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ABSTRACT

TOUGHENING AND FAILURE MECHANISM OF COMPOSITE MATERIALS FOR IMPACT
AND DAMAGE TOLERANCE

By
Wei Zhang
Impact resistance is a material’s ability to resist the force of a sudden impact. Compared to static
loading, materials are more susceptible to a shock force applied over a short duration. Avoiding the
catastrophic failure during impact events is the major challenge in the design of impact resistant
material. Various approaches have been applied to increase the material’s impact resistance. One
approach is to combine two or more materials with distinguished physical or chemical properties
to produce a new material with better performance without changing the characteristics of the con-
stituents. The proposed study focuses on this approach, specifically, characterizing the toughening
and failure mechanism of fiber-reinforced materials or laminate panels for impact and damage tol-
erance. Two types of materials are chosen for the research work. One is the transparent laminated
glassy panel and the other is the natural fiber reinforced composite material, cortical bone. The ma-
terial properties and failure mechanism were characterized through uniaxial tensile testing (both
quasi-static and high strain rate), Charpy impact testing, and drop-weight impact testing. Post-
failure examinations were carried out using a scanning electron microscope and bright field mi-
croscope. Numerical approaches including traditional finite element analysis method, multiscale
modeling technique based on the classical computational homogenization scheme, and XFEM
technique for discontinuities were applied to investigate the correlation between impact resistance
and damage tolerance of the materials to their microstructure, hierarchical structures, and physical

and mechanical properties of each constituent.
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Chapter 1

Introduction

1.1 Objective and Expected Significance

Laminated transparent glassy panels have a wide application in both military structures such as
transparent armour and gun shields, as well as civilian structures such as residential and commer-
cial aquariums, automobile windshields, aircraft windows, etc. Implementing an optimal design
to maximize its impact resistance, as well as keeping it lightweight and transparent is of great en-
gineering interest in the design and manufacture of laminated glassy panel. As a fiber reinforced
natural composite material, bone is lightweight, rigid, and tough. The unique biological micro-
structure of bone provides its special toughening mechanism to achieve its functional integrity
including rigid support and metabolic function. Study of the relationship of its mechanical behav-
ior, loading, and structure helps to develop understanding of the toughening mechanism of bone,

improve its clinical treatment, and inspire new materials that mimic artificial bone.

1.1.1 Specific Aim 1

Transparency, light weight, and high impact resistance are three major factors needed to be con-
sidered when designing armour plates. The amorphous polymer, polycarbonate (PC), has been
widely used as armour materials due to abilities to undergo large plastic deformation before fail-

ure, its light weight, its good transparency, and its ease of manufacturing. However, due to its



ductility, PC is susceptible to penetration with localized plastic deformation in projectile testing.
To increase energy dissipation and avoid localized deformation, commercial glass panels are typi-
cally designed as laminated structure built with two materials with contrasting material properties:
ductility and brittleness. The reason is that brittle material reinforces the glassy panel by dissi-
pating energy through cracking, and ductile material strengthens the brittle material by avoiding
shattering into pieces. Glass is one of the typical brittle materials chosen for the laminated glassy
panel due to its transparency. Recently, it was found that poly polymethyl methacrylate (PMMA),
a transparent thermoplastic material, is a good alternative to glass due to its lighter weight and
higher shatter-resistance. The density of PMMA, 1190 Kg/m?, is the same as PC and is half of
glass, 2400-2800 Kg/m?3. Additionally, the impact resistance of PMMA is almost double that of
glass. The relatively rigid PMMA compensates the large compliance of PC and reinforces PC by
increasing the area involved in damage. Furthermore, PMMA and PC are of almost the same in-
dex of refraction, which improves transparency of the glass panel. The PMMA and PC layers are
bonded together with a soft interlayer, impact resistant adhesive.

The mechanical behavior of amorphous polymers is pressure sensitive. Thus, the yield stress
under compression is different from the yield stress under tension. In tension, PMMA and PC
exhibit a significantly contrasting failure mechanism. PC shows higher impact resistance and larger
plastic deformation, and PMMA instead exhibits brittle failure and almost zero plastic deformation
but a higher tensile strength. In compression, these two materials follow a same trend: large plastic
deformation with strain relaxation after yielding, followed by a strain hardening. PC and PMMA
are highly strain rate dependent materials. That means their yielding stress changes with strain
rate. Due to the large plastic deformation, classical continuum mechanics are not accurate enough
to predict the mechanical response of amorphous polymers. Many constitutive models based on

large deformation theory have been developed for amorphous materials. Among the constitutive



models, Arruda and Boyce’s [1] three dimensional model based on a rubber elasticity spring system
was the most popular used in modeling the mechanical response of PMMA and PC subjected to
various strain rate.

Impact resistance of a glassy laminated panel depends on many factors, including the hier-
archical configuration, thickness of each layer, mechanical properties of each layer, weight and
geometry of the projectile, and impact velocity. The objective of the research work was to experi-
mentally and numerically investigate the toughening mechanism of laminate PMMA and PC plates
subjected to impact testing. First, low-velocity drop weight tests were conducted to evaluate the
threshold condition and failure mechanism of PMMA and PC subjected to impact loading. The ex-
perimental methods and results are presented in Chapter 2. Then, the material model based on the
existing Arruda and Boyce’s physical model for amorphous polymers was coded and implemented
in the commercial finite element modeling (FEM) software ABAQUS/EXPLICIT to predict the
strain rate and pressure dependent behavior of PC. The failure behavior of monolithic PMMA and
PC and layered PMMA/PC laminate subjected to low and high speed impact loading were then
numerically investigated by ABAQUS. Lastly, an optimization approach was implemented using
MATLAB and ABAQUS. The detailed methods, results, and finding of the numerical investigation

are presented in Chapter 3.

1.1.2 Specific Aim 2

The second type of material studied is the fiber-reinforced cortical bone. As the major constitution
of the skeleton of vertebrates, bone not only provides rigid support and protection to the soft tissues
and organs but also participates in the fundamental metabolic activity such as the regulation of
calcium. According to their shapes, bone can be classified as long bone, flat bone, short bone, etc.

The femur and tibia are two typical long bones, which are the major support of vertebrate. The

3



diaphysis of long bone is made of the dense cortical bone; and the two ends, called epiphysis, are
made of the phony trabecular bone.

On the microstructural level (from 10-500 mum) [2], mature cortical bone (also called osteon
bone) can be considered a fiber-reinforced composite with fibers, cylindrical osteons, distributed in
the interstitial lamellae matrix. Osteon, the major functional unit of mature cortical bones, grows
along the loading axis (longitudinal direction) and comprises a center Haversian system surrounded
by concentric lamellae. The longitudinal Haversian system surrounds blood vessels and nerves,
which provide nutrition supplies and communicate with osteocyte contained in lacunae through
small transverse canals, canaliculi. Osteons are connected to each other by oblique channels called
Volkmann’s canals. In the nanostructural level (from a few hundred nanometers to 1 mum) [2],
lamellae are formed by type I collagen fibrils and embedded mineral. The boundary between
osteon and surrounding bone tissue, called the cement line, exhibits ductile properties due to its
low mineral composition. Immature bone (laminar bone) is characterized as laminar structure.
During its life span, bone consistently undergoes targeted and non-targeted remodeling in order to
assure its functional integrity. Non-targeted remodeling is a bone adaption to meet the metabolic
needs, and targeted remodeling is triggered by microdamage induced in daily fatigue activities.
Deterioration of bone is a process of damage accumulation in the form of microcracking spanning
a wide range of dimensional scales.

Osteon bone is an orthotropic composite material with a higher Young’s modulus and strength
along the longitudinal direction, which is the growing direction of ostoen or the loading axis, com-
pared to the transverse direction, which is perpendicular to loading axis. Osteon with a central
hole, cement line, and interstitial bone matrix are the three major components of osteon struc-
ture. The dimension, properties, micro-arrangement, and density of osteon are predicted to have

a strong correlation to bone’s overall mechanical performance, including microcracking initiation



and propagation and remodelling of bone.

The objective of this research work was to investigate the failure and toughening mechanism
of the unique osteon structure. Both FEM modeling and experimental methods were used to con-
duct the study. First, damage accumulation and effects on the strength and toughness of compact
bovine bone was studied through uniaxial tensile testing, Charpy impact testing, and tensile split
hopkinson bar (SHPB) testing. The experimental procedures and findings are presented in Chapter
4. Second, numerical studies were conducted to investigate the significant role of cement lines,
density and size of osteons, and the properties of each constituent on the fracture mechanism of
cortical bone through multi-scale modeling and XFEM technique in ABAQUS. The corresponding

methods and results are presented in Chapter 5.

1.2 Background Rational and Review of Relevant Literature

In literature, some aspects of the previously mentioned aims have been investigated. This section

provides an overview on current understandings relevant to the problems.

1.2.1 Transparent Laminated Panel

Many impact testing methods have been used to evaluate the impact resistance of transparent armor
materials. The testing methods include low velocity drop weight impact tests [3, 4, 5, 6, 7, 8, 9,
10, 11], high velocity impact tests by use of an air gun [12, 13, 14, 15], and a shock wave impact
by use of explosives [10, 11].

Among them, the low velocity drop weight impact test is popularly used to evaluate the thresh-
old conditions indicating the onset of damage and to investigate the failure mechanism of the tested

material. Liu [3] conducted a low velocity drop weight impact test on a monolithic PMMA plate



using an instrumented drop weight impact tester. The variations of force with time and strain en-
ergy release rate were examined. The brittle-ductile transition temperature of PMMA was also
evaluated to be in the range of 85°C to 96°C [3]. A low velocity impact and quasi-static fail-
ure of PMMA, based on global and local strain measurements, were conducted by Pearson and
his colleagues [4]. In their work, Fiber Bragg Grating (FBG) sensors, were used to measure lo-
cal strains, which were combined with the measurements from quasi-static indentation and low-
velocity impact test to examine the failure mechanisms of PMMA. Multiple strikes were applied
to the PMMA sample until failure. Stenzler [16] investigated the impact mechanics of transparent
multi-layered polymer composites using an instrumented intermediate velocity impact test facil-
ity. The multi-layered structures with various bonding adhesives were investigated to evaluate the
impact performance [16].

The ballistic impact response of PMMA plate structures attracts high attention due to its wide
application in military defense [13, 17]. Sarva [17] studied the impact of a PMMA /PC (polycar-
bonate) hierarchical assembly by using a projectile at the impact velocities ranging from 300 to 550
m/s. It was shown that a hierarchical assembly exhibited higher penetration resistance compared to
uniform distributed PMMA discs structure [17]. Hsieh [14] measured the ballistic impact response
of coextruded PC/PMMA multilayered composites; the thickness of the PMMA plate was proved
to play an important role in improving the ballistic performance of the same.

With the development of computational techniques, finite element modeling has been widely
used in the study of the mechanical response of materials subjected to dynamic loading [3, 15, 19,
20, 21]. Finite element models were developed to predict the dynamic response of PMMA plates
[3] and fibrous composite panels [19] subjected to a low velocity drop weight. A computational
model [15] was used to study the ballistic impact response of PMMA plate structures. All the work

shows that finite element simulation is a powerful tool to study the failure and fracture mechanism



of materials.

Some study has been done on the optimization of layered PMMA/PC plate panels. The general
procedures they followed includes thoroughly understanding the impact event, quantitatively find-
ing the analytical solutions of the non-stationary strain problem, constructing the corresponding
objective function according to the purpose of the optimization, and solving the objective function
to achieve the desired optimization. The challenge of the optimization problems for the PMMA/PC
layered plates is the difficulty in configuring the analytical solutions due to the unstable and in-
stantaneous nature of brittle cracking. The classical laminate theory uses effective and reasonable
assumptions to reduce the three-dimensional elasticity problems to solvable two-dimensional me-
chanics of deformable body problems [18]. Thus, the classical laminate theory is widely used to
map the stress states of laminated plate subjected to stationary loading. However, to solve the
layered plates subjected to impact loading, attempts have to be made to refine the classical theory
so that it can be used to solve the dynamic loading problems [22, 23, 24, 25]. Smetankina [22]
used a refined laminate theory on the basis of the hypothesis of the refined theory of Timoshenko
to investigate the strain-stress state of multilayer plates under impulse and impact loading. In their
work the transverse shear was taken into account and the displacement and the external load are
expanded into Fourier series functions satisfying the problem boundary conditions. The numerical
results had a good agreement with the experimental results. Shupikov [23] used Smetankina’s re-
fined laminate theory to investigate the optimal design of multilayer plates. In their work attempts
were made to minimize the stress in layers and the total mass of the multilayered plates. Shokuhfar
[24] investigated the optimal design of smart hybrid composite plates subjected to low-velocity im-
pact using the plate theory developed by Whitney [25]. The interaction between the projectile and
the plate was modeled by a system having two-degrees of freedom, consisting of spring-masses.

While the classical laminate theory are widely used to study the impact loading problem, many



publications [26, 27, 28] deal with the dynamic loading problem from the aspect of wave prop-
agation by application of wave theory. Chen [28] developed an analytical solution to the prob-
lem of one-dimensional high amplitude wave propagation in layered heterogeneous systems. The
approach of his solution was to convert the initial velocity boundary value problem to a time
dependent stress boundary value problem and the stress time history was obtained by means of
superposition. Luo [27] investigated the stress wave propagation for a layered structure under
impulsive loads. It was shown that the reduced amplitude and elongated pulse duration could be
obtained with proper selection of materials and dimensions of layers when an incident stress pulse
passed through a layered structure. Taha [26] developed a multi-objective optimization approach
for design of blast-resistant composite laminates using carbon nanotubes. A simplified approach
for wave propagation in bounded elastic media was adopted.

The optimal design of layered structure could also be implemented based on the concept
[29, 30] of energy balance, during an impact event. Ray [30] optimized the energy dissipation
characteristics of active constrained layer damping treatments of plates using a rational design ap-
proach. In his work, the governing equation was given based on the system energy balance, which
includes the potential energy, kinetic energy, the work done by the piezo-electric control force, and
the work dissipated in the viscoelastic core. Kam [29] investigated the optimal arrangements of
laminated composite plates with maximum stiffness to the side constraints by applying the lam-
inate theory as developed by Whitney. In Kam’s work, the objective function was formulated in
terms of the energy balance. The effects of aspect ratio, length to thickness ratio, and number of
layers on the optimal lamination configuration were studied.

The literature review shows that there has been extensive research focused on the experimental
and FEM study of laminated composite material, as well as optimal design of laminated composite

material based on analytical analysis in the past decades. However, the unique characteristic and



failure mechanism of PMMA and PC subjected to impact loading has yet not been fully understood.

1.2.2 Damage Accumulation in Bone

As a tough and lightweight natural composite, bone works as a scaffold to provide support and pro-
tect to internal organs. Understanding the failure mechanisms in bone is of great medical interest
for preventing bone fracture failure.

The mechanical properties of compact bone have been widely studied in the past 50 years.
Mcelhane [31] investigated the dynamic response of both fresh human and bovine femur subjected
to dynamic compressive loading at strain rate up to 1000 s~!. It was found that strain rates between
0.1-1 s—! were the critical strain rates at which the energy absorption capacity and the maximum
strain to failure exhibit large variation. The Young’s modulus and ultimate stress increased with
the strain rates. Saha and Hayes [32, 33]measured tensile impact properties of human and bovine
compact bone using a pendulum-type instrumented tensile impact tester at a strain rate of 133
s—!. Tensile strength, energy absorption capacity, and modulus of elasticity were found to be
negatively correlated with the percentage area of secondary osteons. Crowninshiled and Pope [34]
examined the response of compact bovine bone in tension at various strain rates (from 0.01 to 200
s~1). Ultimate tensile stress both in longitudinal and transverse directions increased with the strain
rate. Energy capacity reached maximum at a strain rate of 0.1 s~'. Lewis and Goldsmith [35]
designed a biaxial SHPB apparatus to measure the dynamic material properties of bovine femur in
compression, tension, torsion, and combined torsion and compression. It was found that the bone
exhibited viscoelastic properties in compression, and the fracture stress increased with strain rates.
Currey [36] measured the material properties of compact bovine bone in tension at various strain
rates (from 0.00013 to 0.16 s~ 1). It was found that the strain rate effect on Young’s modulus could

be considered simply as the result of bone being a viscoelastic material, but the strain rate effect
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on yield strength and breaking strength could not be predicted directly from the viscoelasticity
of bone with using any further facts. Wright and Hayes [45] conducted uniaxial tensile tests of
cortical bovine bone at seven strain rates (from 5.3 x 107% to 237 s—1). The ultimate strength,
modulus of elasticity, and energy absorption capacity were found to increase with strain rates.
Robertson and Smith [37] investigated the compressive strength of the porcine mandible and its
dependence upon microstructure and strain rate. Similar conclusions as Mcelhane were obtained.
Ferreira [38] investigates the strain rate effects on the Young’s modulus and ultimate strength of
bovine femur bone subjected to compressive loading by SHPB. Ultimate strength was found to
increase with the increase of strain rate. However, Young’s modulus was found to decrease with the
increase of strain rate. The study also showed that experimental results are scattering due to bone’s
highly heterogeneous structure. Pithious et al [39] measured the stress-strain relationship in both
quasi-static and dynamic compressive loading (1000 s~!). It was found that the bovine compact
bone was three to four times more brittle under a dynamic load than under a quasi-static one.
Adharapurapu et al. [40] used a two-bar three point bending apparatus, modified from SHPB, to
measure the dynamic fracture toughness of bovine bone at high strain rates. The dynamic fracture
toughness was significantly lower than the static one. The cleavage-like fracture was observed on
the fracture surface at very high loading rates of 2 x 105 s—!. Hansen et al [41] examined the strain
rate effects on the material properties of human cortical bone in compression with strain rates from

0.14 to 29.1 s~ !, and in tension with strain rates from 0.08 to 17 s~ .

There was a significant
difference found between the trend of the ultimate stress and failure strain in compression and
tension. The ultimate stress in compression increased with strain rate, but the ultimate stress in
tension decreased with strain rate. Stress and strain at yield decreased with strain rate for both

compression and tension. However, the effects of strain rates on the post yield properties of bone

not following the simple linear relationship implied that strain rate has a stronger effect on post
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yield deformation than on initiation of yielding.

