles are rigidly held within the

matrix. Closer examination reveals that the propagating crack front frequently



circumvents the strongly bonded filler particles in contrast to being attracted by the
weakly bonded particles causing the crack front to lodge into the crack-particle interface
arresting it momentarily before re-initiation. Therefore, the bond strength between the

fillers and matrix plays a vital role in the fracture behavior of filled polymers.
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Fig. 1.7: Fracture surface morphology of glass-filled epoxy composites (10% V; and 35 pum
particles). The arrow shows crack growth direction. Reproduced from [4].

It should be noted that their work describes the role of particle size in the micron
range and limited to stiff fillers. However, other factors such particle size in the nano-
scale with low and high aspect ratios, as well as incorporation of compliant phases and
plasticizers could vary the mechanical response in general and fracture behavior in
particular depending upon the nature of mechanical loading, quasi-static or dynamic. The
present dissertation is essentially motivated by the work of Kitey and Tippur [3], to gain
an in depth understanding of failure behaviors of particulate polymer composites (PPCs)
made using nano-scale particles of ultra-high surface areal densities (silica nano-particles
and carbon nanotubes) and to compare the fracture responses with micron-size stiff and
sub-micron size compliant fillers and their hybrid counterparts in terms of loading rate

effects. In general, failure of PPCs is intrinsically linked to the fundamental problem of
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matrix crack encountering a second phase inhomogeneity in or near its path. Thus, to
understand the underlying physics of fast fracture in PPCs, experimental simulations of
dynamic crack growth past cylindrical inclusions of two different elastic moduli, stiff
(glass) and compliant (polyurethane) relative to the matrix (epoxy), are carried out. The
current work also studies the development and characterization of IPN molecular
composites in terms of tensile, fracture and impact energy absorption behaviors due to

their potential use in engineering applications.

In the following, the literature review for various aspects of the current research is
provided in five parts. In the first part, works on failure characterization of PPCs with
nano- and micro-size spherical fillers is reviewed. In the second part, reviews on multi-
walled carbon nanotube (MWCNT) reinforced nanocomposites are provided. The third
part reviews the works on PPCs with stiff and compliant fillers. The literature review on
crack-inclusion interaction studies is presented in the fourth part. In the fifth part,
investigations pertaining to mechanical and fracture behaviors of molecular IPN

composites are reviewed.

1.1.1 Literature review of PPCs with nano- vs. micro-fillers

Investigations pertaining to mechanical and fracture behaviors of particulate
composites with nano- and micro-fillers, and the associated toughening mechanisms
reported in the literature are briefly reviewed in the following. Past studies [5-9] on PPCs
with micron-size fillers suggest that fracture toughness is essentially governed by filler
particle shape, size, volume fraction and filler-matrix interfacial strength. Recently, Hsieh
et al. [10] have studied the toughening mechanisms of epoxies modified with silica

nanoparticles of 20 nm mean diameter. They have reported steady increase in elastic



modulus, quasi-static fracture toughness, K., and fracture energy, G, with particle
volume fraction (V) and identified localized shear bands and debonding of particles
leading to void growth as the main toughening mechanisms. Reynaud et al. [11] used in-
situ polymerization technique to produce nanocomposites consisting of nano-silica (12-
50 nm) embedded in polyamide 6. They observed enhanced tensile yield strength with
smaller particle size. Boesl et al. [12] and Liu et al. [13] noted enhanced fracture response
of nano-size ZnO (53 nm) and nano-silica (20 nm) modified epoxies, respectively. Rosso
et al. [14] examined the effect of 5% Vs silica nanoparticles (~50 nm) on quasi-static
fracture of Araldite-F epoxy and noted 70% and 140% improvement in K. and Gy,
respectively. The incorporation Al,O3; (13 nm) and TiO, (200-500 nm) nanoparticles in
epoxy by Wetzel et al. [15] showed improved flexural stiffness and strength as well as
quasi-static fracture toughness and fracture energy. Their work pointed out crack-tip
blunting, crack deflection and crack pinning as major sources of toughening. Liang and
Pearson [16] incorporated two particle sizes of nanosilica (20 and 80 nm) to study the
size effect on toughening mechanisms of epoxy-silica nanocomposites. They
demonstrated that both particle sizes improved K. and G,; with volume fraction due to
matrix plastic deformation led zone shielding mechanism. However, particle size showed
negligible effect on the variation of fracture toughness. Tsai et al. [17] noted enhanced
mechanical properties and fracture toughness for nanosilica (25 nm) reinforced epoxies.
The fracture response of bidispersed nano- and micro-filler epoxies examined by Kwon et
al. [18] found to be dependent on the particle-matrix interactions as well as on
temperature. Johnsen et al. [19] carried out mechanical and fracture studies on nanosilica

(20 nm) filled-epoxies up to 13% V; and observed enhanced K. and G,. due to void
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growth and particle-matrix debonding. A review by Jordan et al. [20] on experimental
trends in polymer nanocomposites highlights issues associated with processing and
mechanical responses of nano- vs. micron-sized particulate composites. They
summarized that nanocomposites serve better in some mechanical aspects than the
micron-sized counterparts. However, no universal trends were established as
nanocomposites showed large deviations in properties due to physical and chemical
differences between the constituent phases and processing challenges. Similarly, more
recent reviews by Sun et al. [21] and Fu et al. [22] suggest that energy absorption
characteristics of nanocomposites under quasi-static or impact loading conditions
depends on key parameters such as shape, dimension of nano-particles, mechanical
properties of the filler and the host matrix, filler-matrix interfacial strength, as well as
volume fraction and the degree of particle dispersion in the matrix.

A few comparative studies have also been carried out to understand the effects of
size-scale and particle volume fraction on the fracture behavior and fracture toughness of
nano- and micro- particulate composites under quasi-static loading conditions. For
example, Singh et al. [23] reinforced polyester resin with aluminum particles of nano-
(100 nm) and micron-sizes (3.5 and 20 ym). They noted monotonic increase in K;c with
volume fraction for a given particle size and higher K. in case of nanocomposites than
the micron-sized ones up to a volume fraction of 2.3%. Adachi et al. [24] studied quasi-
static fracture behavior of nano- and micro-spherical silica-filled epoxies and observed
improved K. in the nano-filler cases than the micron-size counterparts. Mechanical

response of nano- and micron-size TiO; (32 nm and 0.24 um) particle loaded epoxies was

11



compared by Ng et al. [25, 26]. They indicate that nano-particle filled epoxy show higher
stiffness, failure strain and toughness when compared to the micron-sized ones.

Among the few dynamic fracture investigations reported on particulate composites
include the study of filler particle size on the mode-I fracture behavior of glass-filled
epoxy studied by Kitey and Tippur [3]. In regards to nanocomposites, dynamic fracture
work has been reported by Shukla et al. [27] using TiO, (35 nm) and Al,O3 (14 nm)
nanoparticles. Their results indicate improved fracture toughness and higher crack
velocity in nano-filler cases when compared to the neat resin. Evora and Shukla [28]
performed quasi-static and dynamic fracture studies on TiO; (36 nm) nanoparticle filled-
polyester nanocomposites and observed higher fracture toughness under dynamic loading
cases compared to the quasi-static cases. In a similar dynamic fracture work using TiO;
(36 nm) nanoparticles in polyester resin, Evora et al. [29] reported a relationship between
mode-1 dynamic stress intensity factor and crack velocity and noted higher crack velocity

and enhanced crack arrest toughness for nanocomposites than the virgin polyester.

1.1.2 Literature review of PPCs with stiff and compliant fillers

It has been well established that rigid inorganic fillers provide macroscopic isotropy
as well as enhanced fracture toughness and high energy absorption capabilities to brittle
polymers [30-33]. Hussain et al. [34] investigated fracture behavior of particle-filled
epoxy composites by varying TiO; filler volume fraction and particle size (20 nm and
1um) and found that the micron size particles led to higher fracture toughness with
increasing volume fraction than the nanoparticle counterparts. Early works on compliant
fillers have been reported by Kinloch et al. [35-37] on deformation and fracture behavior

of rubber-toughened epoxies. They performed microstructural and fracture studies on
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unmodified and CTBN rubber modified epoxies and proposed that localized cavitation at
the particle-matrix interface, plastic shear yielding in the matrix and crack-tip blunting
are the main sources of energy dissipation and increased toughness in the rubber-
modified epoxy. Geisler and Kelley [38] used rubbery and rigid fillers as well as a
combination of both types to improve fracture toughness of epoxy resins and found that
both rubbery and rigid particle-filled epoxies showed higher fracture energies than the
neat epoxy. In addition, cured resins prepared with an optimum loading of both rubbery
and rigid particles resulted in greater fracture energies than those with rubbery or rigid
particles alone. The crack front impedance is said to have toughened the rigid particle
composites and localized plastic deformation ahead of the crack front to have contributed
in the hybrid composites. The work of Tirosh et al. [39] focused on detailed stress
analysis around compliant rubber inclusion particles in a brittle epoxy matrix and a brittle
inclusion (styrene-acrylonitrile copolymer, SAN) in a compliant polycarbonate matrix.
They found that the tensile strength of a brittle matrix with a soft inclusion continuously
degraded as the inclusion size increased whereas the tensile strength of a soft matrix
reinforced with stiff inclusions could be maximized with respect to the matrix properties

using an optimum particle size.

1.1.3 Literature review of nanocomposites with carbon nanotubes (CNTSs)

A common approach to improve damage tolerance is to incorporate rubber particles
[35, 40, 41], thermoplastics [37, 42, 43] or stiff fillers [14, 31, 32] that alter the overall
mechanical and fracture performances favorably [21, 44]. The rubbery or thermoplastic
phases, however, generally improve ductility but diminish stiffness of thermoset resins

whereas the rigid inorganic inclusions such as silica and alumina improve stiffness and

13



strength often at the expense of ductility. In addition to the type of fillers, other studies
[3, 7, 22, 33] on particulate PMCs suggest that fracture toughness can be affected by
various factors such as filler size, shape, volume fraction, filler-matrix adhesion strength

and the loading rate.

An alternative approach to counteract the reduction in thermo-mechanical properties
of PMCs is simultaneous addition of compliant and stiff phases where each contributes
its inherent characteristics to produce optimum stiffness, strength and toughness.
Previous works on such hybrid composites [38, 45, 46] have shown enhanced fracture
toughness and energy absorption. In the recent years, a number of polyol based reactive
diluents has been considered as a good choice for improving the fracture resistance of
brittle epoxies [46, 47]. In addition to the toughening effect, the lower viscosity and the
extended pot life of polyols generally increase the level of filler loading as well as the
resin wetting action without a substantial decrease in curing rate and thermal stability.
These properties make polyols suitable for modification of epoxy resins to achieve
improved peel and impact strengths, and facilitate processing of particle-filled and fiber-
reinforced PMCs. For instance, the use of polyether polyol as a toughener for epoxy
resins by Isik et al. [46] provided 160% enhancement in impact strength. In the past few
decades, researchers have also successfully tailored the matrix properties by using nano
fillers [20]. Since their discovery in 1991 by lijima [48], carbon nanotubes (CNTS) have
emerged as potential candidates for matrix modification because of their exceptional
strength and stiffness [49], resilience, diameter dependent specific surface area and high
aspect ratio with low density [50]. These remarkable features of CNTs make them to act

as bridges between crack faces and induce interlocking with the matrix material.
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However, to incorporate CNTs as effective reinforcements, good dispersion and
interfacial adhesion between matrix and CNTs is desirable. Previously, it has been shown
that surfactant treatment and amino-functionalization of CNTs enhance their
dispersibility in the epoxy matrix [51-55]. Furthermore, multi-walled carbon nanotubes
(MWCNTS) exhibit better dispersion than single walled carbon nanotubes (SWCNTS)
because of lower specific surface area in the former than the latter.

