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ABSTRACT

The mechanical responses of the comminuted ceramic under impact is important in
understanding penetration resistance of the target, modeling the penetration process,
developing ceramic models and designing better armor systems. To determine the
dynamic compressive responses of ceramic rubbles, a novel loading/reloading feature in
SHPB experiments was developed to produce two consecutive loading pulses in a single
dynamic experiment with two strikers and two shapers. The first pulse pulverizes the
intact specimen into rubble after characterizing the intact material. After unloading of the
first pulse, a second pulse loads the comminuted specimen and gives the dynamic
constitutive behavior of the rubble.

With this new experimental technique, several series of experiments were
conducted on an oxide ceramic -- alumina AD995 and a non-oxide ceramic--hot pressed
silicon carbide, SiC-N, with different strain rates, various volume dilatations and
damaged levels under 26 MPa, 56 MPa and 104 MPa confinement. The results show that
the strength of the damaged ceramic is not very sensitive to strain rates within this
research range and the pulse separation once the damage attains a critical level. When
slightly damaged far below a critical level, the specimen remains nearly elastic; when
transitionally damaged, the specimen strength gradually decrease from the slight damage
level to the heavy damage level. Increasing confinement increases the strength of the
ceramics. The crack patterns were dominantly axial splitting for the slight damage, axial

splitting and fragmentation for the intermediate damage, and fragmentation and



16

comminution for the heavy damage. For SiC-N, the volume dilatation history shows a
delayed failure. SEM observations indicated that microstructural failure mechanism is
intergranular fracture for alumina and transgranular fracture for SiC-N.

Mohr-Coulomb criterion was successfully employed to describe the damaged
ceramic and the parameters were determined. JH-1 model was employed to describe the
failed SiC-N in the linearly segmentation description of the strength and the parameters
were also determined. Through the analysis of JH-1 model for SiC-N, the critical damage
level can be taken as D = 1.0. JH-2 model was used to describe analytically the damaged
AD995 and the parameters were obtained. The critical damage value is 0.88 for alumina
determined directly from JH-2 model. The description of JH-1 model is equivalent to
Mohr-Coulomb criterion while it is unsuitable for JH-2 model due to the non-linear
description. Based on the analysis of existing models and current experimental data, an
empirical constitutive material model was developed for the damaged ceramic, which
well described the completely damaged ceramic, but was unable to model the partially

damaged ceramic.
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CHAPTER 1

INTRODUCTION

1.1 Background

Ceramics offer many attractive properties for armor application, such as high
specific stiffness, high specific strength, low thermal conductivities, and chemical
inertness in various environments. The unique combination of low density (lightweight),
superior hardness, and high compressive strength compared to metals has made a wide
range of ceramics primary candidates over the last three decades in modern armor
systems such as vehicle armors, personal armors and permanent structures which are
subjected to ballistic threats. Ceramic armors are good at eroding or fragmenting armor
piecing projectiles and spatially spreading the impact energy due to their combined
properties. As a result, ceramics have been subjected to a considerable attention in
determining the mechanical behavior under impact and thermal loadings during the past
decade (Gooch, 2001; James, 2001; Ravid, 2003; Orlovskaya, 2003). Although its
fracture toughness may be improved in the form of ceramic composites, most ceramics
are still very brittle. Their impact responses and the associated failure behavior are not
well understood. It remains to be a significant design challenge to efficiently use
ceramics in armor systems due to the lack of accurate material constitutive models under
impact loading conditions (e.g., Holmquist et al., 2002).

When a long rod projectile strikes a ceramic armor, it has become known for

decades that magnitudes of the local tensile stresses will exceed the tensile strength of
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material even under moderate macroscopically compressive loading (e.g., Brace and
Bombolakis, 1963; Ashby and Hallam, 1986; Ashby and Sammis, 1990; Rice, 2000).
Figure 1.1 shows the general process of the projectile penetrating ceramic armor. When
the ceramic is loaded by high-intensity shocks from the impact of a projectile, many
cracks will form and propagate/interact simultaneously, creating a comminuted zone
ahead and around the tip of the penetrator (e.g., Shockey et al, 1990; Klopp and Shockey,
1991; Gooch, 1992; Grady, 1994; Rajendran, 1994; McGinn et al., 1995; Clifton, 2000).
Even though the overall loading status is compressive, locally tensile stresses near stress
concentrators at grain boundaries, defects, and other types of inhomogeneties in the
ceramic material will initiate cracks that eventually pulverize the ceramic material. As the
striker penetrates into the ceramic target, the fine ceramic fragments ahead of the
penetrator flows radially around the nose of the penetrator and is then ejected backwards
along the shank of the penetrator and thus erode the penetrator (Sairam and Clifton, 1994;
McGinn et al., 1995). As the penetration process proceeds, the rapidly flowing ceramic
fragments continue to erode the penetrator until the penetrator vanishes or the ceramic is
perforated. Analysis of penetrated and partially penetrated ceramic materials has led to
the observation of a comminuted zone (Mescall zone), near the leading edge of the
penetrator. Both the resistance to comminution and the ability of the penetrator to move
through the resulting comminuted ceramic particles have been identified as significant

factors governing the ballistic performance of a ceramic material (Stepp, 2001).
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Figure 1.1 Process of projectile penetrating the ceramic armor

Since the comminuted ceramic is in direct contact with the penetrator during the
entire penetration process, the understanding of the mechanical responses of the
comminuted ceramic under impact is a key element in the understanding of penetration
resistance of the target and in the modeling of the penetration process. Also,
understanding of the failure mechanisms resulting in this pulverization is important for
developing improved models and for designing better armor systems. Extensive research
efforts have been invested in the understanding of the impact response of bulk ceramic
materials (e.g., Sternberg, 1989, 1991, 1994; Brar et al., 1992; Grady, 1994, Dandekar,
199%4a, b, c, 2001, 2004; Chen and Ravichandran, 1996a, 1997, 2000a; Rosakis and
Ravichandran, 2000; Espinosa, 2000; Grace, 1997; Jiao, 2004; Milman, 1999; Sarva,
2001; Yuan 2001; Wang, 2004 and Clifton, 2000). The details, such as dislocations as
evidence of plastic flow (Lankford 1994, 1998), associated with comminuted ceramics

were also carefully examined (McGinn et al., 1995; Feng et al, 1996). The impact
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response of the ceramic powder has been probed by plate-impact type of experiments

(Klopp and Shockey, 1991; Sairam and Clifton, 1994).
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Figure 1.2 Long-rod penetrating into ceramic target (Doyoyo, 2002)
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Figure 1.3 Damaged SiC under rod impacting (Shih, 2000)
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When a ceramic target under shock loading by a penetrating projectile breaks into
small pieces, it is difficult to describe the physical mechanism involved in the
fragmentation (Doyoyo, 2002). The fragmentation and comminution of the ceramic target
under the long-rod penetration was schematically shown in Figure 1.2, which is still not
well understood. When modeling the penetration, the constitutive behavior of the
comminuted ceramic was usually considered by the Mohr-Coulomb failure criterion
(Satapathy and Bless, 1996, 2000, 2001; Shima, 1998, 2002). However, the experimental
data on the comminuted ceramic for determining the Mohr-Coulomb parameter is not
available under the dynamic loading.

In the case of interface defeat for the projectile, the damaged SiC target under rod
impacting is shown in Figure 1.3. In the comminution zone controlled by the
intergranular fracture mode, the ceramic particle size is similar to the initial grain size
(Shih, 2000). The cross-section of the comminuted zone has an elliptical morphology, a
thin undamaged frontal layer separated the comminution zone and the impact surface
which contains visible radial cracks but has no apparent comminution.

Some material models were developed to describe penetration processes solely as a
combination of fracture, comminution, compaction, and fragment flow (Curran, 1993;
McGinn, 1995; Fellows, 1999 and Forquin, 2003). The constitutive model for finely
pulverized ceramic considered the internal friction and volumetric expansion. The
deformation and comminution of shock loaded Al,O3; was microscopically studied with
TEM to understand the failure mechanisms that produce this pulverized “Mescall zone”.

However, a more practical constitutive model of the comminuted ceramics, which is an
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essential component in the numerical simulation of penetration phenomena in ceramics,
is still not available. For example, the experimental data for the intact SiC (Holmquist,
2002) were available and used to determine the Johnson-Holmquist model parameters.
The data were obtained under quasi-static loading conditions, with split Hopkinson
pressure bar under uniaxial compressive stress (Bourne, 1998; Pickup, 1999), with plate
impact in uxiaxial strain (Bourne, 1997; Feng, 1998), and using plate impact tensile spall
strength experiments (Dandekar, 2001). The computational simulation using the material
model hence modeled a wide rang of the ballistic penetration test results such as plate
impact, interface defeat, dwell and penetration. The test data for the intact SiC and the JH
model failure surface are shown in Figure 1.4. However, there are not adequate
experimental data to directly determine the response of the failed (comminuted) material,
which is shown as the lower gray elliptical region in Figure 1.4. The upper gray elliptical

region within the low pressure range also shows few data for the intact SiC.
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Figure 1.4 Test data for the intact SiC and JH model (Holmquist, 2002)
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It is therefore necessary to conduct systematically planned experimental
investigations into the behavior of the comminuted ceramics as a function of varied
parameters such as the damage level, strain rate, and confinement level to provide

physical insights and experimental data for material model development.

1.2 Motivation

During a penetration process, the originally intact ceramic in contact with the
penetrator is pulverized by the initial impact and deforms/flows under stress. It is thus
desired to determine the dynamic compressive responses of ceramic rubbles at high strain
rates before the rubble disintegrates which results in significant reduction in density.

To obtain the dynamic response of the comminuted ceramics, one possible approach
is to perform dynamic compressive experiments on ceramics powder. The dynamic
powder compaction may achieve a uniform strain distribution in powder metallurgy
processing with high aspect ratio compared to quasi-static methods (Sukegawa, 2000).
However, the material property obtained with this method may not represent the true
behavior of the comminuted ceramics in the target due to the mutually interlocked
fragments in comminuted ceramics and the intrinsically lower density of a powder
specimen. The density of the loose powder specimen will keep changing during dynamic
compressive loading, which makes data interpretation very difficult.