The morphology and composition of the osteonal cement line in human bone were studied by
Schaffler [42]. His results showed that collagen is absent in cement lines, which contain signifi-
cantly less calcium and phosphorus but more sulfur than surrounding bone matrix. The intrinsic
and extrinsic mechanisms were widely accepted to be the major toughening mechanisms for bone
subjected to quasi-static loading. Intrinsic mechanisms [43] are microstructural damage mecha-
nisms that operate ahead of the crack tip, and extrinsic mechanisms [43] act to shield the crack
from the applied driving force and operate principally behind the crack tip in the crack wake. In
detail, the toughening mechanism can be classified into crack deflection by osteons, crack bridging
by collagen fibers, uncracked-ligament bridging, diffuse microcracking, and void. Vanishth et al.
[44, 45] revealed a rising R-curve behaviour in bone. Rising R-curve behaviour is a direct result
of the extrinsic toughening mechanisms. Kulin et al. [46] studied the effects of aging and loading
rate on the compressive failure, fracture toughness, and resistance of equine cortical bone by use
of split-Hopkinson pressure bar (SHPB). The post fracture surface analysis by use of both of the
confocal microscopy and scanning electronic microscopy (SEM) showed a transition of ductile to
brittle. It was attributed to the viscoelastic behavior of collagen which comprised 50 percent of
bone structure. However, the failure mechanism of bone in high strain rate is still not fully un-
covered due to the challenge of recording the high speed fracture process during high strain rate
loading. It is pertinent to further investigate the toughening mechanism of bone subjected to high
strain rate loading.

Although the existing research has shown that the mechanical properties of bone have some
correlation to its microstructure, the role of cement lines and osteons on the overall mechanical
properties of cortical bone and the initiation and propagation of microcracks has not been dis-

covered yet. Thus, the proposed work was to conduct a series of research through experimental
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investigation and FEM analysis to address the above issues.
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Chapter 2

Impact Behavior and Dynamic Failure of

PMMA and PC Plates

2.1 Introduction

In this chapter, low velocity drop weight tests were conducted on the monolithic PMMA and bilay-
ered PMMA and PC at various impact conditions to evaluate the threshold conditions indicating
the onset of damage and failure mechanism of PMMA and PC plates. The experimental results
will also serve as the validation for the numerical study in Chapter 3. The failure mechanism
of monolithic PMMA was first studied through drop-weight impact tests with impact conditions
of constant impact mass with various impact velocities, constant energy with various impact ve-
locities and mass, and constant velocities with various impact mass. The threshold conditions,
energy dissipation, and crack pattern were evaluated. Then, the bonded and unbonded bi-layered
PMMA and PC structures was tested to investigate the effects of the interfacial bonding on the
overall impact performance of layered PMMA plates. The failure mechanism was transversely
compared through the monolithic PMMA plate, the bonded PMMA layered structures to the un-

bonded PMMA layered structures.
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Table 2.1 Mechanical and physical properties of PMMA and PC plate.

Specimen Density Modulus of Poisson’s Tensile Shear Compression
( kg/mm?) Elasticity Ratio strength Strength Strength
(MPa) (MPa) (MPa) (MPa)
PC 1.2x10° 2300 0.3 65.5 41.4 86
PMMA 1.19x10° 3100 0.33 74.4 68.9 120.7

2.2 Experimental Procedures

The drop-weight impact tests were carried out through an Instron Dynatup 9250 drop weight tower
(Fig. 2.1), which was equipped with a load cell above the tup to record the force history during
the test. A velocity detector was mounted on the tup to measure the initial velocity of the impact.
During the test, the 12.7 mm diameter hemispherical tup was raised to a specific height above
the specimen and was allowed to drop the weight onto the specimen. The drop-weight range
was 2.7-14.7 kg for the low weight drop. The tested specimens were commercial PMMA and
PC plates, which were square plates (100 mm x 100 mm) with a thickness of 6.4 mm for the
monolithic plate and 3.2 mm for each of the plates in a layered configuration. The mechanical and
physical properties are summarized in Table 2.1. When the impact tower was armed, the specimen
was fixed by a hydraulic clamp with a diameter of 76.2 mm. To avoid double impact, a rebound
brake cylinder caught the tup after the first impact. All the experiments were performed at room

temperature. The same tests were repeated twice, and similar results were obtained repeatedly.

2.3 Experimental Results

2.3.1 Monolithic PMMA Plates

To examine the failure mechanism of the mono-PMMA plates, multiple tests were conducted. The

combinations included constant impact mass (6.61 kg) with various impact velocities, constant
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Figure 2.1 Instron Dynatup 9250 drop weight tower: (a) before clamping; (b) after clamping.

energy (12 J) with various impact velocities and mass, and constant velocities (0.7 m/s and 1.0

m/s) with various impact mass.

Figure 2.2 Post-failure pictures of mono-PMMA plates under constant impact mass: velocities are
0.7 m/s, 1.0 m/s, 2.0 m/s, and 3.0 m/s respectively from left to right.

The post-failure photographs of the monolithic PMMA plates under constant drop weights are
shown in Fig. 2.2. It was observed that no visible crack was induced on the specimen under the
impact velocity of 0.7 m/s, and 5 radial cracks propagated on the specimen under the velocities
of 1.0 m/s and 2.0 m/s respectively. And 6 radial cracks were induced on the specimen under the
velocities of 3.0 m/s. When the impact velocity reached 5.0 m/s, the specimen was penetrated.
The curves of force versus time and force versus displacement of the specimen under the impact
velocities of 0.7 m/s and 2.0 m/s are shown in Fig. 2.3 and Fig. 2.4 respectively. A smooth force

against time curve was obtained when the velocity of 0.7 m/s was applied. However, when the
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specimen was subjected to the impact velocity of 2.0 m/s, the force curve first gradually reached
a peak point and then underwent a sudden drop followed by oscillations and eventually rested on
zero. The first sudden drop of the force curve indicated the onset of damage. Fig. 2.4 shows that the
unloading process of the specimen under an impact velocity of 0.7 m/s did not fully follow the same
track of the loading process. The phenomenon indicated that the PMMA plate exhibited elastic
hysteresis behavior under impact loading. The corresponding hysteresis energy, the work done
during the loading and unloading cycles, was calculated to be around 0.7 J. When the specimen was
broken, the area under the force-displacement curve before the cracking point was the threshold
energy. The threshold energy of the specimen subjected to an impact velocity of 2.0 m/s was

calculated to be 2.8 J (Fig. 2.4).
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Figure 2.3 Reaction force versus time of mono-PMMA plates under constant impact mass of 6.61
kg.

The peak force and time to crack of the monolithic PMMA plates under constant impact mass
are shown in Fig. 2.5. The plots showed that higher velocities induced higher reaction force and
needed less time to initiate crack. The time to crack was around 3.0 ms, 2.1 ms, 0.76 ms, 0.73,

and 0.26 ms respectively when the specimens were subjected to the impact velocities of 0.7 m/s,
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Figure 2.4 Reaction force versus displacement of mono-PMMA plates under constant impact mass.

1.0 m/s, 2.0 m/s, 3.0 m/s, and 5 m/s respectively. The corresponding threshold energies examined
were 1n the range of 1.9 - 2.9 J, as summarized in Table 2.2. When the impact energy reached
the threshold value, cracks initiated on the bottom surface of the PMMA plates and propagated
to the top due to the maximum tensile stress induced on the bottom caused by bending. Fig. 2.6
showed the peak force and time to crack of the monolithic specimen under constant velocities, 0.7
m/s and 1.0 m/s. The curves also show that higher velocities induced higher reaction force and
need less time to initiate crack. The peak force and time to crack of the monolithic PMMA plate
under constant energy, 12 J, are shown in Fig. 2.7. The curves showed that higher drop-weight
and lower impact velocity needed a longer time to fail compared to lower drop-weight and higher
impact velocity. Thus, it can be concluded that the dynamic failure of PMMA is more sensitive
to impact velocity than impact mass. The threshold energy of the monolithic PMMA plate under

constant impact energy was kept in the range of 2.4 to 2.6 J, as summarized in Table 2.3.
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Figure 2.5 Peak force and time to crack of mono-PMMA plates under constant impact mass.
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Figure 2.6 Peak force and time to crack of mono-PMMA plates under constant impact velocities
(0.7 m/s and 1.0 m/s).

Table 2.2 Threshold energy of mono-PMMA plates under constant impact mass.

Impact Velocities (m/s) 0.7 1.0 2.0 3.0 5.0
Average Threshold Energy (J) N/A 29+0.21 28+0.28 2.1+0.07 1.9+0.02
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Figure 2.7 Peak force and time to crack of mono-PMMA plates under constant impact energy.

Table 2.3 Threshold energy of mono-PMMA plates under constant impact energy 12 J.

Impact Velocities (m/s) 1.88 1.35 1.11 0.94
Drop Weight (kg) 6.61 12.91 18.57 25.57
Average Threshold Energy (J) 2.4+0.18 26+£0.42 24+0.21 25%£0.35

2.3.2 Layered Plates

The mechanical performance of the composite materials can be changed or improved by increasing
or decreasing the comprising layers, or by using different materials in each layers. In the current
study, we seek to examine how the ductile PC affects on the impact performance of brittle PMMA
plate, and furthermore how the interstitial layer affects on the overall impact behavior of the layered
structures. To achieve these objectives, various configurations were designed: PMMA on the top
of PC plates with weak and strong bonding, PC on the top of PMMA plates with weak and strong
bonding, and PMMA on the top of PMMA plates with weak and strong bonding. The weak
bonding was created by placing two plates together without adhesive. The strong bonding was
achieved by using Loctite E-30CL glass bonder epoxy between layers. The tensile strength of

the E-30CL epoxy is 55 MPa. When cured for 5 days at 25°C, the shear strength of the epoxy
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was 13.4 MPa with the substrate of PC, and 2.1 MPa with the substrate of PMMA. The adhesive
was dispensed using a manual dispensing gun and was cured at room temperature. The layered
combinations included PMMA on the top of PC plates, PC on the top of PMMA plates, and bi-

layered PMMA plate structures. The impact scenarios of the bi-layered structures are summarized

in Table 2.4.
Table 2.4 Summary of impact scenarios of bi-layered structures.

Models Velocity (m/s) Mass (Kg)  Energy (J)
PC/IPMMA_NA_CM_1 0.70 7.25 1.78
PC/IPMMA_NA_CM_2 1.00 7.25 3.55
PC/IPMMA_NA_CM_3 2.00 7.25 14.50

PC on the top of PMMA PC/IPMMA_NA_CM_4 3.00 7.25 32.63
PC/IPMMA_AD_CM_1 1.00 7.25 3.55
PC/IPMMA_AD_CM_2 2.00 7.25 14.50
PC/PMMA_AD_CM_3 3.00 7.25 32.63
PMMA/PC_NA_CM_1 0.70 7.25 1.78
PMMA/PC_NA_CM_2 1.00 7.25 3.55
PMMA/PC_NA_CM_3 2.00 7.25 14.50

PMMA on the top of PC PMMA/PC_NA_CM_4 3.00 7.25 32.63
PMMA/PC_AD_CM_1 1.00 7.25 3.55
PMMA/PC_AD_CM_2 2.00 7.25 14.50
PMMA/PC_AD_CM_3 3.00 7.25 32.63
PMMA/PMMA_NA_CM_1 | 0.70 7.25 1.78
PMMA/PMMA_NA_CM_2 | 1.00 7.25 3.55
PMMA/PMMA_NA _CM_3 | 2.00 7.25 14.50

PMMA on the top of PMMA PMMA/PMMA_NA _CM_4 | 3.00 7.25 32.63
PMMA/PMMA_AD_CM_1 | 0.70 7.25 1.78
PMMA/PMMA_AD_CM_2 | 1.00 7.25 3.55
PMMA/PMMA_AD_CM_3 | 2.00 7.25 14.50

2.3.2.1 Bi-layered Structures of PMMA on the Top of PC

The post-failure photographs of the bi-layered structures of PMMA on the top of PC with weak
bonding are shown in Fig. 2.8. The results showed that no visible crack was observed on both PC
and PMMA plates when the specimens were subjected to the impact velocities of 0.7 m/s and 1.0

m/s respectively. However, when higher velocities (2.0 m/s, 3.0 m/s, and 5.0 m/s), were applied,
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4 to 5 radial cracks were observed on the PMMA plates. The PC plates were kept unbroken for
all the velocities. Furthermore, no ductile deformation was observed on the PMMA plates. The
corresponding forces against time curves and impact energy against time curves are shown in Fig.

2.9. The unbroken specimens were indicated by the smooth curves.

Figure 2.8 Post-failure pictures of bi-layered structures with PMMA on the top of PC plates under
constant impact mass: the velocities are 0.7 m/s, 1.0 m/s, 2.0 m/s, 3.0 m/s, and 5 m/s respectively
from left to right; the first row is the top PMMA plates and the second row is the bottom PC plates.

a) b)
2500 —PMMA/PC_0.7 m/s 30 — PMMAIPG 0.7
2000 EMMARC2 mis % —PMMAPC i i
Z 1500 :mmgg—g 2;2 5207 —PMMA/PC_3 m/s
S - B 15 - ~—PMMA/PC_5 m/s
S 1000 g ]
500 |
0 0- . . . . .
o 2 4_ 6 8 10 12 o 2 4 & 8 10 12
Time (ms) Time (ms)

Figure 2.9 a)Reaction force history of bi-layered structures with PMMA on the top of PC with weak
bonding under constant impact mass 6.61 kg;b)Impact energy history of bi-layered structures with
PMMA on the top of PC with weak bonding under constant impact mass 6.61 kg
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2.3.2.2 Bi-layered Structures of PC on the Top of PMMA

Fig. 2.10 shows the reaction force and time and impact energy and time relationships of the bi-
layered structures of PC on the top of PMMA with weak bonding under constant impact mass 6.61
Kg. Compared to the bi-layered structures of PMMA on the top of PC, only one smooth curve was
obtained when placing PC on the top of PMMA which means cracks occurred on all specimens
except one under the impact velocity of 0.7 m/s. The phenomenon also can be observed on the
post failure pictures, Fig. 2.11 . When the velocities were larger than 0.7 m/s, radial cracks were

induced on all the PMMA plates. No crack was observed on the PC plates.
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Figure 2.10 a)Reaction force history of bi-layered structures with PMMA on the top of PC with
weak bonding under constant impact mass 6.61 kg; b)Impact Energy history of bi-layered struc-
tures with PMMA on the top of PC with weak bonding under constant impact mass 6.61 kg;

2.3.2.3 Bi-layered Structures of PMMA on the Top of PMMA

The post-impact pictures of the bi-layered PMMA/PMMA structures with weak bonding are shown
in the Fig. 2.12. Brittle failure, revealed by radial cracking pattern, was observed on each PMMA
plate of the bi-layer PMMA/PMMA structures with weak bonding when the impact velocity was

larger than 0.7 m/s.
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Figure 2.11 Post-failure pictures of bi-layered structures with PC on the top of PMMA plates under
constant impact mass: the velocities are 0.7 m/s, 1.0 m/s, 2.0 m/s, 3.0 m/s, and 5 m/s respectively
from left to right; the first row is the top PC plates and the second row is the bottom PMMA plates.

Figure 2.12 Pos-failure pictures of bi-layered PMMA plates under constant impact mass: the ve-
locities are 0.7 m/s, 1.0 m/s, 2.0 m/s and 3.0 m/s respectively from left to right; the first row is the
top PMMA plates and the second row is the bottom PMMA plates.

2.4 Discussion

The peak force and the time to crack of bi-layered PMMA and PC plates with weak bonding are

summarized in Table 2.5. The results show that in the same impact conditions PMMA on the
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Table 2.5 Threshold energy, energy dissipated, and time to crack of bi-layered PMMA and PC
plates with weak bonding under constant impact mass 6.61 kg.

Specimen  Velocity (m/s) Threshold Energy (J) Time to Crack (ms) Energy Dissipated (J)

PMMA/PC 0.7 N/A N/A 2.1
PC/PMMA 0.7 1.5 4.0 2.1
PMMA/PC 1.0 N/A N/A 3.5
PC/PMMA 1.0 1.6 2.8 3.2
PMMA/PC 2.0 2.0 2.3 6.9
PC/PMMA 2.0 1.7 1.4 6.5
PMMA/PC 3.0 1.9 1.7 12.4
PC/PMMA 3.0 1.6 1.3 9.6
PMMA/PC 5.0 0.8 0.3 24.1
PC/PMMA 5.0 0.7 0.3 17.8

Table 2.6 Peak force and time to crack of bi-layered PMMA and PC plates with strong bonding
under constant impact mass 6.61 kg.

Specimens Velocity (m/s)  Peak Force (N) Time to Peak Force (ms)  Threshold Energy (J) Energy Dissipated (J)
PMMA/PC_AD 1.0 2500 4.5 N/A 2.5
PC/PMMA_AD 1.0 2200 2 2.1 3.9
PMMA/PC_AD 2.0 3500 1.7 5.8 9.8
PC/PMMA_AD 2.0 2400 1 2.1 8.8
PMMA/PC_AD 3.0 3800 1.1 6.8 14.3
PC/PMMA_AD 3.0 3800 0.6 2 12.4

top PC needed longer time to failure compared to the bi-layered structures with PC on the top
of PMMA. Compared to the post-failure pictures of the bi-layered structures with PC on the top
of PMMA with weak bonding shown in Fig. 2.5, less damage was observed on the bi-layered
structures with PMMA on top of PC shown in Fig. 2.8. The same results were observed on the
strong bonding cases, the peak force, time to crack, and threshold energy which are summarized
in Table 2.6. Thus, it can be concluded that PMMA on the top of PC can provide a better impact
resistance compared to PC on the top of PMMA.

The comparisons were also made through the bi-layered PMMA and PC structures with strong

bonding, the bi-layered PMMA and PC structures with weak bonding, and the mono-PMMA plates
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Figure 2.13 Comparison of the reaction force of the mono-PMMA plates to the bi-layered PMMA
and PC structures with weak bonding and strong bonding under constant impact mass.

under constant impact mass, as shown in Fig. 2.13. It was found that compared to the monolithic
PMMA plates and the strong bonded bi-layered structures, the bi-layered plates with weak bonding
took a longer time to failure, and induced lower reaction force on the specimen. It is therefore the
bi-layered PMMA and PC structures with weak bonding that showed advantage over both the
monolithic PMMA and the strong bonded bi-layered PMMA and PC structures during impact
events.