Nanocomposites modified with CNTs as reinforcements in polymer matrices have
been extensively investigated over the years [50, 56]. The dispersion of 0.1 wt% of
amino-functionalized double-wall carbon nanotubes (DWCNTS) in epoxy using a
calandering technique by Gojny et al. [57] resulted in improved tensile strength, Young’s
modulus and quasi-static fracture toughness. A thermo-mechanical study by Fidelus et al.
[58] showed 70% improvement in tensile impact strength at 0.5 wt.% of randomly
oriented MWCNTSs in epoxy resin. In an another thermo-mechanical investigation, Zhou
et al. [59] noted 90% improvement in storage modulus and an optimum flexural strength
with 0.3 wt% MWCNT/epoxy system. Seyhan et al. [60] used 3-roll milling to disperse
CNTs into vinyl-ester-polyester hybrid resin. They found that nanocomposites containing
MWCNTs and NH,-MWCNTSs exhibited higher tensile modulus, fracture toughness and
fracture energy values relative to DWCNTSs and NH,-DWCNTSs counterparts. Hsieh et al.
[61] noted improved tensile, fracture and fatigue performances with increasing MWCNTSs
content in an anhydride-cured epoxy. Some efforts to enhance the fracture toughness of
CNT/epoxy nanocomposites by simultaneous addition of a third phase filler such as

rubber and/or nanosilica particles have also been made [62, 63].
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1.1.4 Literature review of crack-inclusion interactions

The works reviewed in the previous sections mainly address the effect of filler size
in micron (rigid and/or rubbery) and nano-scale range on the fracture behavior of
particulate composites. A few investigations also report fracture characteristics with
macro size fillers of spherical and cylindrical shapes to rigorously explain the underlying
failure process in filled polymers through analytical, numerical and/or
experimental/modeling. Early analytical study by Tamate [64] focused on complex
potentials to analyze stress fields and stress intensity factors for mode-1 cracks due to
interactions between a compliant matrix crack and a stiff circular inclusion and vice
versa. Evans [65] reported the effect inclusions have on the fracture of ceramics by
evaluating the local stresses around inclusions due to thermal expansion and elastic
modulus mismatch and calculated approximate magnitude of stress intensity factors at
interface cracks. Erdogan et al. [66] developed expressions for mode-1 and mode-II stress
intensity factors by using asymptotic values of density functions of integral equations in
terms of crack face displacements for interactions between a circular inclusion and an
arbitrarily oriented crack. Bush [67] used boundary element method to model interactions
of a matrix crack with a single inclusion and a cluster-of-inclusions in order to study
crack trajectories and crack driving forces for weakly and strongly bonded inclusion-
matrix interfaces. Symmetric-Galerkin boundary element method was adopted by Kitey
et al. [68] to simulate two dimensional mixed-mode quasi-static crack growth near
strongly bonded stiff particle clusters. They observed differences in crack trajectories
with respect to the cluster orientation and concluded that the crack driving force is

affected much earlier than the perceivable crack deflection and energy release rate

16



increases with increase in the inclusion eccentricity relative to the crack. Li and
Chudnovsky [69, 70] examined the effects of an elastic inclusion on the energy release
rate for crack extension and showed that the crack-tip is shielded from far field stresses
when it approaches a rigid inclusion and stresses get amplified when it propagates past
the inclusion. More recently, a theoretical model based on the application of a coupled
stress and energy criterion for the prediction of the crack onset at the interface between a
stiff cylindrical inclusion and a compliant unbounded matrix subjected to a remote
uniaxial transverse tension is developed by Mantic [71].

Although information in terms of analytical and numerical perspectives can be noted
from previous reports, experiments are relatively few. Among the experimental
investigations on this topic, O’Toole and Santare [72] studied crack-inclusion interactions
by bonding two identical elliptical steel inclusions on the two faces of a cracked thin
polymer plate. Li and Chudnovsky [73] realized perfectly bonded second phase circular
inclusion by introducing stiff and compliant circular inclusion in photodegradable plastic
material specimens by selectively irradiating with ultraviolet radiation. They studied
fatigue crack growth behavior and analyzed fracture surface morphology qualitatively.
Savalia and Tippur [74] carried out an experimental-numerical study of crack-inclusion
interactions under quasi-static loading conditions using moiré interferometry and finite
element analysis. As noted earlier, most of the experimental studies on this topic found in
the literature are limited to quasi-static loading conditions with the exception of the one
reported by Kitey and Tippur [75]. They investigated the dynamic crack growth behavior
in the vicinity of an isolated stiff inclusion using the method of reflection-mode Coherent

Gradient Sensing (CGS). Being a surface slope detection method, reflection CGS fringes
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heavily localized near the regions of stress concentration and could not be analyzed
satisfactorily when the crack tip was in the inclusion vicinity. Moreover, they extracted
stress intensity factors (SIF) using governing equations for a monolithic material and the
SIF values at the crack-inclusion interface need to be analyzed using bimaterial field
equations by fully taking into account velocity effects. The present work on crack-
inclusion interaction essentially builds on the work of Kitey and Tippur and extends their
observations to study the role of elastic mismatch and interfacial strength between a
dynamically growing matrix crack and a stationary stiff or compliant inclusion by
directly measuring more readily interpretable full-field surface displacement components
both before and after crack-inclusion interaction with an eventual goal of evaluating field

quantities in the matrix as well as the inclusion.

1.1.5 Literature review of Interpenetrating Polymer Networks (IPNs)

The term IPN was first coined by Millar [76] in 1960, however, Aylsworth and
Edison were likely the first to synthesize such a material in 1914 by mixing a crosslinked
phenol formaldehyde resin with rubber and sulphur [77-79]. Following these historic
works, a great deal of research [79-85] has been reported in this area over the last few
decades. Polyurethane-epoxy based semi-IPNs were synthesized by Cascaval et al. [86]
to study thermal degradation. Kim et al. [87-90] studied the synthesis, morphology,
density, T, viscoelastic, and volume resistivity behaviors of a series of PMMA-PU IPNs.
They found optimum Young’s modulus and shear storage modulus for 85/15 wt% IPN
category among all the IPNs configurations. In a similar study, Lee and Kim [91]
prepared 50/50 wt% PMMA-PU IPNs under varying pressures of up to 20000 kg/cm?.

They noted changes in phase continuity with synthesis pressure and observed better
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optical transparency in the IPNs synthesized at a higher pressure than the ones at a lower
pressure. The effect of ultraviolet (UV) radiation on vinyl ester resin-modified lignin
based semi-IPNs was examined by Rosu et al. [92]. They concluded that the synthesized
networks undergo photosensitive degradation under UV radiation of wavelengths higher
than 300 nm. The kinetics of network formation and inter-network grafting of PMMA-
PU IPNs was studied by Djomo et al. [93]. Synthesis of transparent interpenetrating
organic/inorganic networks have been performed by Widmaier and Bonilla [94] and
Bonilla et al. [95]. They prepared PMMA-PU IPNs with the addition of silica generated

in-situ by sol-gel process during the IPN formation.

Apart from synthesis and chemistry aspects, there exist a few investigations
pertaining to mechanical behavior of IPNs. The mechanical properties of simultaneous
IPNs based on PMMA-PU networks were studied by Akay and Rollins [96]. In their
work, the storage modulus and damping (tan 0) values from dynamic mechanical analysis
(DMA) were found to be optimum for 80/20 wt% IPNs. The work of Chen et al. [97] on
thermal, mechanical, and damping studies of castor oil-based polyurethane-epoxy graft
IPNs modified with hydroxyl-terminated liquid nitrile rubber showed improved tensile
and impact strengths when the rubber content was 5%. Chou and Lee [98] mechanically
characterized polyurethane-unsaturated polyester IPNs as a function of change in reaction
temperature and reaction rates. Chakrabarty et al. [99, 100] conducted morphological,
mechanical and thermal studies on epoxy-poly(ethyl methacrylate) IPNs and observed a
gradual decrease in stiffness and tensile strength with a consequent gain in failure strain
and toughness with poly(ethyl methacrylate) amount. The effects of blend morphology on

mechanical and fracture behaviors of dicyanate ester-polyetherimide semi-IPNs were
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investigated by Harismendy et al. [101]. They noted increased fracture toughness and
fracture energy without any improvement in the elastic modulus and yield strength
relative to neat bisphenol-A dicyanate matrix. Although many studies have been reported
on IPNs, most have resulted in opaque or translucent networks and very limited work
exists from the perspective of transparent IPNs for potential use in civilian and military

applications.

1.2 Objectives

The literature review suggests that much of the research to date on failure
characterization of nanocomposites, particulate composites with stiff and compliant
fillers, and molecular composites has been performed quasi-statically and very limited
data exists from the perspective of dynamic crack growth caused by rapid loading. These
gaps need to be bridged if these materials are to find engineering applications in diverse
areas such as aerospace and automotive structures, sporting equipment, high speed trains,
armored vehicles, and explosive ordinance disposal gear where stress-wave loading
dominates. The stiff fillers such as glass particles, nano-silica, carbon nanotubes and
compliant phases including CTBN rubber and polyol diluents are readily available
commercially. However, the dispersion of these fillers in the polymers is rather
challenging, especially nano-particles due to their large surface-to-volume ratio. If these
second phase inhomogeneities can be dispersed into polymeric matrices uniformly and
consistently, one can characterize and examine their failure behaviors under laboratory
conditions. The material preparation challenges are also involved in the synthesis of

molecular composites due to their complex reaction Kinetics and processing parameters.
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Considering all these aspects and the available resources, the following are the primary

objectives of the present research:

Fabricate PPCs with epoxy matrix modified with nano-silica, micron-size glass
particles, CTBN rubber, multi-walled carbon nanotubes, polyol diluent, and their
hybrid counterparts.

Fabricate specimens for studying crack-inclusion interactions by embedding
isolated cylindrical, macro-size stiff and compliant inclusions to understand the
implications on the fracture behavior of filled polymers.

Synthesize IPN molecular composites made of PMMA and PU phases for fracture
studies.

Measure dynamic elastic and physical properties of aforementioned composites
using ultrasonic pulse-echo method.

Perform microstructural characterization to check the quality of exfoliation of filler
particles using optical, SEM and TEM microscopy tools.

Conduct controlled experiments under quasi-static and dynamic loading conditions
to characterize failure characteristics and loading rate effects.

Bridge the microscopic failure characteristics from post-mortem analyses with the

macroscopic optical measurements.
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1.3 Organization of Dissertation

This dissertation is organized into eight chapters including the current one. In
Chapter 2, the optical method of digital image correlation and its working principle are
briefly described. The details of different experimental setups and test procedures
employed to study quasi-static, dynamic fracture behavior, and impact energy absorption
characteristic are provided in Chapter 3. This chapter also presents the details of various
experimental tools used for materials characterization and post-mortem analyses of

fractured specimens.