It is desired to conduct the dynamic compressive experiments on the comminuted
specimens. The challenge in the experiment design is to simulate the stress/strain states in

the comminuted ceramics encountered during penetration. One possible approach to
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pulverize the ceramic is to thermally shock the ceramics confined by a metal sleeve.
However thermally produced fragments may not be comparable to that produced
mechanically. A more practical approach to pulverize the ceramic is to use mechanical
methods. An approach to shock-load for the ceramics confined by metal sleeves with a
plate-impact type of loading was explored (Zurek and Hunter, 1993). However, the
subsequent experiments with split Hopkinson pressure bar (SHPB) on the shock-fractured
titanium diboride (TiB;) showed no compressive strength in the pre-fractured ceramics.
In the conventional mechanical approaches, one must prepare the damaged specimen
with one experiment before conducting dynamic SHPB testing at high strain rates. Before
SHPB experiment, the damaged ceramic specimen may lose some parts, or completely
looses up and disintegrates. It is thus desired to conduct two consecutive SHPB
experiments in a rather short time, say, dozens of microseconds. One experiment is to
pulverize the intact ceramic and the other to characterize the comminuted ceramic.
Among different structural ceramics, some types of oxide ceramics (mostly alumina
ceramics) and non-oxide ceramics (mostly carbides, nitrides, borides) are commonly used
for ballistic protection (Medvedovski, 2003). Oxide ceramics, in particular alumina
ceramics, have specific physical properties that are suited for armor applications.
Alumina ceramics are of low cost and may be manufactured by a variety of methods,
such as in non-expensive slip casting and pressing with low firing temperature. In general,
non-oxide armor ceramics such as boron carbide, silicon carbide, silicon nitride,
aluminum nitride have better physical properties and relatively low density that are more

beneficial for ballistic applications than alumina ceramics. The popularity of silicon
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carbide for use in lightweight armor systems is increasing rapidly. It is the significant
improvement in cost/performance ratio of silicon carbide ceramics that drove this
increase in popularity in recent years relative to established materials like alumina.
Although ceramic-matrix composites (ceramic reinforced with whiskers or fibers and
ceramics/particulate based compositions, and cermets) also demonstrate a high integrity
after ballistic impact due to their combined mechanical properties, these materials are
expensively hot-pressed or need special processes and equipment. The ceramic matrix
also needs to be understood first. In this study, we chose one oxide ceramic, alumina, and
one non-oxide ceramic, silicon carbide as the aimed ceramic materials. The selection was
made based on consideration on the cost, basic experimental data available in the
literature and the current research material in amour ceramic which was not well
investigated. Finally, a high purity alumina: CoorsTeK AD995 and a Cercom hot-pressed

silicon carbide, SiC-N were selected as the ceramic materials for the investigation.

1.3 Overview

At first, an innovative loading/reloading feature in SHPB experiments was
developed to generate two consecutive loading pulses in a single dynamic experiment.
The first pulse crushes/pulverizes the intact specimen into rubble after characterizing the
intact material. Just after the unloading of the first pulse and before the disintegration of
the crushed specimen, a second pulse loads the specimen. The response of the specimen
to the second loading gives the dynamic constitutive behavior of the rubble of known

damage at a desired strain rate. In Chapter 2 the detailed techniques about the double
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pulse shaping with two striker bars and two pulse shapers are represented and discussed.
The carefully designed second shaper is the key to achieve the proper separation of two
loading pulses with the desired second pulse profile. Two methods for the second shaper,
an aluminum tubing structure with inner gap and the combination of a spring and a
copper disk, were employed. The kinetics of the two striker system was analyzed to
provide guideline on how to control the separation of two pulses in one experiment. The
confinement method, modifications to SHPB and experimental data deduction for brittle
ceramic are also discussed in this chapter.

Then, the new experimental technique will be employed to characterize the
constitutive responses of intact and damaged CoorsTek AD995 ceramic. In Chapter 3,
several series of experiments on AD995 were conducted to investigate the effects of
varied strain rate, volume dilatation and damage level at different confinement pressures
on the dynamic compressive behavior. To understand the mechanisms of failure process
under impact, the typical crack patterns including the surface and inner sectional
distribution were observed after mechanical loading. Also the microstructural characters
of the comminuted and fragmented rubbles of damaged AD995 were observed with SEM.

Next, this double pulse shaping will be employed to investigate the dynamic
constitutive behavior of Cercom SiC-N. In Chapter 4, several series of experiments on
SiC-N were performed to investigate to the dynamic compressive behavior at various
damage levels, strain rates, volume dilatations and lateral confinements. The typical crack
patterns including the surface and inner sectional distribution and size were observed

after the SHPB experiments, in order to comprehend failure mechanisms of the dynamic



27

impact. The microstructural deformation mechanisms of the comminuted and fragmented
rubbles of SiC-N were observed with SEM.

At last, the corresponding theory and models for the damaged ceramic are
represented for the researched ceramic. In Chapter 5, the well-known ceramic model will
be analyzed and discussed and the model parameters will be determined from the
obtained experimental data. From the insights learned from our new experimental and
microstructural observation, a constitutive material model that describes our results is
introduced to summarize the results for numerical simulation on structural impact
responses of the two damaged ceramics. Chapter 6 summarized the current results, and

suggestions for future work are presented.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES FOR IMPOSING DOUBLE LOADING PULSES

AND MULTIAXIAL COMPRESSION

2.1 Introduction

In order to determine the dynamic compressive responses of ceramic rubbles, we
must develop a novel loading/reloading feature in the experiments to produce two
consecutive loading pulses in a single dynamic experiment. The first pulse crushes or
pulverizes the intact specimen into rubble after characterizing the intact material. After
the unloading of the first pulse, a second pulse loads the comminuted specimen, which
gives the dynamic constitutive behavior of the rubble. Then this new experimental
technique is employed to characterize the constitutive responses of ceramics as a function
of damage level, strain rate, and lateral confinement before the specimen disintegrates.

To achieve the necessary precise controls over the loading pulse, a split Hopkinson
pressure bar (SHPB) is considered to be a suitable tool. The SHPB, originally developed
by Kolsky, has been widely used and modified to determine the dynamic properties of a
variety of engineering materials such as metals (Kolsky, 1949; Gray, 2000a; Chen, 2003a),
concrete (Ross, 1996), ceramics (Chen, 1995; Chen and Ravichandran, 1996a, 1996b,
1997) and soft materials (Gray 2000b; Chen, 2002). Loading pulse control in split
Hopkinson torsion, compression, and tension bars had been explored for three decades

for a single incident pulse (Duff, 1971; Nemat-Nasser, 1991; Frew, 2002). Furthermore,
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SHPB experiments provide complete dynamic stress-strain curves as a function of strain
rates, which are necessary for the purposes of material model development and the

consequent material parameter determination.

2.2 Pulse Shaping Techniques in a Single Pulse

The details of SHPB, whose theory and working principle are well described (Gray,
2000a), was briefly introduced in Appendix A. The pulse shaping techniques
(Nemat-Nasser, 1991; Frew, 2002) can provide basic guidelines to the current two-stage
pulse shaping technique development. The concept of the pulse shaping was first
presented and employed to smooth the detonating pulse with shaping in torsional split
Hopkinson bar (Duffy, 1971). The stress-strain curves of the brittle rock could be
improved if the input-stress wave was made more like a ramp than a step-input by not
using the usual cylinder but the conical projectiles, a combination truncated cone and
cylinder with the small end facing the incident bar (Christensen, 1972). A tapered ram
projectile is to generate an approximate half-sine waveform for SHPB experiments for
rock material, which can validly eliminate the oscillation (Li, 2000). The linear tapered
impact ram initiates the waveform that can also maintain the dynamic stress equilibrium
in the large diameter SHPB systems for rock testing (Masce, 2002). Using the
transmission pulse through the pulse shaper as a tailored incident pulse for loading the
metal enables the testing to be carried out at a constant strain rate. The SHPB system has
a pre-loading bar together with a pulse shaping dummy specimen before the two main

bars (Ellwood, 1982). The three bar technique can virtually eliminates the oscillation and
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result in the smooth loading pulse (Parry, 1995). The further pulse shaping technique is
that a cushion was placed between the striker and incident bar as the dummy specimen,
say, pulse shaper. It was originally to increase the rise time of loading pulse and correct
dispersion (Wu, 1997). The cushion material could be paper, aluminum, copper, brass,
low-carbon steel and so on. The pulse shaping with the suitable material and dimension
can achieve the constant strain-rate deformation under the stress uniformity during SHPB
experiments (Frew, 2002).

Copper as the pulse shaper was analyzed in modeling loading pulse with striker and
incident bar (Nemat-Nesser, 1991). When the projectile with initial velocity V, strikes the
cushion, the cushion starts to deform plastically. For an incompressible material and a
homogenous deformation, mass conservation gives aghy = ah; here ag, ho are initial area
and thickness of cylindrical cushion, respectively; a, h are the current area and thickness
of cylindrical cushion, respectively. The axial strain and the current cross-sectional area

of the cushion are

£:h°_h and a= %
N 1-¢

(2.1)

Neglecting the elastic strain, the cushion stress ¢; can be related to the strain ¢
o, =0,f(¢€) (2.2)
where ¢y is constant and the function f can be determined empirically.

The strain rate in the cushion, the interface velocity of the striker/cushion V3 and of

the cushion/ incident bar V, are given by:
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C VL=V, -V, V=V,

(2.3)

where Vy and V; are the stress-induced particle velocities in the strikers and incident bars,
respectively.
The axial force T exerted by the cushion on the striker ends and incident bars is

T=0a=0A=0,A (2.4)

where gi=mCoV; and gy =p5CsVs are the stresses in the incident bar and striker bar,

respectively. o, Co, Ag, E are mass density, longitudinal wave speed, cross-sectional area

and Yong modulus of the incident bar, respectively; and pg, Cs are mass density,

longitudinal wave speed of the striker bar. From egs (2.1), (2.2), (2.3) and (2.4), the

cushion axial strain can be obtained by as the following equation

LU ] (2.5)

V, 1-¢

which has a solution

-1

t:ﬁ 1—K% dx, t<t, (2.6)
_ a,0, _2l, 1

) t PN am__ CV 2'7
Aoa_m 0 CO 2100 [VR0] ( )

where to is travel time before elastic wave reflecting from the free end of the lp-long
striker and reaching the interface with the cushion.