Fig. 2.14 shows the comparisons of the reaction forces, time to crack, and threshold energy
of the bi-layered PMMA/PMMA plates to the mono-PMMA plates under constant impact mass.
The results showed that the bi-layered structures led to lower reaction forces compared to the

monolithic PMMA plates. The peak force of the bi-layered structure seemed to be half that of the
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Figure 2.14 Comparison of the reaction force of the mono-PMMA plates to the bi-layered PM-
MA/PMMA structures with weak bonding and strong bonding under constant impact mass: (a)
Time to crack; (b) Peak force; (c) Threshold energy.

mono-layered PMMA plates. The bi-layered structure took a longer time to initiate cracks and
attain peak force. It is therefore concluded that layered-structures are beneficial to improve the
impact resistance of the PMMA plates. For this particular adhesive, no benefits were observed
on bi-layered PMMA/PMMA structures with strong bonding either. The average time to reach
the peak force was around 2.2 ms for the bi-layered structure, and 1.7 ms for the mono-PMMA
plate. The bi-layered structures seemed to delay the crack initiation by 29% of the mono-PMMA
plate. Compared to the average threshold energy (2.5 J) of the monolithic PMMA plates, that (2.0

J) of the bi-layered structures (except the bi-layered structure with PMMA on the top of PC with
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strong bonding) was lower than the monolithic PMMA plates. The lower threshold energy of the
bi-layered structures is because the threshold energy only depended on the PMMA plates since the
PC plates were not broken during the impact events. The high threshold energy of the bi-layered
structures with PMMA on the top of PC with strong bonding meant that cracking was induced not

only on the PMMA plates but also on the PC plates

Figure 2.15 Post-failure pictures of the bonded bi-layered structures under constant impact mass:
velocities are 1.0 m/s, 2.0 m/s and 3.0 m/s respectively from left to right; the first row is the
bonded PMMA/PMMA plates, the second row is the bonded PC/PMMA plates and the third row
is the bonded PMMA/PC plates.

From previous results, we can see that although both the PMMA plates were broken when
the PMMA/PMMA bi-layered structures with weak bonding were subjected to impact velocity

larger than 1.0 m/s, as opposed to the monolithic PMMA plates, it seemed that the natural gap
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between the two PMMA plates reduced the impact damage by some scale. The interlayer, the
natural gap, therefore, has some effects on the impact performance of the tested specimen. Thus,
to further evaluate how the soft interlayers affect the impact resistances of the bi-layered structures,
the strong bonded bi-layer structures were tested. The post-failure results are shown in Fig. 2.15.
In the mixed mode, brittle cracking indicated by the radial crack and ductile deformation indicated
by the circular crack were observed on some specimens. Cracks were induced on all the PMMA
plates except for the configuration with PMMA on top PC subjected to the impact velocity of 1

m/s. Localized delimitations were observed.

2.5 Conclusion

The low velocity impact response of the monolithic PMMA plate and a multi-layered PMMA/PC
and PMMA/PMMA plates with weak and strong interface bonding were studied by both experi-
mental and finite element methods. The threshold impact energies of the monolithic PMMA plates
were found to be in the range of 2.0 to 3.1 J. It was found that the time to crack depended on
the impact velocity. Higher velocity took less time to initiate crack. The PMMA plate exhibits
elastic hysteresis behavior during drop weight impact test. The failure of PMMA is more sensitive
to impact velocity than impact mass. For the same impact energy, higher impact mass and lower
velocity needed a longer time to failure compared to lower impact mass and higher impact velocity.
The findings agreed well with literature [1, 2, 3, 4].

The bi-layered structures exhibited lighter deformation compared to the monolithic PMMA
plates. The layered structures seemed to delay the time to failure and create a lower reaction force.
Under the same impact conditions, the average time to failure of the bi-layer structures with the

PMMA on top of PC was 170% of the monolithic PMMA plates. When designing a bi-layered
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PMMA and PC structure, a higher impact resistant can be obtained by putting the PMMA plate
facing the impactor because the maximum tensile stress is induced in the bottom PC layer, which
is able to undergo more deflection before cracking. For the particular Loctite E-30CL glass bonder
Epoxy adhesive, bi-layer configuration with weak bonding has an advantage over the strong bond-
ing case during an impact event. Results of this work clearly demonstrate that layered-structures
are beneficial to improve the impact resistance of the PMMA plates and interfacial bonding plays

arole in determining the extent of the same.
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Chapter 3

Failure and Toughening Mechanism of
PMMA and PC Laminated Glassy Panel

Subjected to Impact Loading

3.1 Introduction

Transparent laminate composite is usually made of two materials with contrast material proper-
ties, ductile and brittle, to enhance the overall fracture toughness of the laminate [1, 2, 3, 4]. The
transparent glassy polymer, polymethylmethacrylate (PMMA), brittle in nature, and polycarbonate
(PC), ductile in nature, are the two typical materials used in laminate composite due to their light
weight, transparency, low cost, and machinability. PMMA dissipates energy through cracking and
usually shatters into pieces when subjected to impact loading. On the contrary, PC absorbs energy
by plastic deformation and usually is penetrated with a local deformation with four steps of failure
behavior: the elastic dishing, petalling, deep penetration, and cone cracking and plugging [5]. It
is hypothesized that the glassy laminate composite manufactured by alternatively gluing the thin
layers of PMMA and PC together has a higher energy absorption capacity than the monolithic PC
or PMMA when subjected to impact loading. Although this phenomenon has been experimentally

observed and proved [6, 7, 8], the toughening mechanism including the interaction between im-

37



pact resistance and impact velocities, geometry and aspect ratio of projectile, and thickness and
mechanical properties of each layers has not been yet fully understood.

As amorphous thermoplastic, PMMA and PC are pressure, loading rate, and temperature de-
pendent. The pressure dependent behavior is reflected by the different stress-strain response under
tension and compression [9, 10, 11, 12, 13, 14]. The deformation of amorphous polymer is gov-
erned by the state of orientation of the chain network of the microstructure. During the process
of deformation, the chain network changes from random orientation to a highly orientated state,
which is the preferred state in strengthening the polymer [15, 9, 12]. The pressure dependent
behavior of amorphous polymer is the result of different orientation processes in tension and com-
pression: planar orientation process in compression and uniaxial orientation process in tension
[9] respectively. PMMA and PC are highly strain rate dependent, exhibiting an increase in yield
strength with an increase in strain rate [16].

The impact behavior of PMMA and PC subject to various strain rates has been studied exten-
sively through use of various impact testing methods including low velocity drop-weight, impact
tests [17, 18, 19, 20, 21], high velocity impact by use of an air gun [2, 22, 23, 4, 24, 25], and shock
wave impact by use of explosives [26, 27]. It was found that multiple radial cracks are usually
induced in the PMMA plate subjected to low to intermediate impact load, and the energy release
rate of PMMA is found to be in the range of 252-728 J/m [19]. The thickness or volume fraction
of the PMMA plate was observed to play an important role in improving the ballistic performance
of multilayered composites subject to high velocity impact ranging from 300 to 550 m/s [1, 2].
The failure of a PMMA and PC laminate plate with a higher volume fraction of PMMA is dom-
inated by brittle cracking. On the contrary, the failure is dominated by ductile deformation. The
experimental observations showed that the impact resistance of PMMA and PC laminate depends

on many variables. To avoid a case-by-case or trail and error study, an optimal design procedure
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for maximizing the impact-resistance of glassy panels should be conducted.

The challenge of the optimization methods for the PMMA/PC layered plates is the difficulty
in configuring the analytical solutions for dynamic problems due to the unstable and instantaneous
nature of brittle cracking subjected to impact loading. The classical laminate theory, wave theory,
and energy method are the three major approaches in constructing the analytical solutions for
optimizing the impact resistance of laminate structures. Although the classical laminate theory is
widely used to map the stress states of laminated plate subjected to stationary loading, solving the
layered plates subjected to impact loading is still challenging. Attempts have to be made to refine
the classical theory so that it can be used to investigate the strain-stress state of multilayer plates
under impulse and impact loading [28, 29, 30]. Smetankina [30]Jused a refined laminate theory on
the basis of the hypothesis of the refined theory of Timoshenko to investigate the strain-stress state
of multilayer plates under impulse and impact loading. In his work, the transverse shear was taken
into account and the displacement and the external load are expanded into Fourier series functions
satisfying the problem boundary conditions. The numerical results had a good agreement with
the experimental results. Shupikov [29] used Smetankinas refined laminate theory to investigate
the optimal design of multilayer plates. In his work, attempts were made to minimize the stress
in layers and the total mass of the multilayered plates. The approach of wave propagation in
layered heterogeneous systems was to convert the initial velocity boundary value problem to a time
dependent stress boundary value problem, and the stress time history was obtained by means of
superposition [31, 19, 32]. Luo [19] investigated the stress wave propagation for a layered structure
under impulsive loads. It was shown that the reduced amplitude and elongated pulse duration could
be obtained with proper selection of materials and dimensions of layers when an incident stress
pulse passed through a layered structure. The optimal design of layered structures could also be

implemented based on the concept energy balance [33, 34] during an impact event. Ray [34]
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optimized the energy dissipation characteristics of active constrained layer damping treatments of
plates using a rational design approach. In his work, the governing equation was given based on
the system energy balance, which includes the potential energy, kinetic energy, and the work done
by the piezo-electric control force, and the work dissipated in the viscoelastic core.

The previous literature shows that there has been extensive research focused on the experi-
mental and FEM study of laminated composite material, as well as optimal design of laminated
composite material based on analytical analysis in the past decades. However, the unique charac-
teristic and failure mechanism of PMMA and PC subjected to impact loading has yet not been fully
understood. Thus, in this research of work, a material model for amorphous materials with large
deformation was first implemented in ABAQUS/EXPLICIT based on the existing Boyce and Ar-
ruda’s [9] physical model to predict the pressure and strain rate dependent stress-strain relationship
of PC. Second, the impact behavior of monolithic PMMA and PC and layered PMMA/PC laminate
at low and high impact loading was numerically investigated by use of ABAQUS/EXPLICIT and
the failure mechanism, crack pattern, and energy dissipation were transversely compared. Lastly,
to further evaluate material characteristics such as strain-rate sensitivity and pressure dependent
behavior of the monolithic components on the ballistic performance of these PMMA/PC lami-
nated systems, an optimal study by incorporating MATLAB optimization tool box and ABAQUS
FEM simulations were conducted. The role of aspect ratio, yielding stress of PC, and failure
stress of PMMA on the impact behavior were studied. This work serves as a design tool for ef-
fectively choosing materials and structures for optimizing ballistic performance of ceramic-plastic

laminates-based armor.
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3.2 Methods

As amorphous polymers, both PMMA and PC are strain rate, temperature, and pressure dependent
materials. A typical stress-strain curve of PMMA and PC under compression is shown in Fig.
3.1. The deformation includes three parts: linear elastic deformation, strain softening, and strain
hardening. From the point view of microscopic structure of PMMA and PC, the linear elastic
region is where the applied force has not passed the intermolecular interactive barriers and the
molecular structures are rotating or sliding along each other. After breaking the intermolecular
force, molecular segments change to new positions which causes the strain softening. The strain
hardening is due to the contribution of the segments reordering, which tends to orient parallel with

loading direction to maximize molecular force.

Strain
hardening

" Yielding

Strain
softening

True Stress [MPa]

True Strain

Figure 3.1 Schematic representation of amorphous polymers under compression.

In the past decades, many constitutive equations have been proposed to predict the linear-
softening-hardening behavior of amorphous glassy polymers. Among them, Arruda and Boyce’s
three-dimensional physical-based model [9] is one of the most adopted. Boyce’s model was de-

veloped based on Harvard and Thackray [35] and Argon’s physical model [15], which divided
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resistance inside the amorphous materials into two parts: one is the molecular resistance; another
is the entropic resistance. The entropic resistance contributes the strain hardening of the materials,
and the molecular resistance accounts for the strain softening. Thus, a material subroutine based on
Arruda and Boyces constitutive model for amorphous polymers was developed and implemented
in ABAQUS to predict the strain rate and pressure dependent behavior of PC subjected to uniaxial
loading at different strain rate. The elastic material properties used in the constitutive model are

shown in Table 3.1.
Table 3.1 Material properties for PC and PMMA.

Material Density Modulus of Poisson's
(kg/mm3)  Elasticity (MPa) Ratio
PC 1.2x10°® 2300 0.3
PMMA 1.19x10° 3100 0.33

The PMMA was simulated as a brittle material using the brittle cracking material model of
ABAQUS. When elements are under compression, the stress-strain response is linear. The failure
of an element is caused by tensile failure. Thus, when the maximum stress at the element is larger
than the post yielding stress, the crack will initiate until failure of the element. Failed elements
will be removed from computation. The elastic material properties of PMMA are shown in Table
3.1

The geometry and mesh of the FEM analysis are shown in Fig. 3.2. The overall thickness
of the laminate panel simulated is 6.4 mm. The projectile was modeled as a rigid body, and an
8-node C3D8 linear brick element was used for modeling the specimen. Two types of projectile
were simulated. One is spherical projectile with a radius of 6.35 mm (Type 2), which was used for
the low velocity impact test. The other was the blunt projectile with a radius of 2.73 mm (Type

1) which was used for the high velocity impact test. The peripheries of the laminate plates were
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Figure 3.2 Geometry and mesh of FE simulations.

fixed in the impact direction. The mesh density of the specimen was chosen based on the low cost
of computation without compromising the accuracy of the results. Impact force, energy, and stress
and strain contour were obtained. The various configurations of the laminate structure simulated
are summarized in Table 3.2. The o0, and opyma are the yielding stress of PC and failure stress
of PMMA respectively.

Table 3.2 Various configurations of the laminate plate panel simulated.

Impact  Radius of Mass of Numbers Sequences - Type
Case Velocity Projectile Projectile of of ai of
No. (m/s) (m) (Kg) Layer Plates PMIMA Interface
1 5 0.00273 7.1 8 MCMCMCMC 0.96 bounded
2 5 0.00635 7.1 8 MCMCMCMC 0.96 bounded
3 300 0.00273 0.0032 8 MCMCMCMC 0.36 bounded
4 300 0.005 0.0032 8 MCMCMCMC 0.36 bounded

The impact resistance depends on thickness of each layer, material properties of each layer,

sequences of layers, aspect ratio of plates to projectile, and impact velocities, as well as the mass
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of projectile. Thus, optimization is conducted based on some of the above design variables. The
objective function was to maximize the energy absorption, which was equivalent to the minimum

residual velocity. The energy balance during an impact event is shown as

1 2 2
Edissipated = Kinitial — Kresidual = §m<vinitial - vresidual) (3.1)

where Kyigsipared the dissipated energy;Kiyiriq, initial kinetic energy; Kiegigual» r€sidual energy; m,
the mass of projectile; v;,;riq1, the initial velocity of the projectile; and v,¢iqua1, the residual velocity
of the projectile.

The optimal study was performed by incorporating MATLAB and FEM simulations by ABAQUS.
The MATLAB fmincon function was used as the searching method to find the minimum of objec-

tive function. The flow chart of the optimization study is shown in Fig. 3.3.

jRun MATLAB fmincon script to pass design variables, X, to
| ABAQUS/Explicit

S ¢
o \
5§ Run ABAQUS/Explicit model with the assigned
& E design variables, X; )
v =
22 ! \
% ks Access to ABAQUS output database to get the
f-; § objective function: f =-energy dissipation
O
—x Check constraints of X; and gradient of f
to iudae if satisfied
No |
v
[ Prof, X=X, ]
Yes l

Problem Solved ]

Figure 3.3 Schematic representation of the optimization process
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3.3 Results

3.3.1 Verification of Material Model for Impact Testing Simulation

The material model for PC was tested in a single element subjected to uniaxial compressive load
at low and high strain rates. The stress-strain relationships from the simulations were compared to
the experimental results in the literature [16]. The plots are shown in Fig. 3.4. Due to the lack of
experimental data for the strain rate of -5 s~ I the experimental result at the strain rate of -1 s~ was
used as reference data for the FEM result at -5 s—!. The comparisons show that the material model

could predict the pressure and strain rate dependent behavior of PC with acceptable accuracy.
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Figure 3.4 Comparisons of the numerically predicted uniaxial stress-strain curves (compression)
of PC to the experimental measurements.

The stress-strain relationship predicted by the material mode at different strain rates was used
as the material model input for PC in the impact testing simulations. The simulation results of
monolithic PC and PMMA subjected to low velocities are compared to the ones from the low
velocity impact testing [36] (Fig. 3.5). The FEM simulations of low velocity impact testing have
a good agreement with the experimental results. There are no force and energy curves for high
velocity impact testing available in the existing literature. Sarva [24] measured the fraction of

residual and initial kinetic energy of monolithic PC plate and 6-layered laminate PC and PMMA
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plate with a dimension of 100x100 mm and thickness of 6.35 mm subjected to impact velocities
of 300-500 m/s. Thus, the FEM simulations referred to the experimental results from Sarva as

baseline results. The FEM simulation results and discussion are shown in section 3.3.3.
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Figure 3.5 Comparisons of FEM low velocity impact simulation results to experimental results: a)
Reaction force vs. time for monolithic PMMA subjected to impact velocity of 2.0 m/s; b) Impact
energy vs. time for monolithic PMMA subjected to impact velocity of 2.0 m/s; ¢) Reaction force
vs. time for monolithic PC subjected to impact velocity of 2.5 m/s; d) Impact energy vs. time for
monolithic PC subjected to impact velocity of 2.5 m/s.

3.3.2 FEM of Low Velocity Impact Test

The kinetic energy history and various types of energy dissipation of layered PMMA and PC
laminate panel and monolithic PC subjected to impact velocity of Sm/s by a spherical projectile
with radius of 6.35 mm are shown in Fig. 3.6. The results showed that monolithic PC was beneficial
to the low velocity impact testing with an aspect ratio (a ratio of the diameter of projectile to the

diameter of the plate) of 0.167. The energy dissipated by a monolithic PC was about 1.58 times
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higher than 8-layered PMM/PC laminate (Fig. 3.6). The impact event of monolithic PC was
dominated by plastic dissipation. However, strain energy was the major form of energy dissipation
for brittle PMMA. The results showed that although the strain energy dissipated by the layered
laminate increased from 0.4 J to 5.4 J compared to monolithic PC, the total energy dissipated

actually decreased because the plastic energy dissipated decreased from 42.1 J to 19.9 J.
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Figure 3.6 FEM results of layered PMMA/PC laminate panel and monolithic PC subjected to im-
pact velocity of 5 m/s by a spherical projectile with radius of 6.35 mm: a) Kinetic energy vs. time;
b) Distribution of various energies dissipated calculated by ABAQUS/EXPLICIT. Note: ALLSE,
strain energy; ALLFD, fiction dissipation; ALLPD, plastic dissipation; ALLDMD, damage dissi-
pation.