Chapter 4 and 5 deal with quasi-static and dynamic fracture investigations of
particulate polymer composites (PPCs) made of nano- and micron-size silica particles, as
well as epoxy nanocompoistes modified with carbon nanotubes (CNTs) and polyol
diluent. In these chapters, the details of particulate composites fabrication,
characterization, specimen geometry, and the methodology to evaluate various fracture
parameters are provided. The effects of filler size, filler stiffness and loading rates on
fracture toughness of PPCs as well as the associated toughening mechanisms are

discussed.

In Chapter 6, the experimental investigations of dynamic crack growth past
inclusions of two different elastic moduli, stiff (glass) and compliant (polyurethane)
relative to the matrix (epoxy), are described in order to understand the underlying physics
of stress-wave dominated fracture in PPCs. Implications of dynamic crack-inclusion
interactions are also demonstrated on dynamic fracture of micron-size stiff and compliant

particle filled epoxies.
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Chapter 7 presents failure characterization of transparent interpenetrating polymer
networks (IPNs) synthesized using poly(methyl methacrylate) (PMMA) as the stiff phase
and polyurethane (PU) as the tough phase. The effect of PMMA-PU compositions on

tensile, fracture and impact energy absorption behavior of IPNs is discussed.

Finally, Chapter 8 summarizes major conclusions of this dissertation, followed by

future directions related to this research.
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CHAPTER 2

EXPERIMENTAL METHOD OF DIGITAL IMAGE CORRELATION

In this chapter, the optical method of 2D Digital Image Correlation (DIC), used to
study crack tip deformations in various particulate polymer composites under stress-wave
loading conditions, is described. The experimental techniques for evaluating fracture
parameters in real-time in a dynamic failure event involving crack initiation and
propagation were somewhat limited to full-field optical methods such as photoelasticity,
optical caustics, Coherent Gradient Sensing (CGS), and moiré interferometry. All
interferometric techniques have stringent surface preparation requirements such as
preparation of birefringent coatings in reflection photoelasticity, transfer of gratings in
moiré interferometry and preparation of specularly reflective surface for CGS. However,
recent progress in image processing methods, high-speed computations and the advent of
ultra high-speed digital photography with relatively high spatial and temporal resolutions
have made it possible to use DIC method. This method offers the convenience of
minimum surface preparation and does not require coherent optics, and ordinary
incoherent light is sufficient. These aspects have motivated adopting the DIC technique
coupled with high-speed digital photography to carry out dynamic fracture studies in this

research.
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2.1 Working Principle of Digital Image Correlation (DIC)

The principles of DIC and its applications to the field of experimental mechanics
were laid out in the early 1980s [102, 103]. In concept, DIC is a gray scale (intensity)
pattern matching method. It is based on the principle of locating a target pattern (a point
or a small region) in the deformed state of an object relative to its location in the
undeformed state. In this method, the surface of the specimen is covered with a fine,
stochastic pattern (also called a random speckle pattern or white light speckles) by
spraying a fine mist of black and white paints to achieve a broad range of gray scales.
This procedure provides a whole field of unique speckles where each speckle has a

unique shape, size and intensity and serves as an ideal target.
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Fig. 2.1: Typical experimental arrangement used for digital image correlation method.

Figure 2.1 shows a typical experimental setup used for 2D DIC method. The surface
of the specimen, decorated with a random speckle pattern, is uniformly illuminated using
ordinary white light sources. A digital camera with a relatively high pixel count (typically
1-4 megapixels to achieve a good spatial resolution) is employed to photograph the

speckle pattern before and after the specimen is deformed. The speckle pattern recorded
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under no-load condition serves as the reference image (undeformed image). With the
application of load, the speckle pattern distorts and this distorted pattern recorded by the
camera serves as the deformed image. The recorded images contain intensity
measurements in a discrete form at each pixel location on the CCD array. It should be
noted that in general the algorithms used for image correlation are not based on the
intensity matching about a single speckle in its two states; instead they are based on
matching the intensity field of many speckles in the region-of-interest [104]. Hence, if the
target pattern is appropriate to identify a number of unique points and their precise
locations in each of the images, the 2D displacement components over the field of view

can be evaluated.

Figure 2.2 depicts the working principle of DIC method. As shown in Fig. 2.2(a),
the undeformed image (or the reference image) of size, say 2000 x 2000 pixels is
segmented into sub-images of size, say 30 x 30 pixels. Each sub-image represents an
intensity distribution. Now, for every sub-image in the undeformed image, the
corresponding speckle pattern (intensity distribution) is searched in the deformed image
by performing grayscale correlation operation. For simplicity, the planar deformations of
an isolated undeformed sub-image are schematically depicted in Fig. 2(b). After
deformation, the undeformed sub-image centered at O(x, y) is displaced to O’(x + u, y +
v) by moving u and v distances in the x- and y-directions, respectively. The displacements
components u and v can be obtained using affine transformations to relate O’(x + u, y +v)
with O(x, y). This is accomplished by using an interpolation method to express intensity
variation within the sub-image. It should be noted that the digitized image of an object

consists of thousands of pixels with abruptly varying gray-scale values from one pixel to
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the next. These abrupt variations in the grayscale values from one pixel to the
neighboring pixels produce significant computational difficulties when mapping
displacements from undeformed to deformed state [104]. Hence, to overcome these
difficulties, the intensity data is smoothed using an interpolation function for each

facet/sub-image over the entire field in both the states.

(a)
(b)
| P
—_— - .
Ay : u ’
e — O'(x+u,y+V)
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T ' | Deformed
O(x, y)| : y sub-image
_>i X i<_
Undeformed L; X
sub-image

Fig. 2.2: Working principle of DIC. (a) A pair of undeformed and deformed speckle images
recorded by the digital camera being segmented into sub-images. (b) Displacement mapping
scheme: undeformed sub-image point O(x, y) translates to a new location O’(x + u, y + V) in the
deformed sub-image and the difference between these coordinates gives the sliding (u) and

opening (v) displacements for the sub-image.
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2.2 The Correlation Procedure

The DIC method compares the intensity (grayscale) data from two pixel fields
captured in two states, undeformed and deformed. In digital imaging, the analog light
intensity field I(x, y) is converted into a discrete field D(x, y). Typically, the digital image
is a 2D array of grayscales, denoted as D(i, j) where i and j denote rows and columns,
respectively. For a sub-image centered at point O in the undeformed state (Fig. 2.2(a)),
the discretely sampled intensity variations can be represented using interpolation
functions at O and its neighborhood including point P as [105],

D(0)=D(x,y)

D(P)=D(x+dx,y+dy) @)

where, the neighboring point P is located at an incremental distance from origin O. After
deformation, the discretely sampled intensity variations at new locations (denoted by the

primed symbols) are given by,

D'(0")=D(x', y)

2.2
D'(P’) = D(x’+dx’, y’+dy’) (2.2)
where X' =x+u(x, y), y'=y+v(x, y)
For small deformations,
D'(X,y)=D x+u(x,y), y+v(x y)
D'(x'+dx’, y'+dy’) =D x+dx+u(x+dx, y+dy), y+dy+v(x+dx, y+dy)
2.3)
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Alternatively,

D(x+dX, y+dy) =D x+ulx, y)+ 1+‘;_;J( dx+‘;_;dy, y+v(x, y)+%dx+ 1+Z_‘y’ dy

(2.4)
If the sub-image is sufficiently small and displacements are therefore constant

ou ov Odu Ov
— can be

within the sub-image, then the mapping parameters u, v, —, —, —,
ox 09y dy Ox

evaluated. This process is repeated for all sub-images over the field of view. (Note that
overlapping of pixels of neighboring pixels can be used to enhance the number of

measurement points and possibly the quality of measurement.)

The matching of a sub-image of the undeformed and deformed states to determine

local displacements is done using one of the following measures:

(1) Magnitude of intensity difference:

> [p'(0")-D(0) (2.5)

(2) Sum of the squares of the intensity value difference:

> D'(0")-D(0) (2.6)

(3) Normalized cross-correlation:

Z D’(0')D(0)
[5o1[500

(2.7)
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(4) Cross-correlation:

> D’(0")D(0) (2.8)

Minimizing measures (1) and (2), and maximizing (3) and (4) will provide the
optimal estimation of all displacement and displacement gradients. Since minimization
algorithms are generally more stable for implementation, the popular method of

normalized cross correlation can be implemented alternatively as,

N M

C u, v, a_u ﬂ 0_u ov L D(Xi, Yj)D' Xi+u(Xi, y,—), yi+v(xi, yj)
ox' 3y dy' ox 5 D(%, ¥,)0 x+u(x, ;). vi +v(x. ¥,)
1=l =

(2.9)

for minimization. The best estimates of displacements and their gradients can be obtained

when the value of correlation coefficient C - 0. The result of C=0 is a perfect match.

Note that the correlation coefficient C is a function of displacement components (u, v)

and their gradients(du/ox, du/dy, dv/ox, dv/dy). Therefore, a search has to be

performed for optimum values of these mapping parameters such that C is minimized. To
do this, a number of optimization methods including Newton-Raphson, Coarse-Fine
search, and Lavenburgh-Marquardt (L-M) methods can be used. Among these, the L-M
method offers very good convergence characteristics and is as fast as Newton-Raphson
method. Like other minimization algorithms, the L-M method is an iterative procedure

and requires initial guess values to start a minimization procedure.

In the current work, an approach developed at Auburn [106] as an in-house software

suite on a MATLAB™ platform has been used to estimate in-plane surface displacement
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components. In the first step, displacements were estimated by performing a 2D cross-
correlation of gray scales in the Fourier domain and the peak of the correlation function
detected to a sub-pixel accuracy using bicubic interpolation. This process was repeated
for the entire image to obtain full-field in-plane displacements. In the second step, an
iterative approach based on nonlinear least-squares minimization was used to minimize
the 2D cross-correlation function in the spatial domain to refine the previously computed
displacements as an initial guess. In this step, minimization was carried out in a six
variable space (displacements and their gradients) rather than in a two variable space as it
minimizes a significant amount of noise present in the initial estimation of displacements

obtained from the first step, and hence improves the displacement measurement accuracy.
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CHAPTER 3

EXPERIMENTAL AND TESTING DETAILS?

In this chapter, different experimental setups and test procedures used for studying
quasi-static and dynamic fracture behavior, and impact energy absorption characteristics,
are described. The various experimental tools used for material characterization and post-

mortem analyses of failed surfaces are also presented.

3.1 Quasi-static Tensile and Fracture Tests Setup

The uniaxial quasi-static tensile tests were carried out in an Instron 4465 testing
machine to measure properties such as elastic modulus, tensile strength, percent
elongation at break. Dogbone-shaped specimens were prepared according to ASTM
D638 test method [109]. All the experiments were conducted at room temperature under

displacement controlled conditions at a constant crosshead speed of 2 mm/min.

In order to characterize the fracture toughness in terms of the critical stress intensity
factor, K, quasi-static fracture tests were performed in accordance with ASTM D5045-
96 guidelines [110]. The single edge notched 3-point bend specimens were loaded in
displacement control mode at a cross-head speed of 0.25 mm/min using Instron 4465
testing machine. The load-deflection data was recorded up to crack initiation and during
stable crack growth, if any. The crack initiation toughness, K., was calculated using the

load (P) at crack initiation.

! Parts of this chapter appear in Refs. [107, 108].
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Three-point
bend specimem

Fig. 3.1: Photographs of the experimental setup for quasi-static tensile and fracture tests.