The strain and stress in the incident bar, & and g;, now are:

=A% HE) e et (2.8)
AE (1-¢)
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When the cushion is at t = t;, the axial strain rate then is

ety = -k FEO), TECTL) oy (2.9)
h, 1-£(t) 1-e(t-t,)

The added sabot mass slightly affects the incident stress pulse (Forrestal, 2002). If
the striker and incident bars are made of different materials and the effect of sabot mass is
neglected, the pulse shaping modeling was analyzed for testing a brittle rock material, a
schematic of which is shown in Figure 2.1 (Frew, 2001). The constant K in eq (2.5)

should be modified as

1,1 K0=U°a°

’ pOCO IOStCSt , AOVO

K=K (2.10)

where o4, Cg are density and wave speed for the striker bar, respectively.
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Figure 2.1 Schematic of loading end of SHPB with a pulse shaper (Frew, 2001)
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As long as V3 = V4, the cushion continues to deform in compression. For the

multiple reverberations in the striker bar, strain rate in the cushion is

Ee’(t):l—Kf(‘g(t))— 2K, & T(EM-KG)) o) nt,<ts(n+)t, (2.11)
VO 1_8 pstcst = 1_£(t_kt0)

Integrating the equation (2.11), we can have strain history in the cushion. Stress history in
the incident bar is obtained with equation (2.8). Now consider when V3 < V,4 and the
cushion unloads during to< t < 2ty at t= t*. It has the analogous analysis process while
considered the elastically unloading stress-stain relation of the cushion

o,t)=0,-E, (e, -¢€,) (2.12)
where 0", €, are the peak stress and strain at t= t when V3 = Vy, and E, is unloading

modulus. The strain rate in the cushion is

h_Og(t) -1-K U;; - Ep(£; —e(t) 2K, f(e(t-t,))

, for t'<t<2t, (2.13)
Vo g,(1-£(t)) PsCqy 1-&(t-1,)

Integrating equation (2.13), we can have the strain history in the cushion during
unloading. Stress history in the incident bar is obtained with equation (2.8) during

unloading. So the whole stress history of loading pulse can be determined.

2.3 Pulse Shaping Techniques in Double Pulses

Obviously, the pulse shaping in double pulses cannot easily achieve through a
single striker and shaper even if the striker and shaper are designed in the form of the
rather complex shape and size. It can be considered as the combination with two different

single pulses with a delay between the second pulse and the first, which need two strikers
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and two shapers. A striker train of two rods separated by a pulse shaper is employed to
replace the single striker bar in a conventional SHPB setup. The second pulse shaper
ensures the suitable separating of two pulses and the second pulse profile. This
modification on the SHPB was derived from the shock/re-shock concept in shock physics.
Two different strikers were originally employed to study the history effects (alternating
dynamic loading) of metal (Bragov, 1991, 1994). A flexible bracket separated the two

striker bar with a gap in between without any pulse shaper shown in Figure 2.2.
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Figure 2.2 Two strikers with a gap (Bragov, 1991, 1994)

In this research, we also employed a two-striker approach to achieve
loading/reloading on the ceramic specimen. Here we generate two precisely controlled
loading pulses to characterize two phases of the intact and rubble ceramic specimen
under valid dynamic testing conditions. As schematically shown in Figure 2.3, which is
not to scale of the actual experimental setup, two strikers separated by a novel pulse

shaper were launched from the barrel of the gas gun of a conventional SHPB setup. The
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first striker was a maraging steel rod with 19-mm diameter and varied length. The steel
striker bar impacts the incident bar and created the first stress pulse. The shape of this
pulse can be precisely controlled to achieve the desired strain rate in the intact ceramic
specimen and the desired amount of damage after dynamic loading. A pulse shaper,
usually a C110 annealed copper, attached to the impact end of the incident bar as the first
shaper, ensures that the intact ceramic specimen deforms at a constant strain rate before
crushed. A combination of the length of the first striker, the striking velocity, and the

geometry of the pulse shaper controls the damage level in the specimen (Frew, 2001,
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Figure 2.3 Schematic illustration of the dynamic experimental setup for double loading

After the intact specimen is pulverized by a well-controlled dynamic loading history,

a second loading pulse is necessary to determine the dynamic constitutive response of the
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damaged specimen. After the first loading, the first pulse shaper must be largely
deformed to a rather thin disk and its diameter approaches that of the incident bar so that
the second loading pulse can be transmitted through both the first striker and the first
deformed pulse shaper to the incident bar with the neglectable influence. To control the
profile of the second pulse such that the rubble specimen deforms at approximately
constant strain rate under dynamic equilibrium, a second pulse shaper is placed in front of
the second striker. If the usual solid cylinder was taken as the second shaper, two pulses
may be overlapped in unloading of the first pulse and loading of the second pulse since
the second striker starts to impact the first striker before it unloads the incident bar. Novel
design of the second pulse shaper enables the second loading pulse not to interact with
the first one while achieving the desired pulse profile.

We firstly place a particular shaper between the two strikers, which ensures the two
pulses separating away and the second pulse’s profile. This pulse shaper is usually the
structural aluminum or copper tubing with an internal gap, which is unlike the traditional
solid disk shaper, as shown in Figure 2.4(a). The separation of two loading pulse mainly
took place in the form of cushioning as the plastic hinge of the tubing when the first
striker strikes the incident bar. After the tubing structural buffering, the shaper surface,
tubing wall, was folded compactly together and then acted as the solid shaper to control

the profile of the second loading pulse.
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Figure 2.4 Schematic deformation of the second shaper with aluminum tubing structure
(@) The initial striker bar setup;

(b) The steel striker impacting the incident bar with the first cushioning of
the second pulse shaper;

(c) The second cushioning of the second pulse shaper for the delay;
(d) The second pulse shaper deformed to generate the second loading pulse.

The detail deformation and its corresponding pulse are shown in Figure 2.4(a) ~
2.4(d). Figure 2.4(a) also shows the initial setup of the two strike system with steel striker,
aluminum striker and the second tubing shaper in between, which was launched in air
gun barrel, to impact the incident bar through the first pulse shaper. Figure 2.4(b) shows
the process of the first pulse loading and unloading when steel striker impacted the
incident bar. The tubing shaper, as the second pulse shaper, had plastically deformed at
the upper and lower virtual hinge points under a smaller loading than that of the impact
loading. The second striker had the neglectable effect on the first pulse. Figure 2.4(c)

shows the delay process from the end of the first pulse unloading due to the different
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velocities between two strikers to the start of second pulse loading. The tubing shaper had
been deformed plastically for the second cushioning. At the end, the inner gap of tubing
shaper was depleted. Figure 2.4(d) show the second pulse shaper which had no inner gap
was deformed to generate the second loading pulse. The tubing shaper technique can
accurately separate the two pulses. The detailed kinetic analysis can be seen Appendix B.

However, the tubing shaper usually was difficult to achieve the desired second
pulse’s profile. An improved approach is to separate the control function of the second
pulse profile from the separation of the two pulses. This is achieved through placing a
compression spring between two strikers and a simple copper solid disk on the end face
of the second striker, as shown in Figure 2.5(a). The copper only controls the profile of
the second loading pulse and the compression spring took the function of separating the
two pulses. The second striker can be an aluminum bar with a selected cross-sectional
area in this research to achieve different strain rates in the ceramic rubble. Obviously, the
two-striker system was considered as two degree of freedom body due to the flexible
spring, which was analogous to the flexible brackets presented by Bragov (1991, 1994).
Combination of the second striker and the second pulse shaper determines the second

strain rate and the maximum strain of the rubble specimen.
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Figure 2.5 Schematic deformation of the second shaper with a spring and copper disk

(@) The initial striker bar setup;

(b) The steel striker begun to impact the incident bar with the first
compression of the spring;

(c) The steel striker to impact the incident bar with the second compression
of the spring;

(d) The third compression of the spring for the delay;
(e) The second pulse shaper deformed to generate the second loading pulse.

The detail deformation and the corresponding pulse generating by this compound
shaper are shown in Figure 2.5(a) ~ 2.5(d). Figure 2.5(a) also shows the initial setup of
the two striker system with two strikers, the spring and the second copper shaper in
between. Figure 2.5(b) shows that the striker system is launched in air gun barrel to begin
to impact the incident bar through the first copper pulse shaper, while the spring begins to
be compressed. Figure 2.5(c) shows the process of the first pulse loading and unloading

when steel striker impacted the incident bar. The spring is further compressed. Figure
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2.5(d) shows the delay process from the end of the first pulse unloading to the second
pulse loading. The spring is compressed even more. At the end, the gap between the two
strikers was used up and two strikers were contacted through the second pulse shaper.
Figure 2.5(e) shows that the second pulse shaper was deformed to generate the second
loading pulse.

Through the trial experiments guided by analytical models (Frew, 2001, 2002), the
dimensions of each pulse shaper was selected for the desired series of experiments. The
combination of spring with selected stiffness, gap between two strikers and striker
velocity can control the separating time of the two pulses. The plastic deformation of
pulse shapers generated nearly non-dispersive stress pulses further enabled the specimens
to deform uniformly under dynamic equilibrium. The detailed analysis can be found in
the Appendix B. The separation of two pulses is typically less than 120 pus and the
specimen’s movement (<100 nm) during this separation under gravity is negligible. The

improved SHPB setup for the double pulses with the spring is shown in Figure 2.6.
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Figure 2.6 Schematic illustration of the improved SHPB setup for double loading.