The stress contours of half plates of the 8-layered PMMA/PC laminate, monolithic PC, and
monolithic PMMA at different time frames are shown in Fig. 3.7. It was shown that the crack in
the monolithic PMMA first initiated on the back of the plate and then propagated radially. In total,
4 radial cracks were formed and this has a good agreement with the experimental observations [36].
As expected, the deformation of monolithic PC was dominated by local plastic deformation. The
8-layered PMMA/PC laminate mitigated the radial cracking in the PMMA layers, but the plastic

deformation in the PC layers was not magnified.
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Figure 3.7 Stress contours of 8-layered PMMA/PC laminate, monolithic PC, and monolithic
PMMA subjected to impact velocity of 5 m/s by a spherical projectile with radius of 6.35 mm
at different time frames.

3.3.3 FEM of High Velocity Impact Test

The kinetic energy history and various types of energy dissipation of layered PMMA and PC lam-
inate panel and monolithic PC subjected to impact velocity of 300 m/s by a blunt projectile with
a radius of 2.73 mm are shown in Fig. 3.8. The results showed that the energy dissipated by a
8-layered PMMA/PC laminate increased 5 percent more than the monolithic PC. The amount of
energy dissipated in different forms including strain energy, plastic dissipation, friction dissipa-
tion, and damage dissipation calculated by ABAQUS/EXPLICIT are shown in Fig. 3.8b. It can be
seen that although the volume fraction of PC deceased from 1 to 0.5 in 8-layered PMMA/PC lami-
nate compared to the monolithic PC, the plastic dissipation only deceased about 24 percent. These

results indicated that the PMMA layer enhanced the PC layer by amplifying the local plastic defor-
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mation of PC. Compared to monolithic PC, the strain energy, friction dissipation in the 8-layered
PMMA/PC laminate increased from 1.7 J to 10.4 J and 3.9 J to 5.6 J respectively. Compared to the
experimental results shown by Sarva [24], although the total energy dissipation predicted by the
simulations did not match (lower than experimental measurements), the computational trend that

layered PMMA/PC laminate improving the energy dissipation appeared to match the experimental

trend.
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Figure 3.8 FEM results of layered PMMA/PC laminate panel and monolithic PC subjected to
impact velocity of 300 m/s by a blunt projectile with radius of 2.73 mm : a) Kinetic energy vs.
time; b) Distribution of various energies dissipated calculated by ABAQUS/Explicit.

The stress contours of the half plates of the 8-layered PMMA/PC laminate, monolithic PC,
and monolithic PMMA at different time frames are shown in Fig. 3.9. The simulation contour
showed that the failure of monolithic PMMA was dominated by brittle cracking. Many spalls were
observed on the back surface of the immediate impact region. The failure mechanism of PMMA
has a good agreement with the experimental observation shown by Sarva [24]. The deformation
of monolithic PC was dominated by local plastic deformation, which occurred in the immediate
impact zone under the projectile. Stress contour of the 8-layered PMMA/PC laminate showed that
the laminate structures magnified the plastic deformation zone and decreased the brittle damage

area.
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Figure 3.9 Stress contours of 8-layered PMMA/PC laminate, monolithic PC, and monolithic
PMMA subjected to an impact velocity of 300 m/s by a blunt projectile with radius of 2.73 at
different time frames.

3.3.4 Optimal Design of Laminate Panel Subjected to Impact Test

The study in the previous two sections showed that the 8-layer laminate PMMA and PC panel
subjected to high velocity impact with a smaller projectile has more benefits than the low velocity
impact with a larger projectile. Thus, to evaluate the effect of aspect ratios on the impact behavior
of the PMMA and PC laminate more simulations with different aspect ratios were conducted. The
fraction of kinetic energy versus various aspect ratios of the monolithic PC and 8-layer laminate
subjected to the impact velocities of 5 m/s and 300 m/s are plotted in Fig. 3.10. For both of the
monolithic PC and PMMA, the fraction of kinetic energy decreased with aspect ratio. When the
aspect ratio decreased to about 0.07, both the high and low velocity showed that the 8-layered

laminate panel started to dissipate more energy than the monolithic PC.
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Figure 3.10 Fraction of kinetic energy of 8 layers of PMMA and PC laminate panel subjected to
impact velocity of 300 m/s by a blunt projectile with radius of 1.73-5 mm and impact velocity of 5
m/s by a spherical projectile with radius of 6.35-1.73 mm.

Non-linear optimization of the energy dissipation capacity of 8-layered PMMA/PC laminate
were conducted by use of MATLAB optimization tool box, fmincon. The residual kinetic energy
of the laminate system was minimized in terms of two variables: one is the multiplier of post-
yielding stresses of PC at impact speed of 300 m/s within the range of 0.5 to 2.0 (Case 1); another
is multiplier of stress at failure of PMMA at impact speed of 300 m/s within the range of 0.6 to 1.4
(Case 2). The iteration processes of the two optimization cases are shown in Fig. 3.11. For both of
the cases, the residual kinetic energy has a negative correlation with the multipliers. For case 1, it
took 6 iterations to seek the minimum residual kinetic energy with a value of 84.6 J at a multiplier
of 1.99, which yields to a post yielding stress of PC 182.5 MPa. For Case 2, it took 16 iterations
to seek the minimum residual kinetic energy with a value of 98.2 J at a multiplier of 1.38, which
yields to a failure stress of PMMA 351 MPa.

To evaluate the joint effects of the above two variables on the energy dissipation capacity of
8-layered PMMA/PC laminate, an optimization was also performed by use of both two multipliers
as variables to minimize the residual kinetic energy of the laminate system subjected to impact

velocity of 300 m/s. The corresponding optimization iteration process is shown in Fig. 3.12. The
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Figure 3.11 Non-linear optimization of residual kinetic energy of 8-layered PMMA/PC laminate
subjected to impact velocity of 300 m/s by a blunt projectile with radius of 2.73 mm: a) multiplier
of yielding stress of PC as variable; b) multiplier of stress at failure of PMMA as variable.

optimization showed that the objective function was oscillating at a value of 84 J with both of the

two multipliers oscillating at their upper bound at the end of the iteration.
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Figure 3.12 Non-linear optimization of residual kinetic energy of 8-layered PMMA/PC laminate

subjected to impact velocity of 300 m/s by a blunt projectile with radius of 2.73 mm in terms of
two variables: multiplier of yielding stress of PC and multiplier of stress at failure of PMMA.

3.4 Discussion

At a low strain rate (<1 s~ 1), the stress-strain relationships of PMMA and PC follow a similar trend
(Figure 1): linear elastic, strain rate dependent yielding, strain softening, and strain hardening.
With the increase of strain rate, PMMA starts to show its brittle nature with a different stress-strain

response: linearly increasing to a high peak stress, a steep softening, and failure. Due to these
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different material characteristics, PMMA and PC exhibit different failure behavior under impact
loading: the failure of PMMA is governed by brittle cracking and the failure of PC is governed
by plastic deformation. Thus, plastic and brittle material models were used to simulate the impact
performance of PMMA and PC respectively by ABAQUS/EXPLICIT. In conjunction with damage
initiation and evolution material failure model, the rate and pressure dependent stress-strain curves
of PC predicted by Arruda and Boyces three-dimensional physical-based models [9] was used as
the material inputs of ABAQUS/EXPLICIT to predict the impact behavior of PC plates subjected
to low (5 m/s) and high speed (300 m/s) impact loading. The material model of brittle cracking
of ABAQUS/EXPLICIT was used to simulate the brittle failure behavior of PMMA subjected to
impact loading.

It was found that at the impact conditions of the aspect ratio of 0.17, impact speed of 5 m/s,
and impact mass of 7.1 kg, 8-layered PMMA/PC did not show benefits over the monolithic PC
in terms of energy dissipation. However, in the same impact conditions, with the decrease of the
aspect ratio to a critical value, 0.07, the 8-layered PMMA/PC started to dissipate more energy than
the monolithic PC. The same phenomena was observed in the high speed impact simulations with
a impact mass of 0.0032 kg and impact speed of 300 m/s. When the aspect ratio was small, the
deformation of the PC plate was governed with local plastic deformation. However, in the layered
PMMA/PC laminate, the hard PMMA layers severed as back plates to support the ductile PC
layers, and the ductile PC layers served as barriers to prevent the large crack of PMMA coalescing
to lead to a catastrophic failure. Thus, at small aspect ratios, the layered PMMA/PC laminate
has an improved impact resistance compared to the monolithic PC. With the increase of aspect
ratios, the benefits of the laminate structure tended to disappear. The reason was that the failure
mechanism of PMMA and PC is different when it was impacted with small and large aspect ratios.

As shown in Fig. 3.9, the failure of the PMMA plates was governed with brittle spall-induced
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damage at small aspect ratios. However, at large aspect ratios (Fig. 3.7), a large scale of radial
damage was formed at the bottom surface of the plate due to the high bending force induced by the
big projectile. For the PC plate, with the increase of aspect ratio, more areas (the immediate impact
zone under the projectile) were involved in the plastic deformation. Thus, the role of PMMA plates
in magnifying the plastic damage zone was not significant.

For the purpose of developing a hybrid ductile/brittle transparent laminate that could stand a
wide range of impact loading, an optimization of 8-layered PMMA/PC laminate was conducted.
The residual kinetic energy was shown to have a negative correlation with the post yielding stress
of PMMA and PC. With an increase in post yielding stress of PMMA from 254 MPa to 351 MPa,
the energy dissipated only increased 2.8 J. Relatively, with an increase in the post yielding stress of
PC from 91.7 MPa to 182.3 MPa, the energy dissipated increased 17.2 J. Thus, it seemed that the
impact resistance of 8-layered PMMA/PC laminate is more sensitive to the strain rate hardening

of PC.

3.5 Conclusion

The failure behavior of monolithic PMMA and PC and layered PMMA/PC laminate subjected
to low and high speed impact loading were numerically investigated. Boyces three-dimensional
physical-based models [9] were implemented in ABAQUS to predict the strain rate and pressure
dependent behavior of PC. The failure mechanism, fragmentation pattern, and energy dissipation
were compared through the simulations. The failure of monolithic PMMA was dominated by brit-
tle cracking. Many spalls were observed on the back surface of the immediate impact region at
small aspect ratio. The deformation of monolithic PC was dominated by local plastic deformation

which occurred in the immediate impact zone under the projectile. For both of the monolithic PC
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and layered PMMA/PC laminate, the fraction of kinetic energy decreased with aspect ratio. There
is found to exist a critical aspect ratio, 0.07 for both the high velocity impact (300 m/s) and low
velocity impact (5 m/s). When the aspect ratio decreased below this critical value, the 8-layered
laminate started to dissipate more energy than the monolithic PC. The 8-layered PMMA/PC lam-
inate magnified the plastic deformation zone and decreased the brittle damage area. An optimal
study by incorporating MATLAB optimization tool box and ABAQUS FEM simulations was con-
ducted to maximize the impact resistance of the transparent laminated panel. It was found that
the impact resistance or the overall ballistic performance of these PMMA/PC laminated systems is

relatively more sensitive to strain rate hardening of PC than PMMA.
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Chapter 4

The Effects of Damage Accumulation on
Tensile Strength and Toughness of Compact
Bovine Bone subjected to Static Tensile
Loading, Charpy Impact Loading, and

SHPB High Strain Rate Tensile Loading

4.1 The Effects of Damage Accumulation on Tensile Strength
and the Toughness of Compact Bovine Bone subjected to

Static Tensile Loading

4.1.1 Introduction

As a tough and light-weight natural composite, bone works as a scaffold to provide support and
protection to internal organs. Understanding the failure mechanisms in bone is of great medical
interest for preventing bone fracture failure and improving bone fracture treatment. Bone fractures

are a result of tensile failure subsequent to bending or torsion because bone is more susceptible to
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tensile failure compared to compressive failure[1, 2, 3, 4]. Bone is a strain rate dependent mate-
rial due to its viscoelastic properties where increases in loading rate have resulted in increases in
Young’s modulus and ultimate stress [5, 6, 7, 8, 9, 10, 11]. The mechanical properties of compact
bone are also related to its hierarchical microstructure. The strength, energy absorption, and mod-
ulus of elasticity decrease with the percentage area of osteons [11, 12, 8, 13, 14]. Interestingly,
little emphasis has been placed on the role of microcracking on the tensile failure behavior of bone
although, like quasi-brittle materials, the failure of bone is characterized as the result of damage
accumulation in the form of microcracks.

Microcrack accumulation has been shown to yield a loss of stiffness in compact bone under
cyclic fatigue testing [15, 16]. Microcracking was also found to be a primary toughening mech-
anism that resulted in increased R-curve behavior [17, 18, 19, 20] applied a series of fluorescent
chelating agents to monitor the crack growth during cyclic compression fatigue finding that mi-
crocracking initiated in the interstitial bone tissue in the early stage of the fatigue life and that
longer microcracks developed in the longitudinal direction as opposed to the transverse direction.
In recent efforts, Zioupos [21] examined the plastic strain of compact canine femurs, subjected to
tensile loading at various strain rates, to the number of cracks (imaged by staining), concluding
that the plastic strain had a positive correlation with the number of cracks. However, each of the
above studies was limited by the resolution limits imposed by Frost’s [22] bulk fuchsin staining
technique, which requires the tested specimens to be cut into microsections. Sectioning can intro-
duce new microcracks during cutting; and, furthermore, the small field of view compromises the
accuracy of the crack length measurement. Several attempts have been made to avoid these limita-
tions. Zioupus [23] used the acoustic emission method to monitor crack growth in bone and antler
specimens under uniaxial tensile loading where microcracks were found to initiate upon yielding

in both antler and bovine tibia specimens. However, the shortcoming of the technique is that the
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growth and distribution of microcracks cannot be directly visualized. Using the laser illumination
technique, Reilly [24] found that the microcracks developed on the tensile side of bone specimens
subjected to four-point bending. These tensile microcracks first appeared at a strain of 0.004 and
the peak growth of the microcracks occurred when the strain reached 0.008. However, due to the
step loading and examination, the stress-strain curve was not continuously obtained throughout the
test.

In the present dissertation, an innovative optical technique was used to monitor the damage
accumulation during the process of tensile failure of compact bovine femur. A high speed cam-
era and a LED panel were set up to record the light illumination of the microcracks initiated and
propagating on the specimen surface when stretched under a multipurpose tensile testing system
(MTS). By using the strong light scattering effects of crack edges, microcracks are visible as fea-
tures with higher light intensity. To evaluate the correlation between the developing microcracks
and the bone microstructure, specimens from several bovine femurs of different ages were ex-
amined. Strain rate effects were also investigated by examining 10 specimens from one piece of
bovine femur with strain rates ranging from 0.0001 to 0.012 s~!. As a natural composite material,
the mechanical properties of bone depend on the fiber or osteon direction, which runs along the
loading axis of bone. It has been shown that osteons potentially act as barriers to prevent coales-
cence of the microcracks initiated in the interstitial bone tissue [25, 26]. Thus, the failure pattern
of bone loaded in the transverse (perpendicular to the osteon direction) and the longitudinal di-
rection (along osteon direction) are expected to be different. To evaluate such orientation effects,
the compact bovine specimens machined from one piece of bovine femur bone were loaded in the
longitudinal and transverse directions respectively. The stress-strain curves were correlated to the
high-speed images to examine the microcrack growth in the specimens. Post-failure examinations

were performed with a scanning electron microscope (SEM). Both the front flat surface and the
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fracture surface were examined.

4.1.2 Material and Methods

The tensile specimens were machined from fresh compact femurs (12 to 30 months old) provided
by a local beef abattoir. The mid-diaphysis of the bovine femur was first cut into rough rectan-
gular beams using a band saw. Then, the beams were machined into 60x8x2 mm (longitude) or
30x8x2 mm (transverse) rectangular shapes using a milling machine (ProCut RL8ORF311) at a
low feed speed. Subsequently, a Dremel hand tool was used to shape the rectangular beams into
the dog-bone shape specimens with the exact same geometry. Finally, the specimens were man-
ually polished with 80, 100, 600, 1000 grit. During the entire machining process, the specimens
were kept wet with the phosphate buffered saline (PBS) solution. The geometry and dimensions
are shown in Fig. 4.1. After machining, the specimens were covered with gauze dipped in PBS
solution and preserved in a -20°C freezer until testing. Specimens were thawed just prior to testing.
Overall, 28 specimens were machined, including 12 specimens from one femur (30-months old)
for strain rate effects, 10 specimens from several femurs with various ages (12 to 30 months old)
for microstructure effects, and 6 specimens from one femur (30-months old) to examine orientation
effects.

Uniaxial tensile testing was performed using a MTS Insight tensile testing system with a 10
kN load cell. A high speed camera (Phantom V12) was set facing the front side of the specimen to
record the fracture process. In order to visualize the microcracks, the tests were performed in a dark
room and a strong cold light source was set at the side of the camera to illuminate the specimen. A
laser extensometer (EIR Model LE-05) was set up facing the back side of the specimen to measure
the extension. Both the high speed camera and the laser extensometer were triggered at the same

time as the MTS started to apply the load. The rationale of the research approach is not directed
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Figure 4.1 Geometry and dimensions of dog-bone specimens. (a), specimen orientation diagram
(1, longitudinal specimens, loaded along the osteon direction; 2, transverse specimens, loaded
perpendicular to the osteon direction); (b), the dimension of the longitudinal specimens (the length
of the transverse specimens is half of the longitudinal specimens)

to quantify the exact amount of microcracking in bone but rather indirectly provide a “’real-time”
relationship between microcracking and strain development. It is proposed that there exist critical
strain rate and strain levels to initiate and propagate microcracking in bone. It has never been
clearly shown what these levels are. More importantly, the orientation of bone and the osteon size
affects initiation and propagation of microcracking. The experimental design is geared to bring out
these effects. Since we indirectly correlated microcracking by the diffuse light pattern, questions
might arise on the validity of using the light intensity as a measure of microcracking. It is true that
many materials exhibit a change in color or appearance while subjected to loading (e.g., crazing
in polymers). But it is different in the case of bone where the change in light intensity is directly
related to microcracking. Validation for the current is provided by Zioupos et al. [21]and in our
experimental measurements themselves where the light diffusion gradually increases as the load
is applied and reaches peak value at peak load (Fig. 4.2). Exact quantification of light intensity
to density of microcracking could be undertaken but again is not the primary focus of the current
work.