The photographs in Fig. 3.1 show the experimental setup as well as specimen loading
configurations for both quasi-static tensile and fracture tests. Typically, for each type of

test and material category at least four sets of experiments were performed.

3.2 Dynamic Fracture Experimental Setups

In this research, the dynamic fracture behavior was studied using 2D digital image
correlation (DIC) method in conjugation high-speed photography. As discussed in

chapter 2, in this method the decorated random speckle patterns on a specimen surface
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were monitored during a fracture event. The speckle patterns were recorded before and
after deformation. The images from the deformed and undeformed sets were paired and
analyzed using image correlation methodology. Conceptually, a sub-image in an
undeformed image was selected and its location in the corresponding deformed image
was searched to find its local displacements. In the current study, for dynamic fracture
characterization, two types of experimental setups were employed depending upon the

specimen geometry, and are described in the following.

3.2.1 Drop tower and high-speed camera setup

The schematic of the experimental setup used for studying surface deformations of

relatively large specimens of dimensions 212 mm x 50 mm x 8 mm, is shown in Fig. 3.2.

Load
storage

Dynatup
° <«—| controller

Computer
Cordin-550
Ultra high-speed
digital framing camera

.

Image
= storage
T Flash lamps
Computer
Lamp |e Delay
control unit | % _ generator

Fig. 3.2: Schematic of the experimental setup used for dynamic fracture study.
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The setup included a drop-tower (Instron-Dynatup 9250HV, USA) for impact loading the
specimens and a Cordin 550 ultra high-speed digital framing camera (Cordin Scientific
Imaging, USA) for recording speckle images during the fracture event. The drop-tower
was equipped with an instrumented tup (hemispherical profile) and a pair of instrumented
anvils for recording force and support reaction histories, respectively. The setup also
included instrumentation to produce a delayed trigger pulse when the impactor contacted
the specimen (time, t = 0). Two high-energy flash lamps, triggered by the camera and a
pulse generator, were employed to illuminate the sample surface. Also, two separate
computers, one to record the impact force and anvil reaction histories, and the other to
control the high-speed camera and store the images, were used. The light intensity from
the specimen surface in the region of interest was recorded. The actual photographs of the
dynamic fracture experimental setup, specimen loading device, and the instrumentation
used to control drop-tower, high-speed camera, high energy flash lamps and trigger delay

are shown in Fig. 3.3.

The Cordin 550 ultra high-speed digital camera is equipped with a combination of
CCD based imaging technology and a high-speed rotating mirror optical system. Figure
3.4 shows the internal optical arrangement of Cordin 550 camera. It is capable of
recording images at rates of up to 2 million frames per second on 32 individual 1000 x
1000 pixel (pixel size: 7.4 pym square) CCD sensor array positioned circumferentially
around a five-facet rotating mirror which reflects and sweeps light over these sensors.
The specimen decorated with random speckles was initially rested on two instrumented
anvils and the camera was focused on a 30 x 30 mm? region-of-interest in the crack-tip

vicinity.
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Fig. 3.3: Photographs of the experimental setup used for dynamic fracture study.
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Fig. 3.4: Schematic showing internal optical arrangement of Cordin-550 high-speed camera: M-

Ms are mirrors; R; and R, are relay lenses; ri-r3, are relay lenses for CCDs; c;-C3, are CCD

Sensors.

Prior to impacting the specimen, a set of 32 images were recorded at a chosen framing
rate. While keeping all the camera settings the same, a second set of 32 images was
captured when the specimen was impacted at a velocity of 4.5 m/s. A total of 32 images
were recorded for undeformed and deformed sets. The corresponding two images of each

sensor were paired from the undeformed and deformed sets and analyzed.

3.2.2 Long-bar impactor setup

In order to study dynamic fracture behavior of IPN molecular composites having
relatively smaller specimen dimensions (particularly the span), a long-bar impactor setup
was employed. The schematic of the experimental setup for studying crack initiation and
propagation in symmetric 1-point loading configuration using DIC and high-speed
photography is shown in Fig. 3.5. The setup consisted of a long-bar impactor to deliver

load to the specimen dynamically and a Cordin-550 high-speed camera for recording
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reflected light intensity from the specimen surface decorated with random speckle

pattern.
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Fig. 3.5: Schematic of the experimental setup for dynamic fracture study of IPNs.

The setup also included instrumentation to produce a delayed trigger pulse when the
striker contacted the long-bar. Two high-energy flash lamps, triggered by the camera and
a pulse generator, were employed to illuminate the specimen surface. The loading device
included an aluminum long-bar (strain-rate independent Al-7075-T6, 6.5 feet long, 1 inch
diameter) with a cylindrical head, a compressed air chamber with a gun barrel containing
a cylindrical striker (Al-7075-T6, 12 inch long, 1 inch diameter), and a data acquisition

system (DAQ) with a signal conditioning unit. (An Al-1100 pulse shaper was used
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between the striker and long-bar to control the loading rate.) The strain gage (CEA-13-
062UW-350 from Vishay Micro-measurements) on the long-bar, connected to DAQ
system via a signal conditioner (Ectron), was used to record the strain history in the long-
bar. The edge cracked specimen decorated with random speckle pattern was positioned
on an adjustable micromechanical stage with a layer of putty, above and below the
specimen edges (see Fig. 3.6 for a close-up view). The specimen was then registered
against the cylindrical head of the long-bar, thus, causing a simple 1-point impact
loading. Putty was used to ensure symmetry of the reflected stress waves from the top
and bottom edges of the specimen, and hence loading the crack symmetrically to achieve
mode-I fracture conditions. The computer connected to the high-speed camera was used
to control parameters such as trigger delay, flash duration, framing rate, and image

storage.

Micromechanical stage

l

Fig. 3.6: Close-up view of the long-bar imapctor loading the specimen decorated with random

speckles.
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As shown in Fig. 3.5, the camera was focused on a 28 x 28 mm? region-of-interest in
the crack-tip vicinity. Prior to impacting the specimen, a set of 32 reference (undeformed
set) images were recorded at a chosen framing rate. While keeping all the camera settings
the same, the striker was launched. When the striker impacted the long-bar, it generated a
compressive stress wave that propagated the length of the bar before imparting a transient
load to the specimen edge. The compressive stress waves then entered the specimen,
reflected back as tensile waves from its far edge and loaded the crack-tip. When the
striker contacted the long-bar, an electrical circuit was closed to activate the camera with
a user-specified delay to trigger the two high energy flash lamps. This time delay
provided sufficient time for the compressive stress wave to travel the length of the long-
bar to the specimen crack-tip as well as enough time for the flash lamps to ramp up to
their full intensity levels to provide uniform illumination. The second set of 32 images
(deformed set) was captured in real-time during the specimen failure. In order to capture
the entire fracture event, a framing rate ranging from 250,000-300,000 frames per second
was used. A total of 32 images were present in each undeformed and deformed sets. The
corresponding images recorded by each sensor were paired and analyzed to get crack-

opening and crack-sliding displacement fields.

3.3 Low-velocity Impact Test Setup

In order to quantify energy absorption characteristics of IPNs in structural
configurations, low-velocity impact tests were carried out in accordance with ASTM
D5628-96 test method [111]. The IPNs were subjected to impact tests using a drop-tower
(Instron Dynatup 9250HV) shown in Fig. 3.7(a). The drop-tower is equipped with

Impulse data acquisition software which can acquire a total of 8192 data points at an
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acquisition rate of up to 5.0 MHz. It is capable of recording transient load, impact
velocity and impact energy absorbed by the specimens. The machine is also fitted with a
velocity detector to measure the velocity of the falling tup just before it strikes the
specimen. The velocity detector operates in conjunction with a flag mounted on the drop-
weight, and triggers data collection when the flag passes through it. Using this setup, the
impact energy and impact velocity can be varied by changing the mass and height of the
falling weight. The drop-tower has an instrumented tup (hemispherical head, 12.7 mm
diameter) with a load cell capacity of 22.2 kN to record the transient response of the
specimens. The specimen support fixture (developed in-house) at the bottom of the drop-
tower facilitates circular clamp condition with a clear aperture of 76.2 mm in diameter.
The close-up view of the striker head and the fixture are shown in Fig. 3.7(b).

All the impact tests were performed at a fixed energy level (E) of 60 J with a

constant drop-mass (m) of 4.85 kg, drop-height (h) 1.27 m, and impact velocity (v, .) 5

m/s. The drop-height is the distance between the tip of indenter and the top surface of the
clamped specimen, and can be calculated using equation E=mgh, where g is the
acceleration due to gravity. The impact velocity can be measured using energy
conservation (mgh=% mvfmpact). The energy level E=60 J and impact velocity 5 m/s were
arrived at after performing a series of benchmark experiments in order to avoid multiple
rebounds and fail the specimens in a single drop/impact. As a general rule, the energy
delivered from the drop-weight must be significantly greater than the energy absorbed by
the material being tested, so that there is no appreciable slowdown of the striker during

the impact event [112].
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Fig. 3.7: Experimental setup for low-velocity impact tests for energy absorption studies: (a)
Instron Dynatup 9250HV drop-tower, (b) Close-up view of the impactor tup and the specimen
support fixture.

Prior to testing, the load cell was calibrated. The specimen was securely clamped
into the specimen support fixture. Using the jog keys and fine position thumbwheel on
the drop-tower control panel, the drop-weight cross-head assembly was moved down
until the striker head contacted the specimen. The bottom edge of the velocity detector
was aligned with the bottom edge of the flag, and at this point the current position of the
drop-weight was set to zero height. Next, the drop-weight assembly was raised to a

desired height, and released to impact the specimen. The transient load and energy
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absorbed by the specimen during the entire impact event was recorded. It should be noted
that the Impulse data acquisition software equipped with the drop-tower internally

performs energy calculations using,
TE(t) = KE(t) + PE(t) + Ea(t) = constant (3.1)

where TE(t) is the total energy in the system which remains constant by the conservation
principle, KE(t) is the kinetic energy of the drop-weight, PE(t) is the potential energy of
the drop-weight, and Ea(t) is the impact energy absorbed by the specimen up to time t.
Graphically, Ea(t) is simply the area under the load-deflection curve and is calculated

using the mass (m), velocity (v(t)), and position (x(t)) of the drop-weight in Eqg. (3.2),

Ea(t):%m V2 —VA(t) +mgx(t) (3.2)

impact

where the quantities v(t) and x(t) are evaluated using trapezoidal approximations.

3.4 Material Characterization Tools
3.4.1 Ultrasonic pulse-echo method

The dynamic elastic properties of particulate polymer composites and transparent
IPNs were determined using a non-destructive method implemented through ultrasonic
wave propagation. Figure 3.8 shows the photograph of the setup used for ultrasonic
pulse-echo measurements. The setup consists of a digital oscilloscope (Model: Gould
DSO 450) and an ultrasonic analyzer (Model: Panametrics 5052UA) equipped with a

pulser, receiver, stepless gate, a gated peak detector and appropriate transducers.
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Fig. 3.8: Photograph of the setup for ultrasonic pulse-echo measurements.