2.4 Confinement in SHPB for the Brittle Ceramics

The confinement technique mainly has two types: active confinement and passive
confinement. With active confining, the lateral compression may be applied through a
pneumatic or hydraulic vessel (Nemat-Nasser, 2000). The apparatus consists of a
classical SHPB enclosed in a pressure vessel (Christensen, 1972). There are many
complex technical problems that needed to be solved, such as, to prevent direct contact
between the sample and high-pressure oil or gas because the fragmented sample may
damage the pressurized media system, to seal the pressurized chamber, to prevent the
incident and transmission bar from moving apart and so on. The lateral pressure usually
can be applied with oil, up to 50 MPa, or with air, up to 10 MPa (Gary, 1998). The
electro-magnetic confinement is an ideal approach to apply the actively radial constraint

if the noise that obscured signals from the strain gages mounted on the bars is effectively
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eliminated (Chen, 1999). For the soft material, there is a technique that consist a high
pressure vessel fitting into the test section of SHPB (Chen, 2000b). The lateral
confinement is generated by compressing a small but fixed volume of fluid inside the
pressure vessel due to the increasing bar volume. This confining technique
accommodates the varied confinement proportional to the axial stress in specimen.

The passive confining confinement employs a metal sleeve to mechanically
constrain the specimen (Nemat-Nasser, 2000). The specimen outside diameter is the same
as that of the incident and transmission bar while the misfit is zero (Ma and Ravi-Chandar,
2000). The confining cylinder is not loaded along its axis but provides a restrain against
the radial expansion of specimen, thereby causing a radial pressure on the lateral surface
of specimen. Measuring the hoop strain with strain gage mounted on the confining
cylinder surface, the confining pressure can be calculated if the cylinder retains elastic. In
general, the inner surface of the cylinder is deformed plastically, thus causing the
complex calculation of the confining pressure due to the dynamic elastic-plastic
constitutive law for the cylinder materials.

As another passive confining confinement, the confining sleeve can deform with
specimen, which permits various specimen dimension. It is also to prevent specimen from
shattering by the loading. The cylindrical ceramic specimen was enclosed in a thin-walled
metal or slightly confined by a thin-walled metal sleeve on the lateral surface through
shrink fit. The sleeve was installed onto the specimen following an established heated-up
procedure (Chen, 1996a). For a thick-walled sleeve, if the sleeve retains linear elasticity

at the interface, the confinement on the ceramic cylinder due to the shrink fit was
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estimated (Lundberg, 2005) as

_0 (), @y +@+vr’
r E E.(r’ -r?)

c c

P (2.14)

where & is the misfit, r is radius, v is Poisson’s ratio, and E is Young modulus. Indices “c”
and “s” refer to ceramic and metal sleeve, respectively. When the sleeve enters into the
elastic-plastic status due to the shrink fit, the confining pressure produced by the sleeve

can be estimated by solving the axi-symmetric boundary value problem (Chen, 1995,

1996a)
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where p is confining pressure on the lateral surface of specimen, ¢y is yield stress of
sleeve material, p is elastic-plastic boundary radius in sleeve. The confining pressure p
can be calculated by eliminating o from equations (2.15a) and (2.15b). Obviously, if the
sleeve retains elastic, o = rc, equation (2.15a) and (2.15b) can be reduced to equation
(2.14) by eliminating gy. If the whole sleeve become plastic, p = rs, then the confining

pressure is maximum as

s
pmax:Jy Inr_ (216)

C
If other types of constitutive laws for the sleeve material such as power-harden and

double linear types were employed, the calculation of confining pressure will be more
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complex. Equations (2.14) and (2.16) give the estimated lower and upper limit confining
pressure, respectively.

If the difference between the inside diameter of sleeve and specimen diameter is
small, the initial confining pressure is very small. For example, we can estimate the upper
confining pressure in the interface of alumina and brass sleeve when the sleeve is elastic.
With 0= 0.005 mm, r, = 6.35 mm, rs = 7.05 mm, ¢, = 0.22, us = 0.33, E; =370 GPa and
Es = 108 GPa, the radial pressure becomes p = 8.37 MPa with equation (2.16) and p =
26.14 MPa with gy = 250 MPa.

When the specimen is loaded, the sleeve is also deformed with the same axial strain
history as the specimen. The initial confining pressure is further gradually reduced during
the axial loading due to mismatch in Poisson’s ratios of ceramics and metal sleeves.
When the axial strain & exceeds the sleeve yield strain &, the sleeve is considered
incompressible and Poisson’s ratio v is 0.5. The ceramic was considered as the simple
linear elastic until failure. Considering the perfectly-elastic shrink fit for the sleeve and

neglecting the initial axial strain caused by initial misfit &g, the misfit simply is

0, —r.(v,-V,)E,, £, <€
— 0 c( s c) z z 0 (217)
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For the above brass metal sleeve, the yield strain determined from dynamic SHPB is &=
0.34%. When the sleeve attains yield strain, €,= 0.34%, the calculated misfit = 0.0024
mm and the radial pressure becomes p =4.19 MPa; When & = 0.48%, the misfit is

vanished and there will be no radial pressure on the specimen. In case of perfectly-plastic

sleeve shrink fit, the misfit simply is
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0=0,-r,(05-v,)¢, (2.18)
When & = 0.28%, the misfit is vanished and the radial pressure also vanished. Equation
(2.16) gives the confining pressure. Due to the usual 1% fracture strain in ceramics, the
sleeve is completely released when the ceramic approaches the failure strength. Therefore,
the confinement pressure is considered zero at the first loading.
However, during the comminuted ceramics flowing stage, the large lateral
deformation and the relatively well defined yield strength of sleeve materials make it
easier to estimate the nominal confining pressure assuming the sleeve as a thin-walled

pressure vessel.

(2.19)

p= Ba-y
where p is confining pressure; t and D are thickness and outer diameter of the vessel,

respectively; and gy is dynamic yield strength of sleeve material.

2.5 Improvement of SHPB for Brittle Ceramics

The first improvement is the proper alignment of the loading axis, which is
critically important in loading intact brittle specimens. It is aimed at minimizing the stress
concentrations in the brittle specimen due to grip rigidity and alignment. In order to
achieve a reasonable repeatability in brittle material testing, uncertainties associated to
testing setup must be minimized. Stress concentrations on the brittle specimen cause
premature failure, leading to invalid results with large scatter (Tracy, 1987; Chen, 1994).

To prevent the ceramic specimen from indenting into the bar end faces and thus causing



46

stress concentrations along the specimen edges, a pair of laterally confined tungsten
carbide (WC) platens (¢12.7mm x 6.35mm) were placed between the specimen and the
bars. The tungsten carbide platens was installed onto the stainless steel sleeve following
an established heated-up procedure (Chen 1994, 1996a) with the maximum possible
mismatch between the inner diameter of sleeve and the outside diameter of WC platens in
the allowable temperature difference. This produces more confinement pressure on the
lateral surface of WC platen, which thus sustains larger axial loadings. For example, for
WC platen, r. = 12.5 mm, ¢, = 0.22, E. = 690 GPa; for the stainless steel sleeve, us =
0.28, Es = 200 GPa, with rs = 15.88 mm, d = 0.013 mm, the radial pressure becomes p =
40 MPa; with rs = 19 mm, 6 = 0.051 mm the radial pressure becomes p = 258 MPa
according to equation (2.14). The mechanical impedance of the platens matches that of
the bars, minimizing the disturbances caused by the introduction of platens in the loading
axis to one-dimensional (1D) wave propagations in the bars.

Another source of stress concentration is the misalignment of the loading axis.
Ceramic specimens are very sensitive to such misalignment. A slight misalignment will
cause the corners of specimen to be loaded first, creating concentrated large stresses
locally that lead to unrepeatable premature failure. Unlike quasi-static testing machines
that typically have universal joints for self-alignment, a conventional SHPB typically
does not have such a self-correcting device along its loading axis or gripping systems to
ensure that the specimen end faces are evenly loaded. To correct such slight misalignment
along the loading axis, a simplified universal joint was placed between the tungsten

carbide platen and the transmission bar (Meng and Hu, 2003). The joint consisted of a
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pair of hardened tool steel disks with a spherical joining surface in between. The disks
have the same diameter as the bars, thus introducing no impedance mismatching to the
wave propagation across the interfaces. In the gage section assembly procedure during an
experiment, the spherical interface was the last to engage into contact, thus having any
angular misalignment automatically corrected. High vacuum grease was applied between
every pair of contacting surfaces including the shaper and striker along the loading axis to

minimize friction.

2.6 Experimental Data Deduction of SHPB and Setup

With the addition of thin sleeve, the transmitted signal contains contributions from
both specimen and sleeve. To subtract the confining sleeve contribution, the following
formula was used to calculate the axial stress history in the ceramic specimen from the

transmission bar signal:

o) = =216 ) -2, () 2.20)

where As and A are cross sectional areas of specimen and bar, respectively. E is Young’s
modulus of the bar material. &(t) is the transmitted signal from testing with confined
specimen and &c(t) is that of the thin metal sleeve only (without the specimen), keeping
the approximate strain rate history.

Due to the small deformation in the brittle specimen, the reflected signal is typically
very small. In this case, contributions from all the contacting surfaces to the reflected

signal, which is negligible in metal or soft material testing, becomes a significant portion
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of the reflected signal. To subtract contributions of all contacting surfaces in the reflected
signal, the following formula was used to calculate the strain rate in the specimen from

the reflect signal of incident bar:

£0)="=1e,0 - £.0) (2.2)

where ¢ is wave speed in the bar, | is initial length of specimen. &(t) is the reflected
signals from testing with confined specimen, and &c(t) is the reflected signals without the
specimen in the same double pulse loading. A time integration of (2.21) yields the strain
history in the specimen.

The C-350 maraging steel elastic incident and transmission bars, with density 8100
kg/m®, Young's modulus 200 GPa, and elastic wave velocity 4969 m/s, had a common
diameter of 19.0 mm. The incident and transmission bars were 2835 mm and 1371 mm
long, respectively. Two opposed strain gages (Micro-measurements, Group, Inc, Raleigh,
NC, WK-13-125BZ10C) symmetrically mounted on the incident and transmission bars
form part of two Wheatstone half-bridges. The output signals from the bridges were
recorded using a Tektronix TDS 420A digital storage oscilloscope through ADA400A
differential pre-amplifiers. The power for Wheatstone bridge with the strain gage in the

bar is the excitation of 28 Volt DC.