The specimens were covered with sterile PBS soaked gauze before testing, where the duration
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Figure 4.2 Representative images showing real time optical effects during tensile stretching of
bovine bone sample. The frame rate of this is 1000 fps.

of the test lasted about one minute. Thus, the specimens were considered wet. For the strain
rate evaluation, the cross-head speeds ranged from 0.5 mm/min to 10 mm/min corresponding to
strain rates of 0.0001 to 0.0012 s~!'. All other tests were performed at a cross-head speed of 0.5
mm/min. The frame rates of the high speed camera were 200 571,800 s~ L, and 1500 s~! for tests

with cross-head speeds of 0.5 mm/min, 1 to 2 mm/min, and larger than 3 mm/min, respectively.
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Images from the camera were used to calculate the light intensity in each frame by a MATLAB
code. The light intensity was represented by the normalized gray scale value in each frame, which
was calculated by summarizing the gray scale value of each pixel in each frame after subtracting
the corresponding value in the reference frame and then normalizing by the numbers of pixel in
the frame.

The post-failure fracture damage of the tested specimens was examined in a JEOL JSM-6400V
(lanthanum hexaboride electron emitter) scanning electron microscope. Digital images were ac-
quired using analySIS Pro software version 3.2 (Olympus Soft Imaging Solution Corp., Munster,
Germany). Before the examination, samples were coated with gold ( 20 nm thickness) in an Em-
scope Sputter Coater model SC 500 (Ashford, Kent, England) purged with argon gas. Samples

were mounted on aluminum stubs using high vacuum carbon tab.

4.1.3 Experimental Results
4.1.3.1 Imaging Longitudinal Specimens Loaded in the Same Strain Rate of 0.0001 s~

A higher light intensity was expected when the microcracks initial 0.0001 s~ 'ted on the specimen
surface due to the light scattering effect of the crack edges. High speed grayscale images extracted
from the high speed videos were correlated to the stress-strain curves. The microcrack illumination
of two typical specimens, one with dispersed microcracks and one with coalesced microcracks, are
shown in Fig. 4.3a, b, respectively. It was found that microcrack illumination began to occur at
yielding and the specimens with dispersed microcracks developed a larger plastic strain as com-
pared to the specimen with local cracks, which lead to quick failure after yielding. The yielding
point was determined by Currey’s [7] method, which is the intersection of the tangents of the lin-

ear portion and the post-yield portion of the stress-strain curve. The changing in the light intensity
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with time was calculated for each specimen. The plots of light intensity and stress over time for
the two typical specimens ( Fig. 4.3a, b) are shown in Fig. 4.3c, d. The calculated results agreed
with the visual observation from the images that, for both of these two specimens, the significant
increases in light intensity occurred at onset of yielding. After initiation, light intensity gradually
increased with time until failure. The specimen with a larger plastic strain (typically 2.0%) devel-
oped more microcracks leading to a higher microcracking illumination compared to the specimen

with a smaller plastic strain (typically 0.5%).
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Figure 4.3 Correlations of high speed images with stress-strain curves for two typical longitudinal
compact bovine femur specimens tested under a constant strain rate of 0.0001 s~!: (a) stress-strain
curve and the corresponding high speed images for a typical specimen with a higher failure strain;
(b) stress-strain curve and the corresponding high speed images for a typical specimen with a lower
failure strain; (c) the corresponding light intensity and the stress relation for the specimen shown
in (a); (d) the corresponding light intensity and the stress relation for the specimen shown in (b).
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4.1.3.2 Imaging Strain Rate Effects

Twelve specimens were tested under strain rates of 0.0001 to 0.0012 s~! to evaluate strain rate
effects on the stress-strain behavior of compact bovine femur bone. The experimental results
showed that the stress-strain curves fell into two groups: one turned as lower strain rate group
with strain rates lower than 0.0007 s~!; and the other turned as higher strain rate group with the
strain rates equal to or greater than 0.0007 s~!. In the high strain rate group, specimens showed
viscoelastic behavior with non-linear stress-strain curves, even in the elastic region. The Young’s
modulus for this group was calculated as dynamic Young’s modulus by dividing the ultimate stress
by failure strain. The average Young’s modulus of the higher strain rate group was 41.9 GPa,
which was about twice that of the lower strain rate group (21.9 GPa). However, the failure strain
of the higher strain rate group (0.3%), was about half of the failure strain of the lower strain rate
group (0.7%). The difference between the average ultimate stress for the two groups (which was
123.4 MPa for the higher strain rate group and 105.2 for the lower one) was not significant. The
plots of Young’s modulus, energy absorption capacity, ultimate stress, and the failure strain as
a function of strain rate are shown in Fig. 4.4c, d. Young’s modulus and ultimate stress have
a positive correlation with strain rate, and the energy absorption capacity and the failure strain
have a negative correlation with strain rate. The correlation of the stress-strain curve and the high
speed images for a typical specimen subjected to a higher strain rate is shown in Fig. 4.4a. The
corresponding plots of stress-microcracking illumination and strain-microcracking illumination are
shown in Fig. 4.4b. It was shown that the microcracking illumination of the specimen initiated at

the onset of yielding, then rapidly increased until failure.
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Figure 4.4 Strain rate effects on the mechanical behavior of the longitudinal compact bovine femur
specimens: (a) stress-strain curve with the corresponding high speed images for a typical speci-
men under a strain rate of 0.0012s~"; (b) the corresponding relation of stress and microcracking
illumination for the specimen; (c) the variation of failure strain and ultimate stress with strain rate,
A represents Failure strain and [J represents Ultimate stress; (d) the variation of Young’s modulus

and energy absorption with strain rate, /A represents Young’s modulus and [J represents Energy
absorption capacity.

4.1.3.3 Imaging Orientation Effects at a Loading Rate of 0.0001 5!

The stress-strain curves of the transverse and longitudinal specimens are shown in Fig. 4.5a. It
can be seen that the transverse specimens exhibited a strain softening behavior unlike the strain
hardening that was typically observed on the longitudinal specimens. The ultimate stress and the
Young’s modulus of the longitudinal specimens were about twice of the transverse specimens (Fig.

4.5b). The plots of the stress-microcracking illumination and strain- microcracking illumination

70



of a typical transverse specimen are shown in Fig. 4.5¢, d, respectively. Unlike the smooth growth
of the post-yield light intensity observed on the longitudinal specimens, it was found that the light

intensity of the transverse specimens had a significant jump after yielding.
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Figure 4.5 The orientation effects on the mechanical properties of the compact bovine femur spec-
imens under a constant strain rate of 0.0001 s—1: (a) the stress-strain curves of the longitudinal
and transverse specimens; (b) the comparison of the Young’s modulus and ultimate stress of the
transverse specimens to the longitudinal specimens; (c) plot of stress and light intensity changing
with time for a typical transverse specimen,[] represents stress and solid line represents light inten-
sity; (d) plot of stress and light intensity changing with time for a typical longitudinal specimen,[]
represents stress and solid line represents light intensity

4.1.3.4 SEM Post-failure Examination

The post-failure photographs of the tested specimens were examined by the SEM. For specimens
subjected to the same loading rate, the examination focused on the histological structures and the

qualities aspects of microcrack lengths and densities. Fig. 4.6a, b shows the fracture surfaces of
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the specimens at a failure strain of 2.4% (a) and 0.9% (b). The SEM images show the hierarchi-
cal structure of the compact bone, which includes planar lamellae (primary bone), and osteons
characterized by cylindrical lamellae surrounding the Haversian channel. Six typical specimens
were selected to calculate the osteon area percentage for the entire fracture surface by following
Saha’s method [13]. The results (Fig. 4.6¢c) agreed well with the literature showing that the energy
absorption capacity and failure strain are negatively correlated with the area percentage of the os-
teons [7, 8]. Four typical specimens subjected to the same loading rate (0.0001 s~ ') were chosen to
examine the flat surfaces close to the fracture surface (Fig. 4.7). Higher micro-crack densities and
long linear macrocracks over five hundred microns (Fig. 4.7a) were observed on the specimens
with higher failure strains.

The typical post-failure SEM images of the longitudinal and transverse specimens are shown
in Fig. 4.8. Compared to the microcracks that developed on the longitudinal specimens (Fig.
4.8b), the crack length and density of the transverse specimens were much higher (Fig. 4.8a).
The corresponding fracture surfaces of the two typical specimens were shown in Fig. 4.8 c, d,
respectively. It can be seen that the fracture surface of the transverse specimen (c) was much
smoother in compared to the longitudinal specimen (d). The fracture surfaces of the specimens for
the strain rate effects were examined. The SEM images for two typical specimens are shown in
Fig. 4.9. Osteon pullout was observed on both of the specimens. But the specimen subjected to
the strain rate of 0.0012 s-1 seemed to show more sharp tearing fracture surface (Fig. 4.9¢, d) as

compared to the specimen under lower strain rate (Fig. 4.9a, b).

4.1.4 Discussion

Innovative use of a relatively simple optical technique was used to study the accumulation of dam-

age in the form of microcracking in compact bovine bone specimens subjected to tensile loading.
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Figure 4.6 Microstructure effects on the mechanical properties of the longitudinal compact bovine
femur specimens subjected to a constant strain rate of 0.0001 s~1: (a) SEM fracture surface of a
typical specimen with a failure strain 2.4%; (b) SEM fracture surface of a typical specimen with a
failure strain of 0.9%; (c) plots of failure strain and energy absorption capacity to the percent area of
osteons of the specimens. A represents failure strain, <) represents energy absorption capacity. Dot
line is the linear trend line for failure strain; solid line is the linear trend line for energy absorption
capacity. Osteons characterized by cylindrical lamellae surrounding the Haversian system, which
are circled in a, b. Primary bone characterized by laminar structures (see arrows in b). The area
percentages of osteon in the whole fracture surface were calculated following Saha’s methods [13].

This powerful approach relates the orientation, microstructure, and strain rate to the resulting mi-
cro damage in femoral bovine bone. The post-failure fracture and flat surfaces were examined
by SEM. The tensile properties are in good agreement with the literatures (Table 4.1). The ini-
tiation and propagation of the microcracks in the specimens is indicated by its light illumination
visualized by a high speed camera. The correlation of the high speed images to the stress-strain
curves showed that microcracks initiated immediately after yielding (Fig. 4.2a, b, and Fig. 4.3a). It
was found that the specimens loaded along the osteon direction showed different failure patterns as

compared to the specimens loaded along the transverse osteon direction. For the longitudinal spec-
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Figure 4.7 Representative SEM post-failure flat surface images (close to the fracture edge) of
four typical longitudinal specimens under a constant strain rate of 0.0001 s—!. Example features
are labeled: (mac) macrocrack with a crack length over 500 pm, (mic) microcrack with a crack
length smaller than 500um. Long linear macrocracks and many microcracks were observed on the
specimen with a large failure strain (a), but not on the specimens with small failure strain (c, d).

imens, the microcracking increased gradually after yielding until failure and microcracks tended
to toughen the specimens by showing strain hardening behavior. The specimens that exhibited
more microcracks were shown to absorb more plastic energy before failure and the microcracking
tended to be more localized with increasing strain rate. However, for the transverse specimens, the
microcracking instantly increased to its peak value remaining constant till failure. Strain softening
behavior was observed on the transverse specimens.

Table 4.1 Comparison of mechanical tensile properties among different investigators.

. 1 Speci Specimen Young's Ultimate Failure  Energy-absortion
Strain rate s pecimen condition Modulus (GPa) Stress (MPa) strain% capacity (10°3/m®)
Present results 0.0001-0.0012 Bovine Femur Wet 18.3-54.8 83.0-135.8 0.2-24 0.2-1.8
M.Pithious (2004) 0.5-500 mm/min Bovine Shaft Dry 11.3-17.5 105-193 0.9-1.8 NR
S.Saha (1973) 133 BovineTibia+Femur Wet 12.6 121.3 13 NR
R.D. Crowninshield (1974) 0.00167-250 Bovine Tibia Wet 11-12 110-250 3-6 3.8-6.0
J.D. Currey (1975) 0.00013-0.16 Bovine Femur Wet 22.8 107.4 NR NR
T.M. Wright (1976) 0.00053-237 Bovine Femur Wet 17.7-40.4 99.2-271.4 NR 0.4-1.3

Microcracking in bone has been shown to contribute to the rising R-curve behavior [27, 25, 17,
18, 19] because its toughening mechanism is similar to brittle materials such as ceramics [28, 29].

It was also found that microcracking tended to impair the mechanical properties of compact bone
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Figure 4.8 Representative SEM post-failure images of two typical specimens (under a strain rate
of 0.0001 s~ 1) for orientation evaluation: (a) the flat surface of the transverse specimen; (b) the flat
surface of the longitudinal specimen. Many linear microcracks were observed on the transverse
specimens compared to the longitudinal specimen with fewer microcracks; (c) the corresponding
fracture surface of the transverse specimen; (d) the corresponding fracture surface of the longitu-
dinal specimen. Smoother tearing surfaces (indicated by arrows) were observed on the transverse
specimen in compared to the rough fracture surface of the longitudinal specimen.

during cyclic loading [15, 30, 24, 16]. The present study focused on the effects of microcracking
on the mechanical behavior of compact bovine specimens subjected to uniaxial tensile loading.
For longitudinal specimens, our results agreed well with the literature [23, 21]. That is, specimen
post-yield behavior was affected by the extent of microcracking and the specimen subjected to the

low strain rate loading showed more microcracking when compared to the specimens subjected to
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Figure 4.9 Representative SEM post-failure fracture surface images of two typical longitudinal
specimens for the strain rate effects evaluation: (a), (b) osteon pullout of the specimen under a
strain rate of 0.0003s'; (¢), (d) osteon-pull out of the specimen under a strain rate of 0.0012
s~!. Osteon is comprised of the Haversian canal (pointed out by arrows) surrounded by cylindrical
lamellae. The close view images show that lower strain rate specimen exhibit rougher fracture
surface (the ridge rings pointed out by arrows (b)) as compared to the higher strain rate specimen
with a smoother tearing surface (see arrow in (d)).

high strain rate loading. The light illumination of microcracking showed that the microcracking
tended to be more coalesced in specimens subjected to a high strain rate. The steeper slope of
the microcracking illumination suggested a higher propagation speed for the high strain rate speci-
mens. Type I collagen, which is the major organic composition of bone lamellae, contributes to the
viscoelastic behavior of cortical bone. With an increase in the loading rate, the collagen tends to

be more brittle [27], which is hypothesized to cause the changing in the elastic behavior of bone,
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leading to a decrease in the energy absorption capacity. Microcracking has been shown to only
affect the post-yield behavior of bone. And with an increase in the loading rate, the point-yield
strain decreased. Thus, the effects of the post yield behavior on the overall mechanical response
of bone tended to decrease. This suggests that when tested under a high strain rate, the effects
of type I collagen on the elastic part of the stress-strain curve seemed to be the critical factor to
determine bone’s failure behavior when compared to the microcracking effects of the mineralized
bone tissue.

Although it has been found that diffuse microcracks may develop at the submicron level [31],
the hierarchical structure plays a role in determining the bone behavior [32]. At the micro struc-
tural level, compact bone can be considered as a bone matrix with osteon fiber distributed along the
longitudinal direction. Osteon resulting from bone remodeling is comprised of Haversian channels
surrounded by concentric lamellae. Osteon has less mineralization and a relatively weaker connec-
tion with the surrounding bone tissue when compared to the primary bone deposited as the bone
grows. The post-failure microstructure examination by SEM indicated that the specimens with a
higher area percentage of primary bone exhibited the ability to develop more dispersed microc-
racking than the bone with a higher area percentage of osteons. These results again agreed with
similar trends in the literature [7, 8].

Bone is a natural composite where osteons, growing along the loading axis, serve as fibers to
enhance the mechanical properties of bone [33, 34]. The orientation effects on the compression
mechanical properties of compact bone have been studied by some researchers [5, 9, 27, 35, 36].
It was found that compact bone was stronger in the longitudinal direction than in the transverse
direction and that the ultimate strength and the Young’s modulus of the longitudinally loading spec-
imens were higher than the specimens loaded in the transverse direction. Reilly [37] conducted

tensile, compression, and torsion tests on compact human and bovine bone, where the Young’s
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modulus and ultimate stress were 22 GPa and 133 MPa for the longitudinal specimen, and 11.3
GPa and 51 MPa for the transverse specimen. The corresponding measurements from the present
study were 21.8 GPa and 93.5 MPa, and 10.9 GPa and 36.2 MPa, respectively. The correlation
of the stress-strain curves and the light illumination of the microcracking showed that microc-
racking tended to toughen the longitudinal specimens and soften the transverse specimens. The
instant jump of the light intensity to the peak plateau (Fig. 4.4c, d) after yielding indicates that
many microcracks were induced on the transverse specimens suddenly. The post-failure images by
SEM further confirmed the microcracking illumination results by showing that comparatively large
numbers of microcracks with lengths up to hundreds of microns were developed on the transverse
specimens. The post-failure fracture surfaces of the two-directional specimens clearly showed the
different failure pattern of the two directions. The transverse specimens showed much smoother
fracture surfaces when compared to the longitudinal specimens, which were characterized by os-
teon pullout. This can be explained by the pullout along the osteon direction (the fiber direction
for a composite material) and would be harder than pulling by the cement line. Transverse speci-
mens showed that many microcracks instantly initiated in the cement lines, which resulted in the
stiffness loss in the specimen. The present results show that, to some extent, microcracking serves
as a toughening mechanism; but if it is over a critical value, microcracking weakens the specimen
leading to failure. It is pertinent to further investigate the toughening mechanism of microcracking

in terms of density and length from the aspect of fracture mechanics.
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4.2 Microcracking Morphology of Compact Bovine Bone Sub-

jected to Impact Loading

4.2.1 Non-notched Beam Specimens of Compact Bovine Femur Subjected

to Charpy Impact Loading
4.2.1.1 Material and Methods

All the specimens were machined out of fresh compact bovine femurs (60 months old) provided
by a local beef abattoir. The mid-diaphysis of the bovine femur was cut into rectangular samples.
During the entire machining process, the specimens were kept wet with phosphate buffered saline
(PBS) solution. After machining, the specimens were covered with gauze dipped in PBS solution

and preserved in a -20°C freezer until testing. Specimens were thawed prior to testing.

bone axis

> | -

N
Bmm Thickness d
Center

line 6mm

Figure 4.10 Bone specimens: a, A diagram shows the orientation of bone (osteon grows along
bone axis); b, Dimensions of bone specimen; ¢, A typical specimen before testing; d, A typical
specimen after testing.

The dimensions of bone specimens are shown in Fig. 4.10. To examine the microcracking
morphology subjected to impact loading, non-notched beam specimens of compact bovine femur

were loaded with an instrumented Charpy impact system under different impact energy levels.
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A tabletop Charpy impact system with light impact mass (0.6 kg) was designed to perform the
low energy (ranging from 0.1 to 2.3 J) impact tests. The Charpy impact system is shown in Fig.
4.11, 4.12. The load cell, projectile, and hammer weighed 0.6 kg. When the hammer system was
dropped at different heights, various impact energy was imposed on the tested specimens. The

projectile was perpendicular to the specimen at the moment of impact.