The ultrasonic pulse-echo measurements were performed at several discrete
locations of the cured sheets. The longitudinal (C.) and shear (Cs) wave speeds were
determined by measuring transit time for the elastic pulse to travel twice the thickness of
the sample using a longitudinal wave transducer (Panametrics V129RM; 10 MHz) and a
shear wave transducer (Panametrics V156RM; 5 MHz), respectively. The mass density,
p, of each composition was also determined. The values of dynamic elastic modulus (Eg)
and Poisson’s ratio (vg) were then calculated using measured wave speeds and mass

density using,
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3.4.2 Microscopy and fractography

Microscopic studies were undertaken to get an insight of the quality of exfoliation of
filler particles into epoxy. For micron-size particulate composites, samples with cross-
sectional area 15 mm x 8 mm were cut and polished sequentially using 600, 1000 and
2000 grit wet emery papers. The polished surfaces of these samples were viewed using
Nikon Eclipse L150 optical microscope as shown in Fig. 3.9. The optical microscope was
also used to view global representation of fractured surfaces at low magnifications in

order to cover maximum region of failed surfaces.

Fig. 3.9: Photograph of Nikon Eclipse L150 optical microscope used for checking particle

distribution in micron-size glass filled PPCs.

The particle distribution in nano-silica and carbon nanotubes modified PPCs were
examined using a transmission electron microscope (TEM). Figure 3.10 shows the
photograph a ZEISS EM10 TEM used to check particle dispersion and a Leica UltraCut
T Microtome used for TEM sample preparation. In the case of nanocomposites, thin film

slices (80-90 nm thick) for TEM were microtomed using Leica UltraCut T Microtome.
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These slices were then mounted on copper grids as shown in Fig. 3.10 and the associated
through-the-thickness morphologies were viewed in a TEM at an accelerating voltage of
70 kV.

Leica UltraCut T
Microtome

E ZEISS EM10 TEM

Fig. 3.10: Photograph of Transmission Electron Microscope (TEM) used to check nano-filler
dispersion. (Top left image: Leica UltraCut T Mircotome for TEM sample preparation; Top right
image: Copper grid for TEM sample mounting.)
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It has been well recognized that fracture surface topography reveals inherent details
of deformation and the associated energy dissipation mechanisms that govern the fracture
process. Accordingly, the fracture surfaces were examined both qualitatively and
quantitatively. In most parts of this research, scanning electron microscopy was
performed for qualitative examination of fracture surfaces of quasi-statically and
dynamically failed specimens. Figure 3.11 shows the photograph of a scanning electron
microscope (Model: JEOL JSM-7000F) used to study fracture surface morphologies of
PPCs and IPNs. The fracture surfaces were sputter coated with a thin layer of gold to
make them conductive in order to prevent charge build up. The inset in Fig. 3.11 shows
the photograph of a gold sputtering unit (Model: PELCO SC-6) used for SEM sample

preparation.

Fig. 3.11: Photograph of Scanning Electron Microscope (Model: JEOL JSM-7000F) used to
study fracture surface morphologies of particulate polymer composites. The top left inset shows
the photograph of a gold sputtering unit (Model: PELCO SC-6) used for SEM sample

preparation.
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CHAPTER 4

FRACTURE BEHAVIOR OF PPCs: NANO- VS. MICRO-FILLERS!

This chapter deals with quasi-static and dynamic fracture investigation of particulate
polymer composites (PPCs) made of nano- and micron-size silica filler in epoxy. The
effects of particle size-scale (nano- vs. micro-) and loading rate on the fracture behavior
of silica-filled epoxy PPCs are studied under both quasi-static and stress-wave dominant
loading conditions. In the following section, the details of material preparation,
characterization, and specimen geometry are provided. Next, the methodology to evaluate
various fracture parameters is briefly described. This is followed by a detailed description
of experimental results in a comparative manner for all categories of specimens in terms
of load-deflection responses, quasi-static crack initiation toughness (K, dynamic

fracture parameters such as crack tip velocity (V) histories, mode-l1 dynamic stress

intensity factor (K/) histories, K-V relationships. Subsequently, the results are

supported qualitatively and quantitatively by microscopic examination of fractured

surfaces and roughness measurements.

4.1 Materials Processing and Characterization
4.1.1 Materials
Two sizes of spherical rigid fillers, one nano-sized silica particles of average

diameter 20 nm (Nanopox F400 from Nanoresins, Germany) and the other micron-sized

! Parts of this chapter appear in Refs. [107, 113].
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glass particles of mean diameter 35 pym (Spheriglass®, Potters Industries Inc.) were used
in this study. The choice of the latter was based on work of Kitey and Tippur [3] that
offered the largest gain in fracture toughness under dynamic loading conditions. Further,
silica/glass spheres are smooth, hard, and offer excellent chemical resistance and low oil
absorption. Unlike fibers and irregular particles, the solid spheres generally show
uniform, regular stress distribution with less localized stress concentrations, and provide
high abrasion and creep resistance as well as better dimensional stability to composites
due to low shrinkage and warpage.

The Nanopox F400 consisted of 40 wt% (~26 vol% [10, 19]) silica nanoparticles
supplied as colloidal silica gel in a diglycidyl ether of bis-phenol A (DGEBA) resin
whereas the micro-filler were received in powder form. A low viscosity epoxy system
(Epo-Thin  from Beuhler, Inc. USA) consisting of DGEBA resin and an amine-based
hardener in the ratio of 100:39 was employed as the matrix material. This epoxy system

offers low shrinkage and relatively long duration room temperature curing characteristics.

4.1.2 Particulate composites preparation

Prior to mixing the constituents, each type of filler was pre-heated in an oven at 70
°C for an hour in order to release any trapped moisture and then cooled gradually to
ambient temperature. The nanocomposites and the micron-size particle filled composites
were loaded with 3%, 5%, 7%, and 10% of fillers (by volume). Care was exercised to
ensure uniform distribution of each type of filler throughout the matrix. It should be
noted that the Nanopox F400 resin pre-loaded with silica nanoparticles was diluted first
by the required amount of DGEBA resin in such a way that the end product had the

appropriate content of nanosilica for the desired volume fraction. The material was mixed
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using a magnetic stirrer for 20 min at 50 °C to obtain a homogenous mixture. While the
mixture remained at a relatively low viscosity at 50 °C, degassing was done every 30 min
for 2 h to remove any trapped air bubbles generated during mixing. This ensured full
degassing of the mixture. This also allowed sufficient time for the mixture to reach room
temperature. After degassing, the stoichiometric amount of the hardener was added to the
mixture, which was again magnetically stirred for 5 min and degassed for 20 min. The

mixture was then poured into molds coated with a release-agent as shown in Fig. 4.1.

Epoxy Nano- or Micro-
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Degasification to
remove air bubbles
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Fig. 4.1: Schematic showing particulate composites preparation.
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For the preparation of micro-particle filled composites, the predetermined amounts
of filler particle volume fractions were added into DGEBA epoxy resin followed by
mixing and degassing steps as mentioned above. However, in this case, after mixing of
hardener and degassing, the mixture was continuously stirred until the mixture showed a
tendency to gel before pouring into molds. This helped to eliminate sedimentation of the
filler particles during subsequent curing. The poured mixtures were allowed to cure for
96 h at room temperature. The cured sheets were removed from the molds and further

rested for a week prior to machining and testing.

4.1.3 Microstructural characterization

The particle distribution in nano- and micro-particle filled composites was examined
using transmission electron microscope (TEM) and optical microscope, respectively, as
described in Chapter 3. The micrographs in Fig. 4.2 depict particle distribution in nano-
and micro-particle filled composites. It can be seen that particle agglomeration is absent
in all micrographs. The TEM images in Figs. 4.2(a) and (b) show a very uniform
distribution of nanoparticles throughout the epoxy matrix with 3% and 10% V;,
respectively. Note that the bigger and darker spots in the TEM images indicate
overlapping of two or more particles in the thickness direction. As noted in section 3.3.2,
the TEM specimens were ~90 nm thick, and hence, the apparent volume fraction of
nanoparticles is higher than the true volume fraction. The optical images in Figs. 4.2(c)
and (d) show well-dispersed micro-particles with 3% and 10% Vi, respectively. It should
be noted that unlike TEM images the optical micrographs show particle distribution
imaged only at zero thickness. The dark spots in these micrographs are debris due to

polishing and the dark lines are scratch marks.
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Fig. 4.2: Micrographs showing particle dispersion: (a) TEM image of 3% V¢ nano-filler, (b) TEM
image of 10% V¢ nano-filler, (c) Optical micrograph of 3% V; micro-filler, (d) Optical micrograph
of 10% V; micro-filler.
4.1.4 Elastic characterization

The elastic and physical characteristics of filled composites as a function of volume
fraction of the dispersant were determined by indirect means of ultrasonic pulse-echo
method as described in section 3.4.1 of the previous chapter. The longitudinal (C.) and
shear (Cs) wave speeds were determined by measuring transit time for the pulse to travel
twice the thickness. The values of dynamic elastic modulus (Eg4) and Poisson’s ratio (vq)

were calculated using measured wave speeds and mass density (p). The measured elastic
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and physical properties of nano- and micro-particle filled-composites are shown in Tables

4.1 and 4.2, respectively.

Vi Density, | Longitudinal | Shear wave | Dynamic elastic | Poisson’s | Impedance,
(%) p (kg/m?) | wave speed, | speed, modulus, ratio, vy p.CL
CL (m/s) Cs (m/s) Eq (GPa) (MPa.s/m)

0 1124 2487 1136 3.97 0.368 2.80

3 1156 2547 1188 4.44 0.360 2.94

5 1181 2577 1233 4.85 0.352 3.04

7 1218 2604 1250 5.14 0.350 3.17

10 1272 2634 1268 5.52 0.348 3.35

Table 4.1: Measured dynamic material properties of nano-particle filled epoxies at different
volume fraction (Vy).

Vi Density, | Longitudinal | Shear wave | Dynamic elastic | Poisson’s | Impedance,
(%) | p (kg/m®) | wave speed, | speed, modulus, ratio, vq p.CL
CL (m/s) Cs (m/s) Eq (GPa) (MPa.s/m)
3 1151 2543 1194 4.46 0.359 2.93
5 1184 2569 1216 4.76 0.356 3.04
7 1223 2591 1239 5.08 0.352 3.17
10 1279 2627 1257 5.46 0.351 3.36

Table 4.2: Measured dynamic material properties of micro-particle filled epoxies at different
volume fraction (Vy).

The effect of particle volume fraction on measured properties is quite evident. It can
be seen that in both types of filled-composites, as the particle volume fraction increases,
the density, longitudinal and shear wave speeds, and elastic modulus increase in a
monotonic fashion with a negligible change in the Poisson’s ratio. It should be noted here
that for any given volume fraction (3%, 5%, 7%, 10%), the particle size-scale (nano- vs.

micro-) does not affect the elastic and physical characteristics. That is, the values of each
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measured property are the same for both nano- and micro-filler cases within the

measurement error.

4.2 Experimental Details

4.2.1 Specimen fabrication and geometry

The cured composite sheets were machined into rectangular coupons of nominal
dimensions 106 mm x 20 mm x 8 mm for quasi-static fracture tests (span 90 mm) and
212 mm x 50 mm x 8 mm for dynamic fracture experiments (span 196 mm) as shown in
Figs. 4.3(a) and (b), respectively. An edge notch of 4 mm and 10 mm in length was first
cut using a diamond impregnated wafer blade (thickness ~300 pm) into the samples for
quasi-static and dynamic fracture tests, respectively. The notch tip was manually
sharpened using a razor blade in order to have a naturally sharp crack tip to achieve a
relatively quiescent crack initiation followed by a steady growth. A magnified view of the
sharpened crack tip is shown in Figs. 4.3(c) and (d) with front- and back-side views of the
specimen, respectively.