2.7 Application of the Double Pulse to Characterize Alumina
We generated the double loading pulse and applied the technique to test the

dynamic compressive response of alumina AD995. First, aluminum tubing structure was
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used as the second pulse shaper. Then the spring and copper disk shaper was used as the
second shaper, to improve the control of the double pulse. The dimensions of AD995
specimen used in this research are 6.35 mm in diameter and 7.62 mm in length. The
detailed mechanical properties and machining technology of AD995 are presented in next
chapter. The sleeve materials were brass, with the same inner diameter and length of the
specimens and 7.05 mm outer diameter, which can achieve 26 MPa confinement pressure
for the damaged ceramic according to equation (2.19).

A typical set of the incident and transmitted pulses recorded by the digital
oscilloscope for are shown in the Figure 2.7. There are two loading pulses recorded by
the incident-bar strain gages. The first pulse is a triangular shape with a loading time of
80 us. Approximately 30 us after unloading of the first pulse come the second pulse. The
reflected signal starts at 620 ps and maintains at an approximate constant level for 70 ps,
which is the end of the loading process. The flat reflected signal over the entire loading
period indicates that a constant strain rate has been achieved during the loading on
specimen by the first loading pulse. The start of unloading causes the reflected pulse
starting to decrease. However, the specimen becomes unstable at this instant, and the
reflected signal increases drastically, indicating that the damaged specimen has a reduced
resistance to the incident bar end movement. When the specimen is completely unloaded,
the reflected signal shows a small negative value, indicating a slight elastic recovery.
Now, the specimen has been crushed as indicated by the sudden increase in the reflected
pulse, but still remains in the testing section of SHPB. At this point, the second loading

pulse arrives at the specimen. Through pulse shaping, the second reflected signal also
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displays a nearly flat portion that corresponds to the constant strain rate deformation in
specimen. The transmitted signal also has two portions corresponding to two loading
periods. The first portion shows a typical brittle specimen response, where the load
increases nearly linearly until a sudden drop that corresponds to the crushing of specimen.
The load does not immediately drop to zero after the crushing of specimen. This is
because the thin metal sleeve keeps the crushed specimen together. The second portion of
the transmitted signal shows a flow-like behavior where the peak load maintained

constant until unloading.
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Figure 2.7 Typical oscilloscope traces of double-loading SHPB

To check the dynamic equilibrium in specimen, we used the 1-wave, 2-wave method

(Gray, 2000a). Figure 2.8 shows the dynamic stress equilibrium, which illustrates that the



51

axial stresses on the front end of specimen is nearly the same as that on the back end
during the loading phase of the first loading pulse and nearly the entire duration of the
second loading pulse. When the specimen is being crushed near the end of the first
loading pulse, dynamic equilibrium does not exist. Dynamic equilibrium and constant
strain rates are important testing conditions in dynamic experiments to obtain valid
dynamic material properties.

Also, Figure 2.8 shows the deducted transmission signals from brass sleeve
compared to the original signals (Chen, 2003b, 2004; Luo 20044, b). It is important for
the stress calculation to deduct the sleeve contribution due to the obvious deduction effect
in the second loading pulse compared to that of the first pulse. The signal from the sleeve
contribution was achieved from another SHPB testing the sleeve material without
specimen. It is another challenge to conduct the SHPB experiment with the double pulse
condition, which must keep the approximate strain rate history as that of sleeve with
ceramic specimen. Although the confinement condition between the sleeve and the
ceramic specimen cannot be achieved the same in the single sleeve SHPB testing without
the ceramic specimen, we can conduct the testing on metal sleeve filled with some soft
material, such as foam, rubber, and high vacuum grease used in SHPB. The metal sleeve
which fully contained this soft material is employed to simulate the confinement
conditions in the ceramic testing. The contribution of soft material to the axial load may
be neglected. The results show no apparent difference between the sleeves without filling
and the sleeves with filled different soft materials, which will be discussed in details in

Appendix D.
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Figure 2.8 Dynamic equilibrium check and deducted stress

The analysis on the results in Figure 2.7 and Figure 2.8 indicates that the specimen
deforms at nearly constant strain rates under dynamic equilibrium during both loading
periods. Such an experiment is considered as a valid dynamic experiment. The data is
reduced to obtain the dynamic stress-strain histories in the specimen following the data
reduction procedure described by equation (2.20) and (2.21).

Although simply, easily to control the delay time between two pulses, the double
pulse technique using the aluminum tubing structure has some drawbacks. It is difficult to
select the suitable tubing structure so that the desired second pulse profile can be easily
achieved to various strain rates for the ceramic rubble. The reason is that the tubing

shaper acts as the combined function of separating two pulses and the profile of the
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second loading pulse. Hence, an improved technique must be explored to detach the
second shaper into two different components to fulfill each function. One component
controls the separation of two pulses and another is to control the second pulse profile,
while the two have no effects on each other. Enlightened by Bragov’s flexible bracket to
obtain the loading/reloading pulse, a spring was used as the function of the flexible
component to separate the two pulses. Since the available space is limited in the gas gun
barrel, the outside diameter of the spring should not exceed the inner diameter of the
barrel and the inner diameter should not be less than the outside diameter of the striker
bar, which ensures the spring should freely deform without any interfering with striker
bars. When the strikers were launched, the pressurized air pushes the back striker bar and
transmits the force to the front striker bar through the sabot and spring. The plastic sabots
in contact with the spring should not slip along the striker bar during the double loading.
When the two striker bars impact together, the second pulse shaper was used to generate
the second loading pulse. It is critical to select the proper spring types and dimensions to
fulfill successfully the improved technique. The second pulse shaper is a simple copper
disk and its dimension can be selected by the trial experiments only launching the second
striker bar while the first striker bar contacting with the deformed first pulse shaper and
incident bar retained static.

With this improved technique in the double pulses using the spring and the second
copper disk shaper, we tested the dynamic compressive response of alumina AD995
again. The typical characters of the incident, transmitted and reflected signals were

similar to that resulting from the double pulse from the aluminum tubing structure.
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However the improved pulse-shaping technique provides more flexibility and accuracy to
vary strain rates for the ceramic rubble. More detailed experimental results were shown in

the next chapter.

2.8 Summary

In order to determine the dynamic compressive responses of ceramic rubbles, we
developed a novel loading/reloading feature in SHPB experiments to produce two
consecutive loading pulses in a single dynamic experiment. After reviewing the single
pulse shaping techniques with a single striker and shaper, we present a novel technique to
generate the double loading pulses with two strikers and two shapers in a single SHPB.
We firstly explored the aluminum tubing structure shaper with an inner gap as the second
pulse shaper. Then an improved shaper system with a spring and a single solid copper
shaper was probed as the second pulse shaper. At both approaches, the principle and
working process of the double pulses are discussed. The established experimental
technique was successfully used to characterize the dynamic compressive responses of
alumina ceramics. The first pulse pulverizes the intact specimen into rubble after
characterizing the intact material. After the unloading of the first pulse, a second pulse
loads the comminuted specimen and gives the dynamic constitutive behavior of the
rubble. A specimen confinement technique, an alignment method, confining WC platens

and the modified data deduction are presented in detail.
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CHAPTER 3
DYNAMIC COMPRESSIVE BEHAVIORS OF INTACT AND DAMAGED

COORSTEK ALUMINA AD995 CERAMICS

3.1 Alumina AD995

Alumina, often referred as aluminum oxide, Al,Os, is an exceptionally important
ceramic material with many technological applications from electronics, optics,
biomedical, and mechanical engineering to catalyst support. It has several special
properties such as a great hardness, chemical inertness, a high melting point and a low
electrical conductivity.

In nature alumina commonly have many forms such as corundum, emery, sapphire
and ruby. Besides the thermodynamically stable a-Al,O3; or corundum, there are many
metastable structures of alumina, “transition aluminas”, like for instance y - Al,O3 which
is widely used as a catalyst. More than 25 different solid phase, or forms have been
described (y, 6, K, X, 9, n,.....). Many different phases caused many characteristics and
wide range of applications. In general, there are three most important forms: a (stable), K
(metastable) and y (metastable) phases. (Gitzen, 1970; Dorre, 1984; Kleebea, 1996; and
Ollivier, 1997).

Here, the stable a, metastable k and y alumina are briefly introduced. a-alumina is
the only stable alumina phase at all temperatures. It has a trigonal structure (R-3C) and is

usually described as ABAB stacking of oxygen planes along the c-direction with Al ions
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in /5 of the octahedral interstitial positions. The structure of corundum can be viewed as
a hexagonal close packed array of oxygen atoms with %/ of the octahedral sites occupied
by AI** ions. Crystals of corundum are usually prismatic or barrel-shaped bounded by
steep pyramids. k-alumina has an orthorhombic crystal structure with close-packed
planes of oxygen in an ABAC stacking sequence along the c-axis. /4 of the Al ions
occupy tetrahedral interstitial positions and the %/, occupies the octahedral positions.
y-alumina is cubic with space group Fd-3m and is based on an fcc ABCABC stacking of
oxygen. The structure is often described as a defect cubic spinel structure with vacancies

on part of the cation positions.

Table 3.1 Quasi-static Properties of CoorsTek Alumina AD995

Bulk Density 3.90 g/cm®
Average Grain Size 6.0 pm
Color Ivory
Flexural Strength, (4-Pt MOR, 25°C) 379 MPa
Compressive Strength 2.6 GPa
Elastic Modulus (E) 370 GPa
Poisson's Ratio (v) 0.22
Hardness (Knoop 1000 gm) 1440 Kg/mm?
Fracture Toughness (Notched beam) 4~5MPa m®®
Thermal Expansion (25-1000°C) 8.2x10°%/°C
Thermal Conductivity (25°C) 30 W/m °K)
Thermal shock Resistance, AT, 200 °C
Maximum Use Temperature 1750 °C
Volume Resistivity (25°C) >10" Q cm

(Data from CoorsTek, Inc)
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The alumina ceramics used in this study is CoorsTek AD995, which is a typical
high purity commercial ceramic consisting of 99.5% alumina. The single crystal form of
this alumina is sapphire of a, hexagonal-close-packed phase. The remainder is the
intergranular glassy phase, aluminosilicate, presenting predominantly at the boundaries of
alumina grains (McGinn and Klopp, 1995; Reinhart and Chhabildas, 2003). The porosity,
another microstructural feature in the manufacturing process, is about 2% (Subramanian
and Bless, 1995; Anderson, 1997). Transmission electron microscopy has revealed that
the glassy phase in polycrystalline a-AD995 is negligible, less than 2% (Simha, 1998).