Load cell Projectile Upright 3-Point bending fixture Oscilloscone

Figure 4.11 Tabletop Charpy impact system.

The length of the swing bar, L, was 0.39 mm. The initial velocity was calculated as

Vinitial = szCOS 0 (41)

where 0 was the initial angle between the center lines of swing bar and the upright.
The load cell was calibrated before the testing and it yields relationships between voltage, strain

(€), force (F), and strain (€) as

1.004Voltage = 125u¢e 4.2)
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Table-on Charpy Impact Apparatus Three Point Bending Fixture

Figure 4.12 Schematic representative of the table-on Charpy impact system.

F =7.55¢ 4.3)

Thus, the velocity (v) and displacement (s) of the projectile at any time during the impact event

can be calculated as

a=F/m 4.4)
V= Vinitial + / adt (4.5)
S = Sinitial T /th (4.6)

where m is the total mass (0.6 kg) of the projectile, hammer, and load cell. Thus, impact energy

(E) can be calculated

E = /Fds 4.7)
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6mm

Figure 4.13 The locations and orders of the viewpoints examined and a sample of microscope
image.

The impact energy was set up to be 0.14, 0.31, 0.41, 0.53, and 0.67 J respectively. Four
specimens were tested in each energy level. After the tests, the tested specimens were soaked
in the basic fusion solution according to Frost’s basic fusion technique [22]. After bulk stain,
a thin section (thickness, 3 mm) was cut off from the end closest to the fracturing surface by
a band saw. The surface interested was the cross section of the beam specimen perpendicular
to the osteon growing direction. The thin sections were first polished by a Leco wafering saw
with a precision of 0.01 mm and then followed by final polishing by a Leco lapcloth polishing
machine with precision of 1 um. The final polished ground sections were 8x6x0.3 mm. Then
microcracks and microstructures of each of the ground sections were visualized and photographed

by an Olympus BHS microscope with a Spot digital camera (Diagnostics Inc). Microscopic images
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Table 4.2 Summaries of all the testing results.

Run No Impact Energy Energy Area Percentage Occupied Cracks Sample
' Applied (J) Dissipated (J) by Secondary Osteon % No. Status After Testing

E2_Run1 0.14 0.082 100 0 No. Broken
E2_Run2 0.14 0.090 31.85 0 No. Broken
E2_Run3 0.14 0.109 26.78 0 No. Broken
E2_Run4 0.14 0.088 100 0 No. Broken
E3_Run1 0.31 0.284 95 0 No. Broken
E3_Run2 0.31 0.287 90 0 No. Broken
E3_Run3 0.31 0.201 20 1.36 Broken

E3_Run4 0.31 0.306 100 0 No. Broken
E4 Run1 0.41 0.393 15 0 No. Broken
E4 Run2 0.41 0.248 5 0 Broken

E4_Run3 0.41 0.402 100 0 No. Broken
E4_Run4 0.41 0.390 100 0 No. Broken
E5 Run1 0.53 0.487 8 0 Broken

E5_Run2 0.53 0.489 20 0 No. Broken
E5_Run3 0.53 0.517 100 0 No. Broken
E5_Run4 0.53 0.511 5 0 No. Broken
E6_Run1 0.67 0.460 5 1.1 Broken

E6_Run2 0.67 0.624 25 0 No. Broken
E6_Run3 0.67 0.507 5 0.77 Broken

at different magnifications (the maximum field of view was 2.25 x 1.6 mm at magnification x5)
were taken for each ground section. The locations and orders of the viewpoints examined and a

sample of microscope image are shown in Fig. 4.13.

4.2.1.2 Results and Discussion

The testing results are summarized in Table 4.2. The relationships of impact energy with time and
impact force with time are shown in Fig. 4.14, 4.15 respectively. It was found that no specimens
fractured at the impact energy of 0.14 J; one specimen fractured at each of the impact energies of
0.31, 0.41, and 0.53 J; and three specimens fractured at the impact energy of 0.67 J. One of the
specimens which fractured at the impact energy of 0.67 J possessed pre-existing defects and was
therefore discarded and omitted from Fig. 4.14, 4.15, and Table 4.2).

Two representative post-failure microscopic images at each impact energy level are shown in
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Figure 4.14 Impact force history of bovine cortical bone subjected to Charpy impact loading at
various impact energy levels.

—E5 Run3

Figure 4.15 Impact energy history of bovine cortical bone subjected to Charpy impact loading at
various impact energy levels.
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E2 Run2 E2 Runl
No Broken No Broken
32 % 100 %
E3 Run3 E3 Run4
Broken No Broken
20 % 100 %
E4 Run2 E4 Run3
Broken No Broken
5% 100 %
E5 Runl E5 Run3
Broken No Broken
8 % 100 %

E6 Runl
Broken
5%

E6 Run2
No Broken
25 %

Figure 4.16 Representative post failure microscopic images at each impact energy level. The im-
ages are labeled with the run case number (E2_Run?2 etc), specimen status after impact (broken or
no broken), and the area percentage occupied by the secondary osteon (32%, etc.). Features are
labeled as Mic: microcrack, Osteon: secondary osteon, and Laminar: laminar structure.
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Fig. 4.16. The correlations of the microcracking numbers to the area percentage occupied by sec-
ondary osteon and the impact energy applied are shown in Fig. 4.17. The post-failure examinations
showed that no microcracks were visible when the specimen was not broken. The microcracks in
the fractured specimens were linear and were usually larger than hundreds of micrometers in length
(Fig. 4.16). Fig. 4.17a showed that no specimens fractured or no microcracks were observed when
the area occupied by secondary osteon is larger than 25%. The results showed that the threshold
energy was lager than 0.14 J. When the applied energy is between 0.31 to 0.53 J, the fracture pos-
sibility of specimens was random (Fig. 4.17b) and may rely on the microstructures of the sample.
The testing results seemed to conclude that osteon bone can sustain higher impact energy compared

to the laminar bone (Fig. 4.16).
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Figure 4.17 a, Correlation of mean microcracking numbers to the area percentage occupied by
secondary osteon; b, Correlations of microcracking to the impact energy applied.
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4.2.2 High Strain Rate Tensile Tests of Compact Bovine Bone by Split Hop-
kinson Bar(SHPB)
4.2.2.1 Material and Methods

A designed tensile Split Hopkinson Bar (SHPB) was used to conduct the high strain rate tensile
testing (Fig. 4.18). It includes an incident bar (a solid aluminum bar with a big end at the interface
with the momentum trap), a transmitted bar (a hollow aluminum bar), a striker (a hollow aluminum
cylinder sliding along the incident bar), and a striker stopper also called momentum trap (a solid
aluminum bar). The tensile specimen is placed between the incident bar and the transmitted bar
with specially designed threaded steel fixture (Fig.4.19).

The tensile specimens were machined from the fresh, compact, bovine femur following the
same method as the tensile specimens used for static tensile testing in section 4.1 and are of the
same dimensions as the specimen shown in Fig.4.1. The specimens were first glued to the fixture
with Loctite E-30CL glass bounder Epoxy adhesive and then were further fixed with four screws
in each end (Fig. 4.19). Although the specimens were kept moist with gauze soaked with PBS
solution during the preparation of the specimens for the test, the two end of the dog-bone specimen
were in dry conditions for the purpose of curing the epoxy. Thus, the conditions of the specimen
tested were considered as partially wet.

The incident bar was struck by the striker, which was powered by compressed gas. A tensile
wave was created and then propagated through the incident bar toward the specimen. Upon reach-
ing the specimen, part of the pulse was reflected back to the incident bar, and the rest of the pulse
was transferred through the specimen to the transmitted bar. The pulse transferring through the
specimen caused the deformation of the specimen. A full-bridge strain-gauge configuration was

installed on both incident and transmitted bars to capture the wave pulses traveled inside the bar.
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Figure 4.18 SHPB setup for high strain rate testing (300 900 s~ 1).

Incident bar end

Transmission bar end

Figure 4.19 A typical specimen fixture used in the SHPB testing.

The pulse waves in the incident and transmitted bars were measured as voltages through an ampli-

fier and an oscilloscope and then were converted to strain. A card-stock paper with a thickness of

0.5 mm was used for pulse shaping to obtain a clean pulse. It has been shown that, by using strong

light scattering effects of crack edges, light illuminations of the microcracks on the specimen sur-

face were observed on the specimens subjected to quasi-static tensile testing (see section 4.1) [38].

Thus, in order to visualize the fracture behavior of bovine cortical bone subjected to high strain

rate loading, a high speed camera (Phantom v12.1) with a LED panel was also set up to record the

fracture process during the SHPB testing.
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4.2.2.2 Results and Discussion

A typical incident and transmitted waves measured are shown in Fig. 4.20. It can be seen that only
a small portion of the incident pulse was transmitted to the transmission bar. This was due to the

low impedance in the bone sample and the area mismatch between the incident and transmitted bar

with the dog-bone shaped bone specimens.
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Figure 4.20 A typical incident and transmitted waves measured in the SHPB testing of bovine bone
specimens.

The stress and strain fields are derived from the classic wave theory [39]. Stress in the specimen

o — AE(g(t)+er(t)) +ArEer(t) 4.8)
A,
Strain in the specimen
C t
€= fo/o [e1(t) — er(t) — er (1)]dt (4.9)
Strain rate
C

&= (er(r) —er(t) —er (1)) (4.10)

where E is the Young’s modulus of the incident and the transmitted bar (aluminum), 70 GPa;
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€1, €r, €r 1s the incident, reflected, and transmitted strain field respectively; Ay, As, Ay 1S cross-
section area of incident bar, transmitted bar, and sample respectively; Cy is the wave speed in the
incident and transmitted bar, 5092 m/s; and L is the gauge length of the bone sample. A schematic
representation of the interfaces between incident bar with sample and sample with transmission

bar is shown in Fig. 4.21.

Incident bar Transmitted bar

Ay A3

Figure 4.21 Schematic representation of interfaces between incident bar with sample and sample
with transmission bar.

The stress and strain relationships obtained from the high stain rate tensile testing are shown
in Fig. 4.22. The correlation of the ultimate stress and the strain at ultimate stress with the corre-
sponding strain rate are shown in Fig. 4.23. The results showed that ultimate stress increased with
the increase of strain rate before a critical strain rate, 600 s~!. After passing the critical point, the
ultimate stress decreased. The average Young’s modulus measured was 20.3 GPa. The results have
a good agreement with the existing literature [11, 2, 14, 9, 40]. Crowninshiled and Pope [2] exam-
ined the response of compact bovine bone in tension at various strain rates (from 0.01 to 200 s~ 1).
Ultimate tensile stress both in longitudinal and transverse increased with the strain rate. Wright
and Hayes [14] conducted uniaxial tensile tests of cortical bovine bone at seven strain rates (from
5.3 x 107* to 237 s~!). The ultimate strength, modulus of elasticity, and energy absorption capac-
ity were found to increase with strain rates. McElhaney [11] investigated the dynamic response of
both fresh human and bovine femur subjected to dynamic compressive loading at strain rates up

to 1000 s~!. The Young’s modulus and ultimate stress increased with the strain rates. Katsmanis
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[40] used the SHPB to measure the Young’s modulus and Poisson’s ratio of human femur cortical
bone in both dynamic compressive and tensile loading. Young’s modulus in dynamic loading was
found to be higher than in static loading, but no difference was found between the Young’s mod-
ulus in tension and compression. The studies also showed that scattering of results is significant
due to its highly heterogeneous structure. The results from the literature and the current study are

summarized in Table 4.3.
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Figure 4.22 Stress-strain relationships of bovine cortical bone subjected to high strain rate tensile
loading by SHPB setup.

The maximum frame rate of the Phantom high camera is 1,000,000 FPS with a resolution of
128 x 8 pixels . The wave speed can be roughly calculated as \/E_/p The average density of
cortical bone is about 1900 kg/m> and the Young’s modulus is about 21.5 GPa. Thus, the wave
speed in cortical bone is calculated to be 3364 m/s. The length of the dog-bone shaped tensile
specimen is 60 mm. Thus, it takes about 17.8 us for the wave to pass through the specimen. It

has been demonstrated that when the raising time of the incident pulse is long enough to allow the
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Figure 4.23 a) Correlation of ultimate stress and strain at ultimate stress to the strain rate; b)The
polynomial regression model of ultimate stresses at different strain rates.

Table 4.3 Comparison of mechanical properties of cortical bone subjected to high strain rate load-
ing among different investigators.

) 1 ) . Specimen Young's Ultimate Failure Energy-absortion
Strain rate s™ Specimen Loading TYPE dition  Modulus (GPa) Stress (MPa) strain% capacity (10°3/m°%)
Present results 290-820 Bovine Femur Tensile PartiallyWet 10.5-36.8 125-348 0.3-1.2 NR
F. Ferreira (2006) 368-795 Bovine Femur Compressive Dry 9.3-19.4 223-310 15-32 NR
M.Pithious (2004) 1000 m/s Bovine Shaft  Tensile Dry 10-21.7 33-50 0.2-04 NR
F. Katsamanis (1990) 100 Human Femur Tensile Dry 18-23.3 NR NR NR
T.M. Wright (1976) 0.00053-237  Bovine Femur Tensile Wet 17.7-40.4 99-271 NR 04-13
R.D. Crowninshield (1974) 0.00167-250 Bovine Tibia  Tensile Wet 11-12 110-250 3-6 3.8-6.0
J.H. McElhaney(1966) 0.001-1500 Bovine Femur_ Compressive Wet 12.4-48.3 133-400 0729 2248

wave to reflect back and forth three to four times inside the sample, force equilibrium could be
achieved within the initial time [41, 42, 43, 44]. Thus, in order to capture the deformation process
of the bone sample during the high strain rate tensile testing, the camera has to be able to record
a video with a length of about 50-80 us (about three to four times the time required for a wave to
pass through the specimen) and with a reasonable frame rate. For the present testing, the horizontal
resolution of the high speed image was set to be 500-256 pixels and vertical resolution was 100-60
pixels. This setup yielded a frame rate of about 240,000 FPS. Typical stress-strain curves and their
corresponding high speed images are shown in Fig. 4.24.

As shown in Fig. 4.25, it took about 50 us to fracture the sample(from O to 0.003¢). The time

interval was 8 s from 0.002¢ to 0.003¢. With the current high speed camera used, there was only
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Figure 4.24 Typical stress-strain curves and their corresponding high speed images.
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Figure 4.25 The time history of strains of the specimen showed in 4.24.

one image captured at each of these two strains (Fig. 4.24)and no image captured between the two
points. Macro-cracking was visualized in the high speed image at 0.003¢ and there is no micro-
or macro-cracking observed in the high speed image at 0.002¢. There is no micro-cracking being
visualized for all the tested samples and the failure behavior followed the similar trend as the one
shown in Fig. 4.24, 4.25. It implied that the microdamage or microcracking once initiated would
coalesce and extend rapidly (less than several microseconds) to cause the catastrophic failure of the
sample. Thus, compared to the ductile failure behavior exhibited during quasi-static tensile tensile,
the failure of the bovine cortical bone subjected to high strain rate tensile testing is governed by

brittle failure. The observations agree with the existing literature [2, 14, 9].

4.2.3 Conclusion

Damage accumulation in compact bovine femur subjected to uniaxial tensile loading was examined
by strong light illumination effects of microcracking. Imaging was done using a high-speed camera
capturing images at 200 to 1500 FPS. The tensile tests were performed in a multipurpose tensile

testing system with cross-head speeds ranging from 0.5 to 10 mm/min which leads to strain rates
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of 0.0001 to 0.0012 s~ ! (physiologically relevant to walking and running [10]). The post-failure
images were examined in a scanning electron microscope (SEM); and the effects of microstructure,
strain rate, and orientation were evaluated. Correlation of the high-speed images with stress-strain
curves indicated that optically visible microcracks were most likely initiated at yielding, and the
specimens with dispersed microcracks exhibited a higher energy absorption capacity compared
to the specimens with coalesced local cracks. It was found that damage accumulation negatively
correlates to strain rate and that transverse specimens exhibited a different failure pattern com-
pared to the longitudinal specimens. Strain hardening and softening were found in the longitudinal
and transverse specimens respectively. The microcracking in the transverse specimens instantly
increased to a peak after yielding compared to the gradual growth until failure in the longitudi-
nal specimens. The average Young’s modulus (21.5 GPa) and ultimate stress (93.5 MPa) of the
specimens loaded in the longitudinal direction were more than twice that of the specimens (10.9
GPa and 36.2 MPa respectively) loaded in the transverse direction. The current technique has
shown potential in relating real time damage accumulation in bone samples subjected to the static
tensile loading condition. This information will be helpful in relating the role of micro-damage
accumulation in initiating failure and remodeling in bone.

The microcracking morphology of compact bovine femur subjected to impact loading was in-
vestigated by an instrumented Charpy impact system under different impact energy levels. The
post failure examinations were performed by a bright-field microscope. The microcracks were
counted for each of the samples and were correlated to its microstrutures. The results showed that
no samples were broken under the impact energy of 0.14 to 0.67 J when the area percentage occu-
pied by the secondary osteon was higher than 25 %. The microstructures of the broken specimens
featured as laminar structures. The threshold energy for the non-notched rectangular specimens

was larger than 0.14 J. The experiments showed that osteon bone can sustain higher impact energy
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compared to the laminar bone.

The microcracking morphology and high strain rate failure behavior of compact bovine femur
subjected to high strain rate tensile loading were studied through a designed tensile SHPB system.
The ultimate stress and strain at ultimate stress were measured to be in ranges of 125-348 MPa
and 0.3-1.2 mm/mm respectively with a strain rate of 290-820 s~!. The Young’s modulus was in
the range of 10.5 to 36.8 GPa. The ultimate stress was found to increase with strain rate. The
fracture processes were recorded through a high speed camera with a frame rate of about 240,000
FPS. The high-speed images were synchronized to the stress-strain curves. Unlike the static tensile
testing, no optically visible microcracks were captured during the high strain rate tensile testing.
The results indicted that the failure of the cortical bovine bone was governed by brittle failure at
a high strain rate. The microdamage initiated and coalesced in a short period of time (less than
several microseconds) to cause the catastrophic failure of the sample.