The dynamic fracture experiments were performed using the method of digital
image correlation (DIC) to quantify crack tip deformations and hence the crack growth
parameters. (The details of this method are provided in Chapter 2) To facilitate this, a
stochastic speckle pattern was created on the surface of the sample by spraying a fine
mist of black and white paints alternatively. Figure 4.3(b) depicts the specimen geometry,
dimensions and loading configuration along with the crack tip coordinate system with an
illustration of random speckle pattern. The region in the dotted box represents 30 x 30

mm? region-of-interest.
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Fig. 4.3: Specimen geometry and loading configurations: (a) Quasi-static fracture, (b) Dynamic
fracture, (c) Sharp crack tip: front-side view of the specimen, (d) Sharp crack tip: back-side view
of the specimen.
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4.2.2 Quasi-static fracture tests
Symmetric three-point bending tests were conducted to measure quasi-static crack
initiation toughness, Ki.. The load-deflection data was recorded up to complete fracture

and K¢ was calculated using the load at initiation and specimen geometry using,

PS
3 2\/5 2
K, = BW 7 199-21-2 215-393 2 427 2 (4.1)
a a W W w W
21+2— 1-—
woow

where P, S, B, W and a are the load at fracture, span, thickness, width and crack length

of the specimen, respectively (see Fig. 4.3(a)).

4.2.3 Dynamic fracture tests

The dynamic fracture tests were performed using the setup as shown in Fig. 3.2 in
Chapter 3. The specimen decorated with random speckles was initially rested on two
instrumented anvils and the camera was focused on a 30 x 30 mm? region-of-interest in
the crack tip vicinity. Prior to impacting the specimen, a set of 32 images were recorded
at a chosen framing rate. While keeping all the camera settings the same, a second set of
32 images was captured when the specimen was impacted at a velocity of 4.5 m/s. In
order to capture the entire fracture event, the images in the case of micro-particle filled
composites were recorded at a rate of 250,000 frames per second whereas framing rates
ranging from 250,000-300,000 frames per second were used for nanocomposite
specimens. A total of 32 images were recorded in each undeformed and deformed sets.
The corresponding two images of each sensor were paired from undeformed and

deformed sets and analyzed.
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4.2.4 Image analysis details

As noted earlier, the recorded speckle images corresponded to a 30 x 30 mm? region
on the specimen surface. The size of the decorated speckles and the optical magnification
used were such that each speckle occupied 4-6 pixels on the image plane. Care was also
exercised regarding electronic gain setting of the high-speed camera sensors and intensity
of the flash lamps to produce a near Gaussian distribution of gray scales for each image
in the mid-range of 0-255 (8 bit) intensities. That is, saturation or underexposure of pixels
was avoided by trial and error prior to carrying out the actual experiment. Each resulting
image was segmented into sub-images consisting of 26 x 26 pixels for analysis. While
analyzing images, no overlapping of sub-images was used. This resulted in 37 x 37 array

of data points in the region-of-interest.

4.2.5 Evaluation of crack tip velocity and stress intensity factors (SIFs)

The position of the current crack-tip from each digitized image was used to measure
the instantaneous values of crack length. However, the presence of digitizing errors often
manifests in the crack extension data. To minimize this error, the crack length data at an

instant i was smoothed using a quadratic Bézier curve [114],

a,(s)=(1-s)"d, +2s(1-s)d,, +s%d,,, Os<s<l (4.2)

i+21

where s, d and a are the smoothing parameter, the digitized data, and the smoothed

crack length data, respectively. In the above expression d,, d,,,, d,,, are the control

points ofa, (s). A smoothing parameter of 0.5 was chosen so that the smoothed data

point is located at midway from a data point to an adjacent point. Subsequently, the crack
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velocity (V) was estimated from the smoothed crack length histories using forward

difference method,

V= da _a,-& (4.3)
t, t,-t

where a and t are crack length and time, respectively, at a given instant i.

The mode-1 and mode-1I stress intensity factors (SIFs) were evaluated using an over-
deterministic least-squares analysis of crack-opening and crack-sliding displacements,
respectively. The governing asymptotic expressions for crack-opening (v) and crack-
sliding (u) displacement fields near the tip of a dynamically loaded stationary crack are

expressed as follows:

n, n__n n " n
u(re) _ (k) pe K050 572 O () eyl
v(r8) & 2u e ksin2g+Nsin N_o g- E+(—l)n sin~g
2 2 2 2 2
g ksinhg-"sin 12 g+ E—(—l)n sing
- (Ku) r"? 2 2 2 2
A N eosDg-Deos Doo g+ E—(—1)n cos g
2 2 2 2 2

where r and 0 are the polar coordinates defined at the current crack-tip, « is

(3-v,)/(1+v,) for plane stress where v, is the Poisson’s ratio and 4 is the shear

modulus. In the above expressions, the coefficients (K,d) and (K,‘f) of the dominant

n

terms (n=1) are the so-called mode-1 and mode-II dynamic SIFs, respectively. The

above in-plane displacement fields implicitly assume that the inertia effects are accounted
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for by the coefficients while maintaining the functional form of the quasi-static
counterpart. However, when the crack initiates, the in-plane displacement components v

and u for a steadily growing crack are given by [115],

rl“/zcosgel—h( ), (72 cos <9

u(r.0) _g (Kud)n BI(V)\/z(n_'_l)

v(r.8) & 21 —ﬁlﬁn/zsingeﬁh[(;) “/Zsmge

2

("2sin 2 g - h(m)r"2sin g,
(s (ki) e s
; 2u 7 n/2 n h(ﬁ) n/2 n .
B cos—6, +——=r,"  cos—6,
21 g 2

2

where
=X+ By, O, =tan"*(B,y/X), m=12, B =,1- V/C N V/C)

C = (K+1'u _ (3-vy)/(1+v,): plane stress
- («-1)p B 3 4Vd)2 plane strain

2B8,/(1+ B ): n odd

h(n) = (1+,82)/2' - even and h(n)=h(n+1)
1 2
BI(V):( +Dﬁ2)1 B, (V)= 2'32’ D:4:81,52_(1+,822)2-

In the above equations, (x, y) and (r, 0) are the instantaneous Cartesian and polar
coordinates, respectively, aligned at the current crack-tip, V is the crack-tip velocity, Cp
and Cs are homogenized longitudinal and shear wave speeds of the material, p is the mass

density, (# and v, are the shear modulus and the Poisson’s ratio, respectively. Again, the
coefficients (K,“) and (K,‘,’) of the dominant terms (n =1) are the mode-1 and mode-11

dynamic SIFs respectively. Further, the Eq. (4.5) can be reduced to the form of a

dynamically loaded stationary crack in the limit the crack velocity V - 0.
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In order to extract SIF history, the crack-opening and crack-sliding displacement fields
were digitized by identifying the current crack-tip location in the image. The
displacement data used in the analysis was collected in the vicinity of the crack-tip and
limited to the region 0.4 < r/B < 1.5 and (-150° < 6 < -90° and 90° < 8 < 150°) to minimize
3D effects on least-squares analysis [116]. At each data point, v and u displacement
values as well as the location of these points were stored. The digitized data were used in
Egs. (4.4) and (4.5) along with an over-deterministic least-squares analysis scheme to
estimate the SIFs. This process was carried out for all image pairs and the SIF histories

were generated.

4.3 Results

4.3.1 Experimental repeatability

In order to verify repeatability in fracture behaviors and measurements, multiple
experiments were performed for both nano- and micro-filler composites under quasi-
static and dynamic loading conditions. Figures 4.4(a) and (b) show results for multiple
quasi-statically fractured specimens. An excellent repeatability in load-deflection
responses of four specimens can be seen at 10% volume fraction for each category. At
this volume fraction, the nanocomposite specimens fractured at a peak load of 1158+45
N, whereas the specimens with micro-filler failed at 687£12 N. A noticeable departure
from linearity of global load-deflection response close to fracture is evident in Fig. 4.4(a)

whereas the plots remain linear in Fig. 4.4(b) up to fracture.
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Fig. 4.4: Experimental repeatability in quasi-static fracture tests: (a) Load-deflection response of
10% V¢ nano-filler modified epoxy, (b) Load-deflection response of 10% V¢ micro-filler modified

epOXy.

Figures 4.5 and 4.6 show repeatability in dynamic fracture behavior in terms of

mode-1 SIF and load histories at 10% V¢ for nano- as well as micro-filler composites.

Figs. 4.5(a) and (b) depict repeatability in mode-1 SIF, K" histories in three specimens

for each type of filler.
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Fig. 4.5: Experimental repeatability in dynamic fracture tests: (a) Mode-1 dynamic SIF histories

of 10% V¢ nano-filler modified epoxy, (b) Mode-1 dynamic SIF histories of 10% V¢ micro-filler
modified epoxy. The crack-initiation value is indicated by an arrow for each specimen. Note that

post initiation Kld values are increasing more slowly in nano-filler case compared to micro-filler
counterpart.

The K, at crack initiation is indicated by an arrow for each specimen. For nano-

filler specimens the crack initiation (after impact) time range is 113-120 ps whereas for

micro-filler ones it is 120-124 ps. From the perspective of dynamic fracture experiments,
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it is important to note that the K profiles show excellent repeatability of the entire
fracture event for each type of filler. Again, for both types of composites, the SIF
increases monotonically up to crack initiation and pre-initiation SIF histories essentially
coincide for all three specimens. For nano-filler specimens, the value of K/ at initiation
is ~1.85 MPa mY? whereas it is ~2.13 MPa m*? for micro-filler specimens. Following
crack initiation, a noticeable drop in K can be seen in each specimen for both filler
categories due to unloading near the initial notch tip. This is followed by a gradual

increase in K" until the fracture is complete for both filler types. The rise in post
initiation K values is smaller in the nano-particle filled epoxy (dK /dt ~5.3x10° MPa

m*?/s) when compared to the micron-size filler counterpart (dK®/dt ~13x10° MPa
m?/s).

The tup and anvil load histories were recorded for each experiment and are shown in
Figs. 4.6(a) and (b) for the same three specimens in each filler category. In these plots,
again an excellent repeatability in tup load as well as in left and right support reaction
histories is quite evident for all three specimens. In these experiments, the complete
fracture of the specimen occurred within ~200 ps after impact. Thus, only the dominant
first peak of the tup load history is significant. Note that the peak impact force
(compressive) recorded by the tup in case of micro-filler specimens is slightly higher than
the nano-filler counterparts, suggesting the role of particle size. It can also be seen that
supports register the reaction force only after ~300 ps by which time the crack had
already traversed the specimen width. This shows that reaction forces from support anvils

do not contribute to the crack initiation and crack growth in the specimens, suggesting
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that a free-free cracked beam should suffice analytical or computational modeling of

these experiments.
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Fig. 4.6: Experimental repeatability of load histories for dynamic fracture tests: (a) 10% V; nano-

particle filled epoxy, (b) 10% V¢ micro-particle filled epoxy. (Note that the tup loads are plotted
as positive values for compression.)
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4.3.2 Quasi-static fracture behavior
The quasi-static fracture test results are summarized in Figs. 4.7 and 4.8. The load
versus deflection responses at different volume fractions are plotted in Figs. 4.7(a) and

(b) for nano- and micro-filler epoxies, respectively.
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Fig. 4.7: Load-deflection response for quasi-static fracture tests at different volume fractions: (a)
Nano-filler modified epoxies, (b) Micro-filler modified epoxies.
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It can be seen that for both filler loadings, the load rises linearly (except 7% and
10% V; nanocomposites showing noticeable nonlinearity prior to fracture) up to a point at
which abrupt crack growth ensues causing a sudden drop in the load. It can also be
observed that the peak loads and the corresponding load-point deflections show
increasing trends, suggesting that the work needed for crack initiation (area under the
load-deflection curve), increases with filler volume fraction. Further, note that in both
types of fillers the stiffness of the filled-composites generally increase with filler volume
fraction. Moreover, for any given volume fraction the nano-filler specimens sustained
higher loads as well as deflections up to failure when compared to micro-filler

counterparts.