Table 3.1 presents the basic properties of the AD995 ceramic.

3.2 Dynamic Compressive Experiments of Alumina AD995

We employed recently developed loading/reloading feature in SHPB experiments to
generate two consecutive loading pulses in a single dynamic experiment. The first pulse
pulverizes the intact specimen into the rubble. The control of the profile of the first pulse
determined the extent of the impact-induced damage. After unloading of the first pulse, a
second pulse loads the specimen. The response of specimen to the second loading gives
the dynamic constitutive behavior of the rubble of knowable damage at a desired strain
rate. Carefully controlled pulse shaping on both of the loading pulses ensures that the
specimen deforms at nearly constant strain rates under dynamic stress equilibrium during
both of the loading processes. This experimental technique was employed to characterize
the constitutive responses of the alumina AD995 as a function of the damage level, strain

rate, volume dilation in three lateral confinements.
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The experimental setup for the double pulse shaping was discussed in Chapter 2.
The dimensions of AD995 cylindrical specimen used in this research are 6.35 mm in
diameter and 7.62 mm in length. The quasi-static properties of AD995 are tabulated in
Table 3.1. The alumina specimens are core drilled from a 7.62-mm thick plate with both
sides precision ground. The cylindrical surface from the core drilling is then ground to
6.350 mm in diameter within 0.005-mm cylindricity. The confining sleeve materials were
brass B260, and 316 stainless steel in the same inner diameter and the same length as
specimen. During the deformation of the ceramic specimen, the confining pressure from
metal sleeve on the ceramic can initially be neglected when the specimen is under elastic
deformation. After ceramics being damaged, the plastic deformation of metal sleeve
causes the sleeve to constrain the rubble at pressure estimated by the thin-walled pressure
vessel theory. The outer diameter is 7.05 mm and 7.94 mm for brass sleeve and 7.94 mm
for steel sleeve, which can achieve three different confinement pressures at 26 MPa, 56
MPa and 104 MPa for the damaged ceramic according to equation (2.19), respectively.
The brass and steel sleeves have a quasi-static yield stress of 210 MPa, 410 MPa and a
dynamic yield stress of 250 MPa, 470 MPa, respectively.

With the double pulse shaping technique, three series of experiments were
conducted on alumina AD995 at different strain rates, various volume dilatations and
damaged levels under 26 MPa, 56 MPa and 104 MPa confinement pressures.

The first series were designed to examine the strain-rate effects on mechanical
behaviors of the damaged ceramic. The intact ceramic was damaged at the same heavy

damage level, thus forming the comminuted ceramic, by loading the specimens with
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identical first pulses. The amplitude of the second loading pulse was varied to achieve
various strain rates in the crushed specimen. The second pulse shaper is slightly changed
due to the different second striker while the spring is kept the same.

The second series of experiments was designed to examine the damage effects on
the mechanical responses at high strain rates. It had the opposite arrangement in the
loading pulses; the amplitudes of the first pulses were varied to achieve various damage
levels in specimen, whereas the second pulses were maintained relatively unchanged to
characterize the behaviors of ceramics damaged to different levels.

The last series of experiments were to check the volume dilatation effects on the
behavior of the damaged ceramics. The profiles of the two loading pulse were kept nearly
the same but separated by different periods of time. The separation of these two pulses is
varied to study the damage-induced dilatation effect on the compressive response. The
varying separation time was achieved through variations in the spring, gap between two
strikers and striker velocity.

To determine the volume dilatation, the axial and transversal strains of specimen
were indirectly measured from metal sleeve because the specimen was confined by the
sleeve. Two strain gauges (Measurements Group, Inc, Raleigh, NC, EA-06-062AQ-350),
along and perpendicular to the loading axial direction, were mounted on the metal
sleeve’s surface to form part of two Wheatstone single-bridges. The power for the
Wheatstone bridge is the excitation of 10 Volt DC.

Under the confinement of 26 MPa with a 0.35-mm thick brass sleeve, the first

striker bar is 19 mm in diameter and 152 mm long maraging C350 steel bar. The first
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pulse shaper is an annealed copper C110 disk with 9.5 mm in diameter and 1.2 mm in
thickness. The second striker bars are 381-mm long aluminum bar with 9.5 mm, 11.1 mm,
12.7 mm and 14.3 mm in diameters to achieve the varied strain rates for the second pulse.
The second pulse shaper is also the annealed copper C110 disks with 0.57 mm in
thickness and 3.9 mm, 4.8 mm, 5.6 mm and 6.4 mm in diameters. The spring (Century
Spring, Corp., CA) are made of music wires, and are 51 mm long, 23.8 mm in outsider
diameter, 2 mm in wire diameter, and 16 Ibs/inch in stiffness. The initial distance between
the two strikers is varied. The second striker bar in 9.5-mm diameter was selected
commonly to achieve the damage level and dilatation effect. The striker velocity is
usually 25.6 m/s.

Under the confinement of 56 MPa with a 0.8-mm thick brass sleeve, the first striker
bar is same as that under 26 MPa confinement except the length 178 mm. The first pulse
shaper is an annealed copper C110 disk with 8.3 mm in diameter and 1.6 mm in thickness.
The second striker bars are 254-mm long aluminum bar with 9.5 mm, 11.1 mm, 12.7 mm
and 14.3 mm in diameters to achieve the varied strain rate for the second pulse. The
second pulse shaper is also the annealed copper C110 disk with 0.57 mm in thickness and
3.9 mm, 4.8 mm, 5.6 mm and 6.4 mm in diameters. The springs (Century Spring, Corp.,
CA) are made of the music wire, 57 mm long, 24.8 mm in outsider diameter, 2.8 mm in
wire diameter, 54 Ibs/inch in stiffness. The initial distance between the two strikers is
varied. The striker velocity is usually 27.6 m/s. The second striker bar in 9.5 mm
diameter was selected to achieve the damage level and dilatation effect.

Under the confinement of 104 MPa, the first and second striker bar, the second
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pulse shaper and spring were same as that under 56 MPa confinement. The first pulse
shaper is an annealed copper C110 disk with 9.1 mm in diameter and 1.6 mm in thickness.
The striker velocity is usually 28.9 m/s. The second striker bar in 11.1 mm diameter was
selected to achieve the damage level and dilatation effect. The dynamic mechanical
properties of the shaper and metal sleeve materials were also determined by the same

SHPB, shown in the Appendix C for details.

3.3 Experimental Results about Alumina AD995

A typical set of the incident and transmitted pulses recorded by the digital
oscilloscope are shown in the Figure 3.1, which are slightly different from those obtained
through tubing structural pulse shapers shown in Chapter 2. The first pulse in Fig 3.1 has
the similar triangular shape with a loading time of 80 ps. The second pulse came at
approximately 60 us after unloading of the first pulse. The second loading pulse has a
nearly trapezoidal shape with a short rise time, a long flat stage that ensures a constant
strain rate over most of the experiment duration.

The second portion of the transmitted signal shows a complete flow-like behavior
whereas the peak load maintained nearly constant until unloading. According to SHPB
theory of 1-D wave propagation in the bars, the reflected pulse is equated to the incident
pulse minus the transmitted under the dynamic stress equilibrium. Therefore, the incident
pulse is also trapezoidal with large amplitude to ensure a constant strain rate during the

loading process, if the transmitted pulse is trapezoidal.
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Figure 3.1 Typical oscilloscope records of the double pulse loading SHPB for AD995

The 1-wave (transmitted wave), 2-wave (difference between incident and reflected
wave) method (Gray, 2000) was used to check the dynamic equilibrium in specimen.
Figure 3.2 shows the dynamics stress equilibrium, which illustrates that the axial stresses
on the front end of the specimen was nearly the same as that on the back end during the
loading phase of the first loading pulse and nearly the most duration of the second
loading pulse. The dynamic equilibrium does not exist at the unloading phase of the first
pulse. The analysis on the results in Figures 3.1 and 3.2 indicates that the specimen
deforms at nearly constant strain rates under dynamic equilibrium during both loading
periods, which is considered as a valid dynamic experiment. The data can be reduced to

obtain the dynamic stress-strain histories in specimen following the data reduction
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procedure presented in Chapter 2. Figure 3.2 also shows the deduction effect of confining
sleeve. In the first loading phase, it has little effect whereas the obvious deducted effect in
the second loading phase. The deduction effect of metal sleeve is discussed for the
representative stainless steel sleeve in the strain rate and volume dilatation effect

experiments and different filling soft materials in the Appendix D.
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Figure 3.2 Dynamic equilibrium check and deducted stress

3.3.1 Experimental Results of Alumina AD995 with 26 MPa Confinement Pressure

With this new experimental technique, three series of experiments were conducted
on alumina AD995 with 26 MPa confinement pressure supplied by a 0.35-mm thick brass
sleeve. The first series were to examine the strain-rate effects on the mechanical behavior
of the damaged but interlocked ceramic. The second series of experiments was designed
to examine the damage effects on the mechanical responses at high strain rates. The last

series is to check the volume dilatation effect on stress-strain behavior of AD995.
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For the first series, four different experiments were conducted with the nearly same
first strain rate for the intact alumina and four varied second strain rates for the damaged
ceramic. Figure 3.3 shows the incident-bar pulses for the first series of the experiments to
determine the rate effects on the damaged alumina. Figure 3.4 shows the corresponding
dynamic compressive stress-strain curves reduced from the experimental records. As
shown in Figure 3.4, the ceramic specimen initially behaves as a typical brittle material
with a linear stress-strain curve. It begins to fail catastrophically near the peak stress of ~
4.3 GPa, and then the stress suddenly releases to near zero. As the sample is being
crushed, the lateral confinement from the thin metal sleeve maintained an axial “flow”
stress of approximately 460 MPa. The second pulse came just after the end of the
unloading from the first pulse. The sample stress ascends to the same “flow” stress level
under the second loading. The amplitude of the “flow” stress remains nearly the same
despite the strain rate on the damaged ceramic is varied about three times from 328 s to
978 s, which indicates that the strength of the damaged ceramic is not very sensitive to