In conclusion, the experiments showed that the microcracking toughening mechanism is the
major toughening mechanism of cortical bone in low strain rate loading. In an impact or a high
strain rate, the failure behavior depends more on its micro-structure. In the next chapter, the corre-
lation between the microstructures and the macro performance of osteon bone is studied through

computational methods.
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Chapter 5

Investigating the Fracture and Toughening
Mechanism of Cortical Bone Using XFEM

and Multiscale Modeling Methods

5.1 Introduction

Osteon (also called secondary osteon) is the major bone unit of cortical bone in the microstruc-
ture level (from 10-500 um) [1]. The primary constituent of osteon bone is osteon, which grows
along the loading axis and comprises a center Haversian system surrounded by cylindrical lamel-
lae formed by collagen fibrils and embedded mineral in nanostructure level (from a few hundred
nanometers to 1 gm). Osteon bone resembles the fiber-reinforced composite with a higher Young’s
modulus and tensile strength along the osteonal direction or the loading axis, and lower ones in the
transverse direction which is perpendicular to the loading axis. The boundary between osteons and
surrounding bone tissue (interstitial bone), called the cement line, exhibits different morphology
and composition compared to its surrounding osteon [2] and is hypothesized to serve as a barrier
or ductile interface between osteons and interstitial bone. Although extensive studies have been
focusing on the fracture and toughening mechanism of cortical bone, the correlations between mi-

crostructure and microcracking, fracture toughness, and failure mechanism of bone has not yet
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been fully understood.

It has been shown that crack deflection, microcracking, and uncracked ligament bridging are
the major toughening mechanisms of cortical bone [3, 4, 5, 6, 7]. Micocracking formed ahead of
the crack tip increasing the inherent fracture resistance of bone is the intrinsic toughening mech-
anism; the uncracked ligaments operated in the wake of the crack tip preventing the two newly
formed crack edges from falling apart is the extrinsic toughening mechanism. The raising R-curve
behavior observed [8, 6, 7] is believed to be due to contributions of the above two toughening
mechanisms. The deflection of cracks is potentially due to the interference of cement lines, which
prevent cracks from penetrating through osteons to lead to a catastrophic failure. A cement line is
shown to be of lower mineralization compared to its surrounded osteon [9]. Thus, this soft interface
separates osteons from interstitial bone to prevent microcracks from propagating into osteons. The
above hypothesis supports the claim that osteon bone has a higher fracture toughness compared to
primary bone, although its Young’s modulus and strength is lower than the primary bone [10].

Limited in the ability to capture moving microcracks, differentiate the roles of bone con-
stituents, and bridge macro- and micro-scale mechanics, experimental methods alone seem unable
to provide full insight into the fracture and toughening mechanism of bone. Thus, finite element
modeling (FEM) has been widely used in bone fracture study. Cohesive element with linear frac-
ture mechanics method (LFEM) [11] is one of the major techniques used to study the interaction of
microcracking and microstructure. Although the cohesive element method is capable of capturing
interface delaminating behaviors, the cracking path is specified and is mesh dependent. Thus, it
may not be applicable in the case of path independent microcracking.

A newly developed FEM technique, XFEM, solved the singular problems at the crack tip by
adding a discontinuous jump function across the crack surfaces to the traditional shape function

[12, 13, 14]. XFEM does not require conforming mesh to the geometry of discontinuities and
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cracks can propagate along an arbitrary path. Thus, XFEM is suitable for modeling fracture of
cortical bone.

In the present dissertation, the XFEM technique for discontinuities is used to investigate the
interaction between microcracking, fracture, microstructure, and its mechanical properties. The
fracture toughness of a compact tensile specimen (CTS) of cortical bone is simulated. The simula-
tions studied the significant role of cement lines in cortical bone fracture mechanism by calculating
fracture toughness at various modulus ratios, various fracture energy ratios, and initial damage ra-
tios of cement line and osteon. The osteon size effect on the fracture toughness is also investigated.
To study the role of density and size of osteons and the properties of each constituent on the tensile
strength of cortical bone, a multiple-scale modeling approach [15] based on the classical homoge-
nization scheme was used to investigate the tensile behavior of cortical bone subjected to uniaxial
tensile loading. To evaluate the orientation effects, the simulated compact bovine was loaded in the
longitudinal and transverse directions, respectively. Lastly, a semi-concurrent modeling scheme for
impact testing simulations was developed and implemented in ABAQUS/EXPLICIT 6.11 to study

the role of cement lines on the impact behavior of bone.

5.2 Methods

5.2.1 Multi-Scale Modeling of Uniaxial Tensile Testing

The multiscale modeling approach proposed by Kouznetsova [15] bridges the microstructure to
the macroscale behavior by the classic computational homogenization scheme [16, 17]. The de-
formation gradient from the macro-model is imposed on the microstructural representative volume
element (RVE) to form a microscopic boundary value problem. The results obtained by solving

the microscopic boundary problem are the variable input to compute the macroscopic output.
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The scheme of macro-micro-macro transition relies on three hypotheses: volume averaging
theorem, separation of microscale and macroscale, and the global periodicity. The macro-micro
couplings including deformation gradient coupling, stress coupling, and internal energy coupling
are implemented by the volume averaging theorem. The deformation gradient coupling [15] can
be determined from the following equations:

The stress couplings

1
Fy = —/FdeO (5.1)
Vo
Vo
1
Py=— [ P,dV (5.2)
Vo
Vo
o L pyer] (5.3)
= — [ ] .
M= det(By) MM
The internal work coupling
1
7 / P, :SErdvy =Py : SFT (5.4)
0

where Vj is the initial RVE volume; F); is the macroscopic deformation gradient tensor; F,, is
the microscopic deformation gradient tensor; Py is the macroscopic first piola-Kirchhoff stress
tensor; P, is the microscopic first piola-Kirchhoff stress tensor; oy is the macroscopic Cauchy
stress tensor; and Gy, is the microscopic Cauchy stress tensor.

The separation of two scales requires that the dimension of RVE must be much smaller than the
dimension of the macro-model so that the gradient is constant for RVE. Based on the continuity

condition of composite materials, a periodic boundary condition is assumed [15].
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Figure 5.1 Schematic picture of the corner nodes numbering for a RVE in 3D view.

The computational homogenization multiscale problem can be solved numerically using the
FEM method. Fig. 5.1 shows a schematic 3D RVE with the numbers of the 8 corner nodes. The
corner nodes of 1, 2, 4, 5, are the master nodes. In order to preserve the periodicity of RVE at
the deformed state, the displacements of the master corner nodes and the surface pairs (top and

bottom, right and left, and front and back) should be correlated as follows [15]:

L_itap = ﬁbotlom + ﬁS - l_jl (5.5)
ﬁright = ﬁleft + iy — 10 (5.6)
ﬁfronl = ﬁback + ﬁl - ﬁ4 (57)

where i1, i, il4, Us are the initial displacement vectors of the four master corner nodes; the i,
and Uporroms Urighr and Uje fr, U frons and lpger are the initial displacement vectors for the perspective

pair of nodes on the three pair of surfaces.
Thus, the above applied constraints implied that the total deformation of the RVE can be im-

posed by the displacement of the four corner nodes. PY and 6 can be computed by [15]
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1 - ZYEN o o 2 RN 1 -,
Pu = o { Fiso, + fiFo, + fifo, + fifo, b = o X fox, (5.8)
Vo Vo ,—1745
p=1,24,
1 2 o h 2N 2PN 1 -
ou =5 { fid + fima+ fita+ s} = €%, (5.9)
p=1,245

where f), is the reaction external forces acted on four corner nodes, 1,2,4,5. Tangent stiffness tensor

can be computed as [15]

1 ~ i~ LT
G = L L (oK) P e (5.10)
ij
1
0Ty = 4C1f,[ :Dgy v = det(Fy)oy Dy = E(LgM —|—L§M) (5.11)

where K;& is the component of RVE reduced stiffness matrix,Ky,,*IS, and *I are the symmetric
fourth-order unit tensor and fourth-order unit tensor, respectively.

In the microscopic level, osteon with a central canal (Harvension system), cement line, and
interstitial bone (matrix) are the three major continents of osteon bone. Fig. 5.2a shows a typical
microscopic image of a bovine cortical bone. A microstructural RVE for osteon bone chosen to
represent the microstructure of cortical bone in the multiscale modeling is shown in Fig. 5.2b.
The RVE was cubic with a dimension of 500x500x500 mum. The diameters of the central canals
and width of the cement lines were kept as constant values, 35 mum and 5 mum respectively. The
diameters of osteons were selected in the range of 100 to 200 mum [14]. The various microstructure
configurations for the RVE are summarized in Table 5.1. To study the osteon size effects, the area

percentage occupied by the secondary osteon was kept constant and the diameters of the osteons

were varied (Cases 1 to 4 (longitudinal direction) and Cases 5 to 8 (transverse direction) in Table
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5.1). To study the effects of the area percentage occupied by osteons, the diameter of osteons
were kept constant and the area percentage was varied (Case 4&9, longitudinal direction and Case
8&10, transverse direction). All the microstructure configurations were generated by a MATLAB
code with random distributions of osteons in the matrix. The dimensions and loading conditions of
the macro-model resembled the uniaxial tensile testing by Zhang [18]: a dog bone specimen with
dimensions of 60x8x2 mm was loaded in a constant speed of 0.1 mm/s.

a) b)

] Osteon
- Cement Line

[ [Interstitial bone (matrix)

Figure 5.2 a) Microstructure of cortical bone: 1) Osteon, 2) Cement line, 3) Interstitial bone, b)
RVE.

Table 5.1 Cortical bone with various microstructures simulated in the uniaxial tensile testing.

Area Percentage

Case Numbers of Diameter of . Loading
Occupied by : .
No. Osteons Osteon (mm) Direction
Osteon %

1 3 0.19271 35 Longitudinal
2 5 0.14927 35 Longitudinal
3 7 0.12616 35 Longitudinal
4 10 0.10555 35 Longitudinal
5 3 0.19271 35 Transverse
6 5 0.14927 35 Transverse
7 7 0.12616 35 Transverse
8 10 0.10555 35 Transverse
9 5 0.10555 175 Longitudinal
10 5 0.10555 17.5 Transverse

The simulations were implemented by the commercial FEA software ABAQUS/Standard 6.11

with two user subroutines coded by FORTRAN, which was compiled by Intel (R) Visual Fortran
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Compiler Version 11.1.072. The materials of the RVE components were defined by using the
ABAQUS built-in material models. Osteons and interstitial bone (matrix) were treated as trans-
versely isotropic and cement lines were treated as isotropic. The material properties of osteons and
interstitial bone (matrix) used in the simulations are shown in Table 5.2.

Table 5.2 Elastic properties of osteon and matrix.

Elastic Properties Osteon Matrix
Er (GPa) 11.51 12.66
E;, (GPa) 20.71 22.78
vr 0.17 0.153
VL 0.18 0.162
G, (GPa) 8.4 8.4
Grr (GPa) 3.57 3.93

5.2.2 Characterizing the Fracture Toughness of Cortical Bone with Various

Microstructures by XFEM

The dimensions and meshes of the C(T) specimen [19] simulated are shown in Fig. 5.3. It included
two parts: Part 2, the area within the crack front, was the concerned zone; Part 1, the area away
from the crack front, was less concerned. Thus, Part 2 was modeled with detailed microstructures
of cortical bone including osteon, cement line, and interstitial bone, while part 1 was modeled
as a bulk bone matrix. Boundary surfaces between Part 1 and Part 2 were tied together. The
microstructures were created using the same method described in the previous section, as well
as the dimensions of the three constituents also followed the same rules in the previous sections.
The loading conditions complied to the ASTM E399 [19] by fixing the three translation degrees
of freedom of one loading hole and moving another loading hole in z direction (Fig. 5.3) with a

constant low speed (1 mm/s).
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Figure 5.3 Meshes and dimensions of the C(T) specimen: a) Schematic drawing of C(T) specimen
(Part 2 is the concerned zone with detailed microstructures of osteon bone; Part 1 is represented
with bulk bone matrix without showing detailed microstructures): a=70 mm, W=140 mm, B=0.5
mm; b) Meshes of the C(T) specimen; c¢) Schematic drawing of the concerned zone (Part 2): 1:
osteon, 2: cement line, 3: interstitial bone, d) Meshes of Part 2.

The fracture toughness, K¢ (MPa.ml/ 2), is calculated as [19]

Ko = (PQ/BW1/2> o fla/W) (5.12)

where

(24a/W)(0.886 +4.64a/W —13.32a>/W? +14.72a3 /W3 — 5.6a* /W*)
(1—a/w)*?

fla/w) = (5.13)
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Py is the load (kN) determined from the load-displacement curve following the rule of ASTM
E399 [19]; B is the specimen thickness (cm) as shown in Fig. 5.3; W is the specimen width (cm)
as shown in Fig. 5.3; a is the crack length (cm) as shown in Fig. 5.3.

The simulations were implemented by the commercial FEA software, ABAQUS/Standard. As
quasi-brittle material, the fracture of cortical bone has been shown to be strain controlled [4]. Thus,
the maximum principal strain failure criterion was chosen for the criterion of damage initiation
and a mixed-mode, energy-based damage evolution law was chosen for the criterion of damage

propagation. Initiation occurs when the maximum principal strain reaches a critical value (€2, )

f= 2‘0‘3) (5.14)

max

The relevant material data for the damage initiation and propagation of cortical bovine bone
are as follows [14, 11]: o;?lax = 40MPa, Gjc = 1374N/m, Gyjc = 4016 N/m, Gij;c = 4016 N/m.
Where Gj¢ is the normal mode fracture energy, Gyjc is shear mode fracture energy for failure in
the first shear direction, and Gyjc is the shear mode fracture energy for failure in the second shear
direction. Since there is a lack of respective material data for individual constituents, it is assumed
the osteon has the same properties as above, and the matrix takes a 10 percent increase of the
matrix principal stress and a 10 percent decrease in Young’s modulus. By changing the cement
line properties, various configurations are studied to evaluate the interface effects on the fracture

toughness of osteon bone.
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5.2.3 Semi-Concurrent Multi-scale Modeling Approach for Modeling Im-

pact Testing on Cortical Bone by ABAQUS/EXPLICIT

To investigate the role of cement lines on the impact behavior of bone, a semi-concurrent modeling
scheme for impact testing simulations was developed and implemented in ABAQUS/EXPLICIT
6.11. The stress coupling in this approach is also based on the averaging theorem used in the
computational homogenization scheme [15, 17, 20, 21]. It provides correct results only when the
localization in RVE is absent. Thus, this method cannot predict failure. In this work, a method
was developed to perform a halfway coupling from the macro-model to the micro-model. The
boundary conditions of macro-model were passed to the micro-model through shape functions.
Thus, deformation of the micro-model was concurrent to the macro-model. The analysis result of
the micro-model provided an insightful view of how cement lines and osteons reacted to impact
loading.

ABAQUS/EXPLICIT uses the explicit method [22] to solve dynamic equilibrium equations at
each time increment, which does not enforce equilibrium of the internal forces with the externally
applied loads. It updates the stiffness matrix based on geometry changes and material changes at
the end of each time increment and then uses this stiffness matrix to calculate the next increment of
load (or displacement) applied to the system. Thus, to avoid the drifting of results from the correct
solution, a small time increment should be used in ABAQUS EXPLICIT. ABAQUS/STANDARD
enforces equilibrium at each time increment by Newton-Raphson iterations. Thus, large time in-
crement could be used in ABAQUS/STANDARD. However, it would require a reconstruction and
a tangent stiffness matrix inversion at each iteration. The construction of the stiffness matrix can be
computationally costly. Choosing the correct solver based on the analysis type is important for im-

proving the accuracy and time efficiency of a FEM analysis. ABAQUS/EXPLICIT works better for
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impact problems and is chosen as the solver for the semi-concurrent approach.The computational

framework of the semi-concurrent multi-scale modeling scheme is shown in Fig. 5.4.

Macro-model

« Projectile

— = =
e
e e e e e
S G e e
"-'.'
LT
)

i

Micro-model

Boundary value problem

Figure 5.4 Computational framework of the concurrent multi-scale modeling scheme.

The plate simulated in the macro-model was a quarter of a plate with dimensions of 25x25
mm. The two surfaces of the corner under the projectile (Fig. 5.4) were simulated as symmetric
along the x and y axes. One of the remaining two surfaces of the plate was set free, and another
was fixed in the z direction. The plate was meshed with the element size equaling the size of
RVE, 500x500x500 um. A linear brick element with reduced integration point was chosen as
the element type for both of the macro-model and micro-model. At each time increment, the
boundary conditions of each element in the macro-model were passed to the 8 corner nodes of
a corresponding RVE through ABAQUS subroutines. Then, in the micro-model, the boundary
conditions of all the surface nodes were mapped through the nodal displacements of the 8 corner

nodes of the RVE by the first order brick shape function

113



u=(1/8)(1=g)(1=h)(1 =rjur +(1/8)(1+g)(1 —h)(1 —r)us
+(1/8)(1+g)(14+h) (1 —rjus+(1/8)(1 —g)(1 4+ 1) (1 —r)us
+(1/8)(1—=g) (1 =h)(1+r)us+(1/8)(1+g) (1 —h)(1+r)us

+(1/8)(1+g)(1+h)(1+r)uz+(1/8)(1 —g)(1 —h)(1+r)ug (5.15)

where uy, up, us, ug, us, ug, U7, ug are the displacements of the 8 corner nodes passed from the

macro-model; g, h, r are the local coordinates inside of RVE (Fig. 5.5).

w“«
e ——— R ——— ]

4
7 B e b3

P
2
e 2
% 5

Figure 5.5 Schematic picture of RVE with both local and global coordinate systems.

Through the nodal mapping of the isoparametric interpolation, the boundary conditions of each
element in the macro-model were copied to RVE. The advantage of this method is that the peri-
odicity and continuity conditions are persevered without applying the prescribed linearly periodic
boundary conditions for RVE in the traditional computational homogenization scheme [15, 17, 20].

The average stress theorem was applied to the first Piola-Kirchhoff stress tensor as well as the
Cauchy stress tensor. For the macro first Piola-Kirchhoff stress, Py, is given in terms of micro first

Piola-Kirchhoff stress P,, as
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1
Py=— | P,dV (5.16)
0V

where V) is the initial volume of RVE. After applying the divergence theorem, the Py can be

calculated as [15, 17]

1
Py = —/ pxodly (5.17)
Vo Jr,

where p = 7iy - PL is the first Piola-Kirchhoff stress vector; xo is the position vector; Iy is the
surface of RVE.

After applying the boundary conditions, Py, is further simplified as

1 re— re= re= re= 1 Ze .
PMZVO{flexm"f_fszz + f3Xo, £ fnxon} :V_O Z fpxp (5.18)

where f; is the reaction (resulting) external forces acted on the surface nodes of RVE [15, 17]. The

Cauchy stress tensor oy then can be calculated as

1

= Py - F 5.1
det(Fy) M '™ (5.19)

OMm

where Fj; is the deformation gradient at the integration point of element in the macro-model.
The concurrent multiscale framework was implemented through ABAQUS/EXPLICIT through
subroutine Vumat, Vdisp, and ABQMAIN. The flow chart showing the numerical implementation
of the framework is shown in Fig. 5.6.