—O— nano-filler
—4— micro-filler

K, (MPam"?)

v, (%)

Fig. 4.8: Variation of quasi-static fracture toughness (K,;) with filler volume fraction (V) for
nano- and micro-filler modified epoxies.

The quasi-static fracture toughness, K., measured at the onset of crack growth in
each case and the variation of K. as a function of volume fraction of nano- and micro-

fillers is plotted in Fig. 4.8. Each data point represents an average of four measured
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values of K. and the error bars indicate their standard deviations. For both types of filler
loadings, the fracture toughness increases relative to neat epoxy as Vy increases. The
observed trends in K. for both types of filler loadings are in agreement with previous
works on nanosilica filled [12-17] and micro-particle filled [5, 31-33] epoxies. Figure 4.8
also shows that the fracture toughness of nano-particle filled specimens increases
dramatically with volume fraction relative to the micro-filler counterparts. Furthermore,
the enhancement in K\ is significantly higher than the micro-filler cases for any given
volume fraction. For example, a ~42% and ~78% enhancement in K. values at 5% and

10% Vs, respectively, for nano-sized filler relative to micro-filler case is evident.

4.3.3 Dynamic fracture response
4.3.3.1 Surface deformation histories

A sequential arrangement of a few selected speckle images of 30 x 30 mm? region-
of-interest where surface deformations were monitored optically during the dynamic
fracture of specimens with 10 % V; for nano- and micro-filler cases is shown in Fig. 4.9.
The first and second rows of speckle images are for nano- and micro-filler specimens,
respectively. The specimens were subjected to symmetric impact loading and the initial
notch as well as the sharp growing crack is visible. The time instant (t) after impact at
which the images were recorded is also shown and the current crack-tip is indicated by an
arrow. In order to compare the effect of particle size-scale on the extent of crack growth,
the speckle images in each column for nano- and micro-fillers are shown here for nearly
same time instants. It can be seen that at approximately same time instant, crack
propagation in the nano-filler specimen is more than the micro-filler counterpart. Further,

the crack extension is about twice in the former compared to the latter.
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Fig. 4.9: Few selected speckle images of nano- and micro-filler modified epoxy specimens with
10% V; at approximately same time instants. Each image represents 30 x 30 mm? region-of-
interest recorded by the high-speed digital camera at framing rates of 300,000 and 250,000 frames
per second for nano- and micro-filler modified epoxies, respectively. The moving crack-tip is
indicated by an arrow and the dark line is the initial crack in the photographed images.

As described earlier, a sub-image size of 26 x 26 pixels (1 pixel = 30 ym on the
specimen) was chosen for image correlation analysis and displacements fields were
obtained as 37 x 37 data points for each pair. Subsequently, full-field in-plane
displacement contours with 5 pm per contour interval were generated. A few
representative speckle images with corresponding crack-opening (v-field or displacement
along the y-axis) and crack-sliding (u-field or displacement along the x-axis)
displacement contours for nano-filler (10% V¢), micro-filler (10% Vs) and neat epoxy
specimens are presented in Fig. 4.10. Here, at a particular time instant, t ~ 160 ps, crack
extension in nano-filler specimen is larger than neat epoxy and micro-filler specimens,
whereas the slowest crack growth is evident in the micro-filler specimen. The v- and u-
fields show that contour lines and magnitude of displacement (in ym shown by color-

bars) are nearly symmetric relative to the crack path suggesting dominant mode-I
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fracture. The contour lines in the u-field show a set of isolines emerging from right-hand
side of the contour plots due to impact loading on the edge of the specimen facing the

initial crack-tip.

Micro-filer (10% Vy);.t = 160 us

Neat epoxy; t =160 us

z i
X (mm) 5 10 15 20 25 30

v - field u - field

Fig. 4.10: Representative speckle images of 30 x 30 mm? region-of-interest at time instant, t ~
160 ps with corresponding crack-opening (v-field) and crack-sliding (u-field) displacement
contours. Contour interval is 5 um. Color-bars represent displacement in um. The arrows indicate
the current crack-tip position in the speckle images.

4.3.4 Crack tip velocities (V) histories
The crack tip velocity histories were estimated from the smoothed values of

instantaneous crack extension data for nano- and micro-filler cases for different volume
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fractions and are shown in Figs. 4.11(a) and (b), respectively. It can be seen that
following initiation the crack accelerated to a maximum value followed by a modest

oscillatory behavior due to the transient nature of impact induced fracture.
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Fig. 4.11: Crack tip velocity histories at different volume fractions: (a) Nano-filler modified
epoxies, (b) Micro-filler modified epoxies.

For nano-particle filled epoxies, as shown in Fig. 4.11 (a), the crack tip velocity

shows increasing steady state values as the particle volume fraction increases and the
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crack propagates at an average velocity of approximately 300, 370, 400, 490, 570 m/s for
0% (neat epoxy), 3%, 5%, 7%, 10% V; cases, respectively. On the other hand, the
velocity trends are the opposite in micro-particle filled epoxies as shown in Fig. 4.11 (b).
It can be noticed that the average crack velocity decreases slightly as the volume fraction

of micron-size particles increases.
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Fig. 4.12: Role of nano- vs. micro-fillers on crack-tip velocity histories: (a) 5% Vs, (b) 10% V.
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The effect of particle size-scale on the crack-tip velocity can be consistently
compared by plotting crack velocity histories for each volume fraction separately and two
representative cases for 5% and 10% V; are shown in Figs. 4.12(a) and (b), respectively.
The average crack-tip velocities in the nanocomposites are approximately 60%, 160%
higher than that observed in the micro-filler cases for 5%, 10% volume fractions,

respectively.

4.3.5 Dynamic mode-1 (K,%) SIF histories

The optically measured mode-1 SIF histories for specimens with nano- and micro-
fillers at various volume fractions are shown in Figs. 4.13(a) and (b), respectively. In
these plots, the crack-initiation time is denoted by t — tj = 0 ys so that the negative and
positive values correspond to the pre-initiation and post-initiation periods, respectively.

The pre-initiation data for each specimen in both types of fillers show that the mode-I

dynamic SIF, K/, increases gradually until it reaches a threshold value for crack-

initiation. Furthermore, the K values in the pre-initiation regime show increasing trends
as the particle volume fraction increases in both nano- and micro-filler specimens.
Following initiation, a distinct drop in K is evident in all specimens (nano- and micro-

filler) and it increases subsequently in a nearly steady-state fashion.

For clarity, consistency, and to avoid data clutter, the mode-1 SIF behavior for nano-
and micro-fillers cases can be systematically compared by plotting SIF histories for two
representative cases of 5% and 10% Vs, as shown in Figs. 4.14(a) and (b). These plots
clearly reflect the effect of particle size (nano- vs. micro-) on the dynamic fracture
toughness of particulate composites at crack-initiation as well as in the pre- and post-

initiation regimes. For each volume fraction, it can be seen that in the pre-initiation
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period, the K values are in agreement within the measurement accuracy. However,

unlike quasi-static counterparts the dynamic crack-initiation toughness values for

nanocomposites are lower than the micro-filler counterparts.
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Fig. 4.13: Mode-I dynamic SIF histories at different volume fractions: (a) Nano-particle filled
epoxies, (b) Micro- particle filled epoxies. (Time base is shifted such that t — t; = 0 corresponds to
crack-initiation as shown by the vertical dashed line.)
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Fig. 4.14: Role of nano- vs. micro-fillers on mode-I dynamic SIF histories: (a) 5% V¢, (b) 10% V.

Also note that the post-initiation K values for nanocomposites are also lower than

the micro-filler cases for the volume fractions shown. Hence, it is noteworthy that, under
identical impact loading conditions, the micro-filler particulate composites outperform

nano-filler ones at crack-initiation as well as in the post-initiation regimes. Further note
that these observed trends of K, for nano- and micro-fillers are consistent with crack-tip

75



velocity histories shown in Figs. 4.12(a) and (b), as it can be seen that the apparent macro

scale crack growth is the slowest in micro-filler cases suggesting higher crack growth
resistance, resulting in higher apparent K. values.

The quasi-static crack-initiation toughness (K,) and dynamic crack-initiation
toughness (K ) values for nano- and micro-filler epoxies are tabulated in Table 4.3. It
can be seen that the fracture behavior for both types of fillers is loading rate sensitive. For

quasi-static loading, nano-filler epoxies show higher crack-initiation toughness than the

micro-filler ones and the opposite is seen under dynamic loading conditions.

Quasi-static crack-initiation Dynamic crack-initiation
Vi (%) toughness K. (MPa m?) toughness K¢ (MPa m*?)
Nano-filler Micro-filler Nano-filler Micro-filler
0 1.92 1.92 1.38 1.38
3 2.99 2.43 1.45 1.54
5 3.67 2.59 1.59 1.72
7 3.92 2.63 1.74 1.89
10 5.22 2.95 1.85 2.13

Table 4.3: Loading rate effects on crack-initiation toughness of nano- and micro-filler reinforced
epoxies

4.3.6 K-V relationship
The existence of K-V relationship as a dynamic material characteristic has been a

subject of interest [117-122] in the past few decades. Previous studies discuss K-V

characteristics of monolithic materials (neat polymers and steels). In the recent years, the

existence of K-V relations for nanocomposites has been shown in the works of Shukla
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et al. [27] and Evora et al. [29]. In the present work, the variation of dynamic mode-I SIF
with crack-tip velocity for nano- and micro-fillers at 5% and 10% volume fraction as well

as for neat epoxy is presented in Figs. 4.15(a) and (b).
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Fig. 4.15: K-V relationships for particle filled epoxies: (a) 5% V; nano- and micro-filler, (b)

10% V; nano-and micro-filler.

These plots show data points after crack-initiation for all experiments performed
under identical impact loading conditions. In these plots, at a given volume fraction, both
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types of fillers exhibit a K-V variation similar to the previously seen ones in monolithic
materials. All the specimens indicate a characteristic near-horizontal tail and near-vertical

stem. For each case, in the horizontal portion, a small drop in K value can be seen. The

K-V profiles also suggest that for each volume fraction, the micro-fillesr produce
significantly higher crack growth resistance when compared to the ones due to nano-
fillers and neat epoxy. The nano-filler specimens show lower K¢ over a wider range of

velocities compared to the micro-filler counterparts and neat epoxy. The terminal
velocities in the case of nano-filler specimens are ~400 m/s and ~570 m/s for 5% and

10% volume fractions, respectively, whereas in the case of micro-filler counterparts it is
~250 m/s and ~220 m/s at the same volume fractions, respectively. The K-V response

of neat epoxy in the vertical stem with a terminal velocity of ~300 m/s is, however,
bounded by the ones with nano- and micro-filler epoxies. These observations indicate
that for the same volume fraction of the filler, nanocomposites fracture at higher crack

velocities than the micro-filler and neat epoxy.