strain rates within this range.
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Figure 3.3 Incident bar signals to determine the rate effects on the intact and damaged

alumina AD995 with 26 MPa confinement
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Figure 3.4 Dynamic stress-strain curves of rate effects on alumina AD995 damaged to the
same heavy level with 26 MPa confinement
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Figure 3.5 shows the incident-bar pulses for the second series of the dynamic
experiments to determine the damage effects on the specimen behavior at a common
strain rate. The amplitudes of the peaks of the first pulses were varied to achieve different
damage levels. Since the damage is very sensitive to loading pulses, the controlled
variation in the peak loading does not appear to be significant. However, the subtle
differences in the loading pulse produced significantly different results as presented in
Figure 3.6. The second pulses were maintained nearly the same. Figure 3.6 shows the
corresponding dynamic compressive stress-strain curves from this series of experiments.
The results in Figure 3.6 indicate that when the ceramic specimen is damaged below a
critical level, which remains to be determined at later Chapter, the specimen remains
nearly elastic to the second loading. When the specimen is damaged beyond the critical
level, the specimen flows under the compression of the second loading pulse. The
amplitude of the “flow” stress remains around 460 MPa. Compressed by identical second
pulses, the specimen damaged least deforms only at a strain rate of 110 s*, whereas the

specimen damaged most extensively deforms at a strain rate three times higher.
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Figure 3.5 Incident bar signals for the series to determine the damage effects on alumina
AD995 with 26 MPa confinement
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Figure 3.6 Dynamic stress-strain curves of the intact and damaged alumina to various
damaged levels with 26 MPa confinement
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To determine the dilatation history in specimen, volume strain 8 was calculated by
O=¢€,+E,+tE, =6, 128, 4.1)
where &1, &, and &3 were three principal normal strains; & and & are the measured axial
strain and the transverse strain, respectively.

Since the metal’s yield strain is less than the ceramic failure strain, the strain
measured on sleeve surface may not represent the ceramic when the first pulse is
unloaded after the sleeve yielded. Four experiments were conducted on the alumina
AD995 to examine the dilatation effects on the behavior of the damaged but interlocked
ceramic. The profiles of the two loading pulses were kept nearly the same and separated
by predetermined periods of time. Note that this dilatation series of experiments used the
double pulse shaping technique with the aluminum tubing structure.

Figure 3.7 shows the incident-bar pulses for experiments to determine dilatation
effects of the damaged alumina. Figure 3.8 shows the corresponding dynamic
compressive stress-strain curves. Similar to the former two series, when the sample is
being crushed, the lateral confinement from the thin metal sleeve maintained an axial
“flow” stress of about 460 MPa. Even though the second pulse was controlled to arrive
during unloading, at the end of unloading and 60us after unloading of the first pulse, no
clear variation was observed in the “flow stress” of the crushed specimen except for the
less-damaged one. This indicated that the remaining strength of the damaged ceramic is

not very sensitive to the arrived time of the second pulse.
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Figure 3.7 Incident bar signals of SHPB to determine the dilatation effects on alumina

AD995 with 26 MPa confinement
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Figure 3.9 shows volume dilatation history measured by strain gages mounted on
the metal sleeve. Figure 3.10 shows the volume dilatation by axial strain that the

specimen volume starts to increase drastically at an axial strain level of just below 1%.
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Figure 3.9 Dynamic dilatation history of alumina AD995 with 26 MPa confinement
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Figure 3.10 Dynamic dilatation-axial strain curve of alumina AD995 with 26 MPa
confinement
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3.3.2 Experimental Results of Alumina AD995 with 56 MPa Confinement Pressure

Three series of experiments were conducted on the alumina AD995 with 56 MPa
confinement pressure by a 0.8-mm thick brass sleeve. The first series were designed to
examine the strain-rate effects on the mechanical behavior of the damaged but
interlocked ceramic. The second series of experiments was to examine the damage effects
on the mechanical responses at high strain rates. The last series is to check the volume
dilatation effect on the stress strain behavior of AD995.

Figure 3.11 shows the incident-bar pulses for the first series of the experiments to
determine the rate effects of the damaged alumina in four experiments. Figure 3.12 shows
the corresponding dynamic compressive stress-strain curves reduced from the
experimental records. As shown in Figure 3.12, the ceramic specimen initially behaves as
a typical brittle material with a linear stress-strain curve with the peak stress of ~4.3 GPa.
As the sample is being crushed, the lateral confinement from the metal sleeve maintained
an axial “flow” stress. The sample stress ascends to the “flow” stress level of
approximately 560 MPa under the second loading. The amplitude of the “flow” stress
remains nearly the same despite the strain rate on the damaged ceramic is varied about
three times from 615 s™ to 1645 s™. It indicates that the strength of the damaged ceramic

is not very sensitive to strain rates within this range.
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Figure 3.11 Incident bar signals to determine the rate effects of the intact and damaged
alumina AD995 with 56 MPa confinement
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Figure 3.12 Dynamic stress-strain curves of rate effects on alumina AD995 damaged to
the same heavy level with 56 MPa confinement
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Figure 3.13 shows the incident-bar pulses for the second series of the dynamic
experiments to determine the damage effects on the specimen behavior at a common
strain rate. The amplitudes of the peaks of the first pulses were varied to achieve different
damage levels. Since the damage is very sensitive to loading pulses, the controlled
variation in the peak loading does not appear significant. However, the subtle differences
in the first loading pulse produced significantly different results as presented in Figure
3.14 while the second pulses were maintained nearly the same. Figure 3.14 shows the
corresponding dynamic compressive stress-strain curves from this series of experiments.
The results in Figure 3.14 indicate that when the ceramic specimen is damaged below a
critical level, which remains to be determined at the later part from the inner-crack
pattern, the specimen remains nearly elastic to the second loading. When the specimen is
damaged beyond the critical level, the specimen flows under the compression of the
second loading pulse. The amplitude of the “flow” stress remains around 560 MPa.
Compressed by identical second pulses, the specimen damaged least deforms only at a
strain rate of 118 s, whereas the specimen damaged most extensively deforms at a strain

rate three times higher.



74

Brass ®5/16" sleeve
B\ —O—276s"->118s"
50 1 —A—290s" > 207"

—0—298s"->3215s"
—>—308s"-->309s"

Voltage (mV)
o
It

-50 -

T T T T T T T T T T
0 500 1000
Time (us)

Figure 3.13 Incident bar signals for the series to determine the damage effects on alumina
AD995 with 56 MPa confinement
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Figure 3.14 Dynamic stress-strain curves of the intact and damaged alumina AD995 to
various damaged levels with 56 MPa confinement
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Four experiments were conducted the volume dilatation effect on the alumina
AD995. Figure 3.15 shows the incident-bar pulses for the experiments to determine the
dilatation effects of the damaged alumina. Figure 3.16 shows the corresponding dynamic
compressive stress-strain curves. Similar to the former two series, when the sample is
being crushed, the lateral confinement from the thin metal sleeve maintained an axial
“flow” stress of about 560 MPa. The damaged level may have some slight effect on the
damaged specimen for the larger confinement. Even though the second pulse was
controlled to arrive during unloading, at the end of unloading and 60us, 120us after
unloading of the first pulse, no clear variation was observed in the “flow stress” of the
crushed specimen. This indicated that the remaining strength of the damaged ceramic is
not very sensitive to the arrived time of the second pulse.

Since the metal’s yield strain is less than ceramics failure strain and the measuring
range for the strain gage is less that 3%, the strain measured on the sleeve surface may
not represent the ceramic when the first pulse is unloaded after the sleeve yielded. The
volume dilatation history in the specimen calculated by the measured axial strains and the
transverse strain in the sleeve can be taken as a reference. It is no marked meaning here to

show the volume dilatation.
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Figure 3.15 Incident bar signals of SHPB to determine the dilatation effects on alumina
AD995 with 56 MPa confinement
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Figure 3.16 Dynamic stress-strain curves of the intact and damaged alumina AD995 with
56 MPa confinement
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3.3.3 Experimental Results of Alumina AD995 with 104 MPa Confinement Pressure

Three series of experiments were conducted on the alumina AD995 with 104 MPa
confinement pressure by a 0.8-mm thick stainless steel sleeve. The three series were
designed to examine the strain-rate effects, the damage level and volume dilatation effect
on the mechanical behavior of the damaged but interlocked alumina AD995.

Figure 3.17 shows the incident-bar pulses for the first series of the experiments to
determine the rate effects of the damaged alumina in four experiments. Figure 3.18 shows
the corresponding dynamic compressive stress-strain curves reduced from the
experimental records. As shown in Figure 3.18, the ceramic specimen initially behaves as
a typical brittle material with a linear stress-strain curve with the peak stress of ~ 4.0 GPa.
As the sample is being crushed, the lateral confinement from the metal sleeve maintained
an axial oscillating “flow” stress. The sample stress ascends to the “flow” stress level of
approximately 650 MPa under the second loading. The amplitude of the “flow” stress
remains nearly the same despite the strain rate on the damaged ceramic was varied about
three times from 176 s™ to 978 s™*. It indicates that the strength of the damaged ceramic is

not very sensitive to strain rates within this range.
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Figure 3.17 Incident bar signals to determine the rate effects on the intact and damaged
alumina AD995 with 104 MPa confinement
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Figure 3.18 Dynamic stress-strain curves of rate effects on alumina AD995 damaged to
the same heavy level with 104 MPa confinement
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Figure 3.19 shows the incident-bar pulses for the second series of the dynamic
experiments to determine the damage effects on the specimen behavior at a common
strain rate. The amplitudes of the peaks of the first pulses were slight varied to achieve
different damage levels since the damage is very sensitive to loading pulses. However,
the subtle differences in the first loading pulse produced significantly different damage
level while the second pulses were maintained nearly the same. Figure 3.20 shows the
corresponding dynamic compressive stress-strain curves from this series of experiments.
The results indicate that when the ceramic specimen is damaged below a critical level,
the specimen remains nearly elastic to the second loading. When the specimen is
damaged beyond the critical level, the specimen flows under the compression of the
second loading pulse. The amplitude of the “flow” stress remains around 650 MPa.
Compressed by identical second pulses, the specimen damaged least deforms only at a
strain rate of 167 s, whereas the specimen damaged most extensively deforms at a strain

rate twice higher.
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Figure 3.19 Incident bar signals for the series to determine the damage effects on alumina
AD995 with 104 MPa confinement
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Figure 3.20 Dynamic stress-strain curves of the intact and damaged alumina AD995 to
various damaged levels with 104 MPa confinement
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Four experiments were conducted the volume dilatation effect on the AD995. Figure
3.21 shows the incident-bar pulses for the experiments to determine the dilatation effects
of the damaged alumina. Figure 3.22 shows the corresponding dynamic compressive
stress-strain curves. An axial “flow” stress of about 650 MPa was maintained by the
lateral confinement from the thin metal sleeve as the sample is being crushed. As the
second pulse was controlled to arrive during unloading, at the end of unloading and 40us
and 120us after unloading of the first pulse, no significant variation was observed in the
“flow stress” of the crushed specimen. This indicated that the remaining strength of the

damaged ceramic is not very sensitive to the arrived time of the second pulse.
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Figure 3.21 Incident bar signals of SHPB to determine the dilatation effects on alumina
AD995 with 104 MPa confinement
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Figure 3.22 Dynamic stress-strain curves of the intact and damaged alumina AD995 with
104 MPa confinement