When Vumat was called at each integration point at every time increment, the nodal displace-
ments (obtained through user subroutine *Post_macro.for’) of the element containing the integra-
tion point was passed to the subroutine Vdisp. In the meantime, the deformation gradient of the

integration point was passed to "Post_micro.for’ for calculating Cauchy stress. Then the Cauchy

115



ABAQUS
Macro-model

ABAQUS
Miro-model

macro_impact.inp micro_structure.inp
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integration point i
..................... ! END DO
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Figure 5.6 Numerical implementation flow chart of the concurrent multiscale modeling scheme in
ABAQUS/EXPLICIT
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Table 5.3 The geometric parameters and elastic properties of RVE for all the cases studied.

Case No. 1 2
Young's Modulus of Osteon
E,/E, (GPa) 11.51/20.71 11.51/20.71
Young's Modulus of Matrix
E,/E, (GPa) 12.66/22.78 12.66/22.78
Young's Modulus of Cement Line 11.51/20 71 5 755
E (GPa)
Poisson's Ratio of Osteon 0.17/0.18 0.17/0.18
vilvg
Poisson’s Ratio of Matrix 0.153/0.162 0.153/0.162
vilvg
Poisson's Ratlovof Cement Line 0.17/0.18 04
Shear Modulus of Osteon
G;,/G-(GPa) 8.4/8.4 8.4/8.4
Shear Modulus of Matrix
G.,/G-(GPa) 3.57/3.93 3.573.93
Shear Modulus of Cement Line
G1./G(GPa) 8.4/8.4 N/A
Numbers of Osteons 5 5
Diameter of Osteon (mm) 0.14927 0.14927
Area Percentage Occupied
by Osteon % 35 35
Loading Direction Transverse Transverse

stress tenser was sent back to Vumat to complete one loop of analysis.
The geometric parameters and elastic properties are shown in Table 5.3. The geometry and
mesh of the macro-model and micro-model are shown in Fig. 5.4. The mass of the projectile is 3.2

g and the impact speed is 300 m/s.

5.3 Results

5.3.1 Multiscale Modeling of Bovine Bone under Uniaxial Tensile Loading

The effective Young’s moduli (both longitudinal and transverse directions) of osteon bone were

calculated by the classical homogenization scheme to study the effects of osteon size and area
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percentage occupied by secondary osteons on the macro performance of cortical bone. The sim-
ulations resembled the real life uniaxial tensile testing with fixing the bottom of the dog-bone
specimen and moving the top end with a constant speed of 0.1 mm/s. The reaction force at the top
end is used to calculate engineering stress and the displacement at the top end is used to calculate
the engineering strain. Fig. 5.7 shows both of the longitudinal and transverse Young’s moduli
decrease with an increase in osteon quantity (decrease in osteon diameter).The stress contours of
a macro-model and the unit cell corresponding to one integration point are shown in Fig. 5.8 to
illustrate how the unit cell interacts with the macro-model. To study the effects of the area occu-
pied by secondary osteon, another two cases with area percentage occupied by secondary osteon

of 17.5% were studied. All calculated Young’s moduli for various cases are summarized in Table

5.4.

21 b) 12

Young's Modulus (GPa)
®
Young's Modulus (GPa)
]
*
*

17 | 951
9 4
16
85
15 T T T T T 8 T T T T T
(1] 2 4 6 8 10 12 1] 2 4 6 8 10 12
Numbers of Gsteon Numbers of Gsteon

Figure 5.7 Effective Young’s modulus versus osteon size for cortical bone with 35% area occupied
by secondary osteon: (a) Longitudinal direction (b) Transverse direction.

5.3.2 Characterizing the Fracture Toughness of Cortical Bone with Various

Microstructures by XFEM
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Figure 5.8 Stress contours of a macro-model and the unit cell corresponding to one of the integra-
tion points in macro-model: a) Longitudinal direction; b) Transverse direction.

Table 5.4 Summaries of calculated Young’s moduli and their corresponding microstructures.

Young's Area Percentage

Case Numbers of Diameter of . Loading
No Modulus Osteons Osteon (mm) Occupied by Direction
) (GPa) Osteon %

1 20.01 3 0.19271 35 Longitudinal
2 19.72 5 0.14927 35 Longitudinal
3 19.44 7 0.12616 35 Longitudinal
4 19.00 10 0.10555 35 Longitudinal
5 10.92 3 0.19271 35 Transverse
6 10.60 5 0.14927 35 Transverse
7 10.30 7 0.12616 35 Transverse
8 9.81 10 0.10555 35 Transverse
9 20.25 5 0.10555 175 Longitudinal
10 10.81 5 0.10555 17.5 Transverse

It has been shown in the literature[10, 3, 4, 5]that the microstructure of cortical bone has strong
effects on its fracture toughness. The cement line seems to serve as a barrier to stop the microcrack

from propagating through osteons. Although the osteon bone shows a lower Young’s modulus
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and tensile strength than primary bones, the matrix-cement line-osteon microstructure enhances
its resistance to fracture. Thus, in this section, the fracture toughness of various microstructure
configurations was evaluated to study the interaction of osteon-cement line-interstitial bone with
cracking. The force-displacement curves and the calculated fracture toughness for various config-
urations are shown in Fig. 5.9. The results for all the simulated configurations are shown in Table

5.5.

Fracture Toughness
(Mpa m1/2)

0 T T

0 0.1 0.2 0.3
Displacement (mm)

1 2 3 4 5 6
Case No.

Figure 5.9 a) Force-displacement curve; b) Calculated fracture toughness.

Table 5.5 Summary of fracture toughness for all the cases studied.

Case No. EcJ/Eo Gc/Go  &cleo Orientation K (MPa.m"?)
1 0.5 1 2 Transverse 6.6
2 0.5 1 1 Transverse 57
3 1 1 1 Transverse 5.51
4 0.5 0.5 1 Transverse 5.71
5 2 1 1 Transverse 5.67
6 0.5 1 0.5 Transverse 3.9

The maximum principal stress contours at the last increment of four studied cases are shown in
Fig. 5.10. The top four contours show the crack extension on the CT specimen surface, the middle
four contours show the crack extension in the osteon fibers, and the last four contours show the
crack extension in the cement line. As shown in Table 5.5, the Young’s modulus of the cement line

is half that of the Osteon for Case 1, which yielded to a highest fracture toughness of all the cases
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Figure 5.10 Stress contour at the last increment of the four of the cases (Case 1, 3, 4, and 5) studied
in the CT fracture toughening simulations
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studied. The second highest fracture toughness is Case 4 in which the Young’s modulus is also half
that of the osteon. The contour plots in Fig. 5.10 give an insightful view of how cracks propagated
through the osteons and cement lines inside the bone matrix. It shows that cracks only propagated
through the first two layers of osteons in Cases 1&4, and cracks penetrate three layers of osteons in
Cases 3&5. The contours also showed that cracks tended to deflect along the longitudinal direction
of osteons in Cases 1&4 instead of extending across osteons.

The fracture toughness of each simulated configuration at different crack extension was also

calculated. The results are shown in Fig. 5.11.
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Figure 5.11 Fracture toughness versus cracking extension.

5.3.3 Semi-Concurrent Multi-scale Modeling of Impact Testing on Cortical

Bone

The boundary conditions applied to the micro-model were passed from the element 25 of the
macro-model (Fig. 5.12) at step time 0.6 ms. The results of the two cases (Table 5.5) studied

are shown in Fig. 5.13. It can be seen that the maximum tensile stresses in osteons 3&4 were
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constrained to the osteons (see the stresses contour in the top figures in Fig. 5.13). However, in
Case 1 the stresses in the two osteons extended to the surrounding interstitial bone. Furthermore,
tensile stress zones were observed in Osteons 3&5 in Case 1, but not in Case 2. The results
indicated that soft interface introduced by cement lines interfered with the wave traveling inside
the bone. It worked as a barrier to separate osteons from the surrounding bone. Therefore, the
cracks and failure were constrained in the local area, which prevented the macroscopic failure of

cortical bone.

Element 25 Macro-Model
Deformed Contour at 0.6 ms

Figure 5.12 Geometry and mesh of macro-model of impact testing simulated.

5.4 Discussion

The multiscale modeling using classical homogenization method for evaluating the material prop-

erties of heterogeneous materials [23, 24, 25, 17, 20, 16] was used to evaluate the macroscopic
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Figure 5.13 Stress contour of the two micro-models studied at impact time of 0.6 ms.
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Young’s modulus of cortical bone with various microstructure configurations. The Young’s mod-
ulus in both longitudinal and transverse directions was found to decrease with the increase of
numbers of osteon or decrease of the diameter of osteon with a constant area percentage occupied
by secondary osteon. The reason is that increasing the numbers of osteon increases the porosity of
the cortical bone because each osteon comprises a central canal, Harvention system.

The results also showed that macroscopic Young’s modulus in the longitudinal direction de-
creased with the area percentage occupied by the secondary osteon with a constant osteon size.
The results agree with the experimental observations in the literature. Saha and Hayes [10, 26]
measured the tensile strength and the modulus of elasticity, which was found to be negatively
correlated with the area percentage of secondary osteons.

However, the central canal and cement effects on the Young’s modulus in the transverse direc-
tion are slightly different than in the longitudinal direction. The Young’s modulus is 10.81 GPa
with an area percentage of 17.5 and 5 osteons (Case 10). This value is slightly lower than the value,
10.98 GPa, with an area percentage of 35 and 3 osteons(Case 6) but larger than all the other cases.
Thus, it seems that there exists an optimal diameter of osteons for the Young’s modulus in the
transverse direction. This difference between the effects of area occupied by secondary osteons on
the Young’s modulus of longitudinal and transverse directions is likely due to the effect of cement
lines. Case 6, 7, and 8 include more osteons or more soft interfaces than case 10. Thus, lower
Young’s moduli were observed in Case 6, 7, and 8 than Case 10. However, compared to Case 10,
Case 5 comprised less cement lines. Therefore, Case 5 exhibited a higher Young’s modulus than
Case 10. The experimental results of the uniaxial tensile testing of cortical bone in Chapter 4 also
showed that cement lines weaken the cortical bone in transverse direction with that many micro-
cracks instantly initiated in the cement lines resulting in a quick stiffness loss in the transverse

specimen.
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The fracture toughness of cortical bone was evaluated by XFEM method to investigate the role
of cement lines in the fracture process of cortical bone. The fracture toughness calculated for all
the cases studied are in the range of 3.9-6.6 MPa.m'/2 (Table 5.5). The results agree with the
literature [4, 3, 7]very well. The results also showed that a case with a Young’s modulus of cement
lines half of its surrounded osteon and a cracking initiation stain double of the surrounded osteon
exhibited the highest fracture toughness among all the cases studied. However, a brittle cement
line interface seemed to decrease the fracture toughness. The results agree with the experimental
observation that the cement line acts as a barrier to stop or deflect the crack propagation. Crack
deflection, microcracking, and uncracked ligament bridging are the major toughening mechanism
of cortical bone [4, 3, 7, 6, 8, 5]. The simulations support the hypnosis that the osteon-cement
line-interstitial bone has benefits in the bone fracture process and properties of cement lines play a
critical role in it.

The effects of fracture energy including normal modes and two shear models of cement lines
on the fracture toughness of the C(T) specimen were also evaluated. In Case 4 and Case 2, all the
other factors are kept the same besides the values of fracture energy. However, very close results
were obtained for Case 2 and 4. Compared to the fracture initiation criterion, fracture evolution
seemed to have less effect on the results.

The rising fracture resistance with the crack extension was also studied. The fracture toughness
versus crack extension is plotted in Fig. 5.7. Linear regression lines are added to each case.
The fracture toughness at zero crack extension for all the configurations studied was the same,
2.72MPa.m"/?. This is due to the first layer at the precrack front was the interstitial bone, which
has the same material properties for all the cases. After crack initiation, rising R-curve behavior
was observed all the cases, which agrees with the literature very well [4]. Each case exhibited a

different rising slope. Case 1 with a soft and ductile interface showed the steepest rising R-curve

126



and case 6 with brittle interface seemed to exhibit a most flat rising R-curve among all the cases.

The role of cement lines on the impact behavior of cortical bone was also evaluated through the
use of semi-concurrent modeling approach. The results showed that a RVE with a soft interface
introduced by cement lines exhibited less damage in both interstitial bone and osteons than the
RVE without cement line. Thus, the soft interface also benefits impact behavior of cortical bone,
which may explain the higher impact resistance of osteon bone observed in the Charpy impact
testing in Chapter 4.

Osteon bone comprising three constituents (secondary osteon, cement line, and interstitial
bone) in the microscopic level is hypothesized to exhibit fiber-reinforced composite material be-
havior. With different morphology and composition compared to its surrounded osteon, the cement
line is assumed to act as a barrier or soft interface to prevent microcrack penetrating through osteon
to lead to a catastrophic failure. Understanding the micro interactions between cement, osteon, in-
terstitial bone, and micorcracking helps disclose the fracture mechanism of cortical bone. In the
present paper, the correlation between the micro components and the macro performance of os-
teon bone was studied using multi-scale modeling methods and XFEM technique. By using the
classical computational homogenization method, the tensile moduli of cortical bone with various
microstructures were evaluated. The Young?s moduli in both longitudinal and transverse directions
were found to have a positive correlation with the diameter of osteons when the area percentage
occupied by secondary osteons was kept constant. And Young’s modulus in longitudinal direction
was found to decrease with the increase of the area percentage occupied by secondary osteons.
However, it seems that there exists an optimal diameter of osteons benefiting the Young’s modulus
in the transverse direction due to effects of the weaker interface introduced by cement lines. The
fracture toughness of cortical bone with various micro configurations was characterized using the

ABAQUS/XFEM technique. The highest fracture toughness was the case with a soft and duc-
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tile cement line interface. Raising R-curve behavior was observed. A semi-concurrent modeling
scheme for impact loading simulations was developed and implemented in ABAQUS/EXPLICIT
6.11 to investigate the role of cement lines on the impact behavior of cortical bone. The study
showed that soft interface introduced by cement lines interfering with the wave traveling inside the
RVE (representative volume element) resulted in a mitigating in the micro damage compared to

the RVE without cement lines.
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Chapter 6

Conclusion

6.1 New and Original Contributions Made

Low velocity drop weight impact tests were conducted to evaluate the threshold conditions in-
dicating the onset of damage and failure mechanism of monolithic and bi-layered PMMA and
PC plates. A material model based on the Arruda and Boyces physical model for amorphous
polymers was coded and implemented in ABAQUS/EXPLICIT to predict the strain rate and pres-
sure dependent behavior of polymers. The impact behavior of monolithic PMMA and PC and
layered PMMA/PC laminate at low and high impact loading were numerically investigated by
use of ABAQUS/EXPLICIT. The failure mechanism, crack pattern, and energy dissipation were
transversely compared. The FEM simulation provided a comprehensive insight into the energy
dissipation and toughening mechanism of the impact events. An optimal design was performed
interactively using the optimization tool in MATLAB and commercial finite element modeling
(FEM) software ABAQUS/EXPLICIT to study the effects of aspect ratio, material properties of
PMMA and PC, etc., on the toughening mechanism of the laminate panel. This work serves as a
design tool for effectively choosing materials and structures for optimizing ballistic performance
of ceramic-plastic laminate-based armor.

The prior literature on bone failure and fracture mechanism showed that the microcracking
toughening mechanism is one of the major toughening mechanisms of cortical bone by use of

the post-processing microcracking detection technique. In this research work, the microcracking
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toughening mechanism was visualized concurrently with the fracture process of cortical bones
subjected to uniaxial tensile loading. Strain hardening and softening were observed in the longitu-
dinal and transverse specimens respectively. The microcracking in the transverse specimens were
found to instantly increase to peak after yielding compared to the gradual growth until failure in
the longitudinal specimens. Transverse specimens showed that many microcracks instantly initi-
ated in the cement lines, which resulted in the stiffness loss in the specimen. The present results
showed that, to some extent, microcracking serves as a toughening mechanism; but if it is over a
critical value, microcracking weakens the specimen instead. The Charpy impact testing and the
SHPB high strain rate uniaxial tensile testing were conducted to study the failure behavior of the
cortical bone under high strain rate loading. The results showed that microcracking seems to not
be the toughening mechanism of cortical bone at high strain rate failure. Rather, it is the unique
osteon-cement line-interstitial bone microstructure, which plays an important role in toughening
the failure behavior of the cortical bone at high strain rate. A multiscale modeling based on the
classic first order homogenization scheme was implemented in ABAQUS/STANDARD to study
the constitutive behavior of the cortical bone in terms of the osteon size, orientation, and area per-
centage occupied by osteon. The computational results verified the experimental observations that
tensile modulus of cortical bone has a negative correlation with the area percentage occupied by
osteon. XFEM element with linear fracture mechanics method was used to evaluate the role of ce-
ment line, osteon, interstitial bone, and their corresponding mechanical properties on the fracture
toughness of bone. The results numerically proved that the experimental observation that cement
lines, the soft interface between osteon and its surrounding bone matrix, act as barriers to stop or
deflect the crack propagation. A semi-concurrent modeling scheme for impact loading simulations
was proposed and implemented in ABAQUS/EXPLICIT to investigate the role of cement lines on

the impact behavior of the cortical bone. The study showed that the soft interface introduced by
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cement lines interferes with the wave traveling inside the RVE, resulting in a greater mitigation in
the micro damage compared to an RVE without cement lines. The research work provides inspira-
tion for bone replacement material and impact resistance material design and synthesis, as well as

improving the understanding of bone fracture.

6.2 Future Work

As for future work, three research directions extended from this work would be interesting: meth-
ods bridging failures of RVE to the failure of macro-model for both ABAQUS/STANDARD and
ABAQUS/EXPLICIT, an optimization scheme for multiscale modeling, and mesh independent
cracking method. Although multiscale modeling methods have been studied and developed ex-
tensively in the past decades, bridging the micro and macro failure is still challenging nowadays.
Similar difficulties exists in the mesh independent cracking method. Although ABAQUS/XFEM is
a crack path and remeshing independent, it fails to converge when multi-cracks are initiated in one
element. Advance in the computational failure and cracking method is the key for resembling the
real life failure behavior of materials in simulations. Optimization method for multiscale modeling

is also of great engineering interest for material optimal design.

135