4.3.7 Fractography

It has been well recognized that fracture surface topography reveals inherent details
of deformation and the associated energy dissipation mechanisms that govern the process
of fracture [123-126]. Accordingly, the fracture surfaces were examined both
qualitatively and quantitatively. Microscopy was performed for qualitative examination
of fracture surfaces of quasi-statically and dynamically failed specimens. Note that the
surface features of quasi-statically fractured specimens were evident even to the naked-

eye; hence, optical microscope was found suitable for visualizing macro scale surface
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features. However, finer details were also captured using a scanning electron microscope
(SEM) in these cases. For dynamically fractured surfaces, SEM was used since visual
inspection was insufficient as the fracture surface features were mainly confined to a very
small spatial domain. To further understand fracture surface morphology, roughness
measurements were also performed using a Dektak-150 profilometer with a 2 pum stylus
for dynamically fractured specimens. The fracture surface profiles were scanned in a
stable crack growth zone as shown in the inset of Fig. 4.18 and will be discussed later in
this section. Note that the same region was chosen for SEM analysis of dynamically

failed samples.

The optical and SEM micrographs of quasi-statically fractured surfaces of nano- and
micro-particle filled epoxies are shown in Fig. 4.16. The top and bottom row represents
micrographs of nano- and micro-filler cases, respectively, for 5% and 10% V;. The arrow
in each optical image indicates initial crack front as well as the direction of crack growth.
These optical micrographs can be viewed as a global representation of surface features as
the images were captured at low magnification in order to cover maximum region of
fractured surfaces. The effect of particle size-scale can be clearly seen on the surface
roughness. The optical images of nanocomposites show very rough, highly textured/torn
surfaces containing a large number of macro as well as microcracks with deep valleys
and furrows with steep ridges. These features markedly amplify with 10% V; of nano-
filler loading. However, similar are absent in optical images of micro-filler counterparts
indicating lower quasi-static fracture toughness relative to nanocomposites. Interestingly,
three distinct zones-‘mirror’, ‘mist’ and ‘hackle’-are also quite evident in optical

micrographs of nanocomposite specimens.

79



Nano-filler (5% V) -,

Fig. 4.16: Optical and SEM micrographs of quasi-static fractured surfaces of nano- and micro-
filler modified epoxies at 5% and 10% volume fractions (Vf). The arrow in optical images
indicates the initial crack-front as well as the direction of crack growth. The ‘mirror’, ‘mist’ and
‘hackle’ zones are clearly visible in optical images of nanocomposites.
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The mirror zone can be clearly identified as a flat and smooth region appearing in
the lower central portion of 5% nano-filler case close to the initial crack front, whereas it
is at the lower right side of 10% nano-filler loading. In each case, surrounding the mirror
zone is the mist region appearing with a slight change in the surface texture. The
outwardly expanding roughness markings surrounding the mirror and mist zones can be
recognized as hackle regions which are generally associated with the violent stage of
fracture in which tremendous amount of fracture energy is dissipated through both plastic
deformation and by the generation of additional fracture surfaces. However, these
features appear to be less prominent in the case of micro-filler specimens. In Fig. 4.16,
adjacent to each optical image, SEM micrographs of a select region (the boxed region) is
shown. Note that the nanoparticles were hard to detect even at higher magnifications as
the nanoparticle size and gold coating layer were of nearly the same order of magnitude.
The SEM micrographs for nano-filler cases represent features of the ‘mist’ region. The
micrograph for nano-filler with 5% Vs indicates a nonlinearly deformed (or torn) surface.
Furthermore, the surface features resemble microscopic shear bands, seen as a narrow
zone of intense slipping and tearing in the inset. The SEM micrograph for 10% nano-
filler loading indicates the presence of parabolic markings in addition to all the features
seen in the 5% filler case. These parabolic markings are possibly generated by sequential
nucleation, growth and coalescence of microcracks (and/or slip bands) resulting in a
rougher surface since microcracks or microcrack clusters form far ahead of the main
crack and coalesce with it. A close-up view of the zone inside the parabolic marking can
be seen in the inset showing microcracking and tearing. On the other hand, the SEM

micrographs for 5% and 10% V; micro-filler loadings show features such as tail lines and
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particle-matrix debonding. The fracture surface features from optical and SEM
micrographs clearly indicate that nanocomposites with extensive surface features
compared to the corresponding micron-filler counterparts. Furthermore, nonlinear
deformation and formation of microcracks around the crack-tip reduce the crack-tip stress
concentration leading to shielding of the crack-tip. Therefore, the presence of a high
concentration of macro and microcracks, slip bands, parabolic markings and high surface
roughness suggest greater energy dissipation in the case of nano-filler modified epoxies,
consistent with higher fracture toughness when compared to the ones with micro-filler

under quasi-static loading conditions.

Fig. 4.17: SEM micrographs of dynamically fractured surfaces (x-z plane): (a) Nano-particle
filled epoxy (10% Vy), (b) Micro-particle filled epoxy (10% Vj). The arrows indicate the direction
of crack propagation.

Figures 4.17(a) and (b) show SEM micrographs of dynamically fractured surfaces
(x-z plane) of nano- and micro-filler epoxies at 10% volume fraction, respectively. The
arrow in these micrographs indicates crack propagation direction. The differences
between the surface roughness features are rather striking. The surface roughness and

ruggedness in Fig. 4.17(a) for nano-particle filled epoxy is lower than the micro-filler
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one. Some features such as crack front bowing and pinning can be seen but are less
prominent than the micro-filler modified epoxy. A higher magnification view of the
fracture surface morphology can be seen in the inset. The micrograph in Fig. 4.17(b)
reveals particle-matrix debonding (see close-up view in the inset) and particle pullout
which results in crack front trapping. It can also be noticed that the crack bows between
micron-size particles indicating crack pinning. As micro-cracks leave the pinned

positions, tail lines as well as step patterns in the direction of crack propagation appear.
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Fig. 4.18: Fracture surface profiles of dynamically fractured nano-particle filled epoxy (10% V),
micro-particle filled epoxy (10% Vi) and neat epoxy specimens (inset shows schematic
representation of crack growth and scanning region chosen for roughness measurements (x-z
plane)).
Figure 4.18 shows fractured surface profiles for nano- and micro-filler cases (10%
V) and neat epoxy with an inset depicting crack growth and scanned region (x-z plane).

In Fig. 4.18, x- represents scanning length and y- denotes the asperity height. A scanning

length of x = 15 mm was chosen in the stable crack growth region. The data was recorded
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at 3-4 different scan lines at different z- locations on either side of the centerline within
the regions of interest. The scanned data obtained from the surface profiler was processed

to get average roughness, R,,using,

1 1
R, :WZ|y(x)|:to ydx (4.6)

where N is the total number of data points collected, L is the scan length.

The surface profile of micro-filler case shows longer wavelengths and larger
amplitudes relative to the nano-filler counterpart. The nano-particle filled epoxy and neat
epoxy, on the other hand, show the least surface amplitude. The fracture-induced surface
roughness (after discounting the roughness due to filler particle foot prints or bumps; see
Kitey and Tippur [4] was evaluated and found to be approximately 0.78 pum, 12.93 pm,
0.74 um for nano-filler, micro-filler, and neat epoxy, respectively. Hence, it should be
noted that for the same volume percentage of fillers embedded in epoxy, the fracture-
induced roughness is higher in case of micro-filler under dynamic conditions. Thus, the
qualitative as well as quantitative measurements show higher surface roughness for
micro-particle filled epoxy than the nano-filler case suggesting higher energy dissipation

and improved dynamic fracture performance in the former relative to the latter.

4.4 Discussion

The striking differences in quasi-static and dynamic fracture behaviors and
parameters of nano- and micro-size silica filled epoxies are evident from the results
presented above. As the macro scale fracture behaviors are related to events in the
process zone [122] in the crack-tip vicinity, plausible explanations for these differences

can be offered.
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Under quasi-static loading conditions, a relatively smaller crack-tip process zone
exists since all material points experience the applied load simultaneously. In case of
nano-particle filled epoxy, the net interfacial surface area between the filler particle and
the matrix is ~3.3x10° times that of the micron-size particles at the same volume fraction.
Hence, for similar bond strength between the matrix and the filler, average interfacial
stress is substantially lower in case of nanocomposites. The matrix reinforcement offered
by the nano-particles, further mitigate crack initiation. On the other hand, the micro-
fillers, due to the higher effective interfacial stress (due to lower interfacial area), would

locally debond resulting in micro defects ahead of the crack-tip causing fracture at a

lower far-field stress. Also, the average inter-particle spacing [127] | = 2D(1—Vf )/3V :

for a given volume fraction Vi with mean particle diameter D, is three orders of
magnitude lower for the nano-filler case compared to the micro-filler counterparts. This
results in lower interstitial gap reducing stress concentration effects in nano-particle filled
epoxy when compared to the micron-size fillers, resulting in improved crack initiation

toughness under quasi-static loading conditions.

Under dynamic loading conditions, however, the lower interfacial surface area and
higher stress concentration effects present in micro-filler case produces filler-matrix
interfacial debonding as stress waves propagate. Moreover, a propagating crack front is
attracted and trapped by the weakened particle-matrix interfaces resulting in momentary
deceleration and arrest [128]. This requires additional energy for reinitiation and further
growth, producing higher apparent dynamic fracture toughness. In the nano-particle case,

on the other hand, the lower matrix-filler interfacial stresses promote crack from
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deflecting away from interfaces producing sustained matrix crack growth (with the

exception of crack pinning sites) at a relatively lower energy expenditure.
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7.7 Fracture Surface Morphology

@) (b)

Fig. 7.9: SEM micrographs of dynamically fractured surfaces: (a) Neat PMMA, (b) 90:10 IPN,
(c) 85:15 IPN, (d) 80:20 IPN, (e) 75:25 IPN, (f) 70:30 IPN. The arrow in each micrograph
indicates the direction of crack growth.

Scanning electron microscopy (SEM) was performed on dynamically fractured
surfaces. The SEM micrographs of fracture surfaces are shown in Fig. 7.9. The PMMA

fracture surface shown in Fig. 7.9(a) is nearly featureless with a few conic (parabolic)
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Fig. 7.12: Photographs of front and back surfaces of samples subjected to low-velocity drop-
weight impact tests.

In the case of 85:15 IPN, the tup created a small rupture and generated four radial cracks
from the impact point. These through-the-thickness cracks made four quadrants on both
front and back surfaces of the specimen, propagated ~90° apart relative to each other, and
terminated by forming a shear-craze at the terminal points. Interestingly, the length of the
cracks in 85:15 IPN is the longest among all the cases shown here. The failure pattern of
80:20 IPN also involved four radial cracks propagated ~90° apart relative to each other.
In this case also, the cracks terminated at a (nearly) circular crack due to the flexural
failure of the petals. In case of 75:25 and 70:30 IPNs, only three radial cracks are visible
confined by a tri-quadrant crack joining the failed petals. The crack lengths in 80:20,
75:25 and 70:30 IPN configurations are shorter than the 85:15 IPN. It should be noted
that through-the-thickness cracking and shear-crazing are dominant failure modes in case
of IPNs. Furthermore, there was no material spallation in case of IPNs even after impact

damage and the size of the damage zone got smaller with higher PU content.
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