From the above three series of experiments under each confinement, it is concluded
that the remaining strength of the damaged ceramic is not very sensitive to the strain rate
and the arrived time of the second pulse once the specimen is damaged beyond a critical
level. At the slight damage level, the specimen can be approximately treated as the intact
and retain the nearly elastic similarly to the intact ceramics. When the damaged level
attains a certain value, there is a transition between the intact (slight damage) and heavily
damaged. Figure 3.23 shows the dynamic compressive stress-strain curve for the heavily
damaged ceramic under the three confinements. The results show that the increasing

confinement increases the load-bearing level of the damaged ceramic.
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Figure 3.23 Dynamic stress-strain curves of the damaged alumina AD995 with the
confinement effects

3.4 Crack Patterns of the Damaged Alumina AD995

Since the damage effect had a significant effect on the crushed ceramic, it is
necessary to know the damage degree from the slight to the heavy. The crack distribution
and dimension in the crushed ceramic is an important aspect for a damage description.
Both the end surfaces and inside of the damaged ceramic specimen were observed and
initially analyzed for crack patterns. A digital camera in 10x optical focuses was used to
observe the cracks. The inside crack pattern was revealed by sectioning the sample. The
preparation of the ceramic specimen for crack observation includes mounting the

damaged ceramic in thermosetting polymer, cutting with a slow diamond wafer saw,
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grinding to remove surface irregularities during the cutting, and polishing to achieve a
smooth, reflective surface (Bengisu, 2001).

For the damaged ceramics confined in the metal sleeve, we enclose the specimen in
an epoxy resin and cure the epoxy with harden agents in a cylindrical plastic cap at room
temperature. It is a big challenge for the mostly comminuted or fragmented ceramic
rubble confined in metal sleeves to be adhered together while keeping the initial position
of the rubble from movement. It depends on the effect of ceramic rubble-epoxy interface
adhesion, so that the ceramic rubble was not easily scattered away during the cutting.
Compared to the releasing agent that causes the interface non-adhesive, the coupling
agent, such as TEVS (triethoxyvinylsilane: CH,=CHSi(OC;Hs)3), can enhance the
Al,Os/epoxy interface adhesion (Zhao and Zhang, 2003). In preparation, the ceramic
adhesive surface must be cleaned ultrasonically in acetone, alcohol and deionized water.
After drying, it was coated with the coupling agent for the adhesion. The epoxy set was
chosen as a very low viscosity to offer excellent flow and penetration. After the epoxy
hardening, the sample that the damaged ceramic was enclosed in the solid epoxy was cut
in half along the ceramic cylindrical axial direction with the diamond saw. The cutting
surface then was ground and finely polished to a flat smooth face, showing the internal
distribution of cracks between the ceramic rubbles.

Figures 3.24, 3.25 and 3.26 show the crack patterns in both end surfaces and
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sectioning of the slightly damaged alumina AD995 confined by a 0.35-mm thick brass
sleeve, 0.8-mm thick brass sleeve and 0.8-mm thick steel sleeve, respectively. Figures
3.27, 3.29 and 3.30 show the crack patterns in the heavily damaged alumina AD995
confined by the above three sleeves, respectively. Figure 3.28 shows the crack patterns in

an intermediately damaged alumina AD995 confined by a 0.35-mm thick brass sleeve.

(a) (b) (©) (d)
Figure 3.24 Crack pattern in slightly damaged alumina AD995 (0.35-mm brass sleeve)
(a) overview; (b)and (c) two end surface; (d) axial sectioning

(a) (b)
Figure 3.25 Crack pattern in slightly damaged alumina AD995 (0.8-mm brass sleeve)
(@) overview; (b)the end surface; (c) axial sectioning
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(b) (©)

(d)

Figure 3.26 Crack pattern in slightly damaged alumina AD995 (0.8-mm steel sleeve)
(a) overview; (b)the end surface; (c) left of axial sectioning; (d) right of axial sectioning

For the slightly damaged ceramic, the metal sleeve sustains little plastic
deformation and the confinement can be neglected at both loading pulses. The alumina
AD995 confined by three sleeves with the slight damage level shows the same crack
pattern. Several macro-cracks were axially splitting starting at the corners of the ceramic
cylinder, which forms a mostly circumferential surface crack on the end face. There are

few observable macro-cracks in the center part.
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(b)

(d) ()
Figure 3.27 Crack pattern in heavily damaged alumina AD995 (0.35-mm brass sleeve)

(a) upper overview; (b) and (c) two end surfaces;
(d) lower overview; (e) left of axial sectioning; (f) right of axial sectioning

(d)
Figure 3.28 Crack pattern in transitional damaged AD995 (0.35-mm brass sleeve)
(a) upper overview; (b) and (c) two end surfaces;
(d) lower overview; (e) left of axial sectioning; (f) right of axial sectioning
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Figure 3.29 Crack pattern in heavily damaged alumina AD995 (0.8-mm brass sleeve)
(a) upper overview; (b) and (c) two end surfaces;
(d) lower overview; (e) left of axial sectioning; (f) right of axial sectioning

(a) O ()

e S —
(d) (e) ()

Figure 3.30 Crack pattern in heavily damaged alumina AD995 (0.8-mm steel sleeve)
(a) upper overview; (b) and (c) two end surfaces;
(d) lower overview; (e) left of axial sectioning; (f) right of axial sectioning
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For the heavily damaged alumina AD995, the axial splitting cracks were distributed
in the whole sectioning, which formed fragments of the ceramic. Under 26 MPa
confinement, the axial splitting caused the specimen to become several large fragments.
For the heavily damaged alumina AD995 under 56 MPa and 104 MPa confinements,
there were many sub-cracks existing between major cracks formed by axial splitting,
which is similar to the intermediately damaged alumina AD995 under 26 MPa
confinement. These observations can provide a physical background to describe the

damage level for the analytical modeling of the fragmented ceramic.

3.5 Microstructural Observation and Analysis of Alumina AD995

In this research, microstructural analysis was also conducted to understand the
failure mechanism for the physics-based constitutive modeling for the comminuted
AD995 ceramic. After the experiments of AD995 under three confinement pressures, the
microstructural observation in SEM for the damaged ceramics had been conducted in
typical specimens.

The ceramic rubble is usually scattered in the form of loose particles in different
sizes, which was mounted on the sample holder for SEM observation with sputtering
coating, and observed the microstrucrture in SEM with high magnification. The original

end surface profile of an AD995 specimen before mechanical loading is shown in Figure
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3.31. For the heavily damaged specimen, the loose-up AD995 rubble was shown in
Figure 3.32. The fracture surface of the large AD995 rubble was shown in Figures 3.33,
3.34 and 3.35 with increasing magnification. Figures 3.35 and 3.36 indicate the
transgranular fracture is dominated. Figure 3.37 shows some small rubble. Figures 3.38,
3.39 and 3.40 show the single grain with inner sub-cracks, porosity, plastic deformation

and slipping band, respectively.

Figure 3.31 Original end face profile of AD995 specimen



Figure 3.33 Large alumina AD995 rubbles
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Figure 3.35 Detail surfaces of the large rubbles of alumina AD995
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Figure 3.37 Small grains of alumina AD995 rubbles
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10 um

Figure 3.38 Single grain of alumina AD995 with many sub-cracks

Figure 3.39 Single grain of alumina AD995 rubbles with much porosity and plastic
deformation
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Figure 3.40 Two single grains of alumina AD995 rubbles with much slip band

Figure 3.41 End face profile of transitionally damaged alumina AD995 with 26 MPa
confinement
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Especially for the specimens tested on the intermediately damaged level, both end
faces are partially damaged. The specimen was completely pulverized in the corner and
fragmented in the center with macro-cracks. This crack pattern can be used to explain the
phenomena of the transition between penetration and interface defeat in the projectile
penetrating ceramic target. Figure 3.41 shows the end face profile of the intermediately
damaged AD995 with 26 MPa confinement with small corner comminuted and mostly
center fragmented. Figure 3.42 shows the comminuted AD995 rubble in the corner of
specimen. Figure 3.43 shows the interlocked AD995 rubble in the transition area between
the comminuted and fragmented AD995 rubble. Figure 3.44 shows that many sub-cracks
further followed the transitional area to the fragmented area. In the center fragmented
rubbles, macro cracks can be easily observed. Figure 3.45 shows a main crack becoming
tri-branching cracks. Inside the crack there were many sub-cracks in the fragmented form.

Figure 3.46 and 3.47 shows the detail look inside a crack between the grains.



Figure 3.43 Interlocked rubble of the damaged alumina AD995
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Figure 3.44 Surface sub-crack of transitionally damaged alumina AD995 with 26 MPa
confinement

100 um

Figure 3.45 Surface macro cracks of the fragmented alumina AD995
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Figure 3.47 Inside crack of the damaged alumina AD995
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3.5 Summary

Using a newly-developed SHPB experimental techniques with two consecutive
loading pulses in a single dynamic experiment, three series of experiments were
conducted on alumina AD995 at different strain rates, various volume dilatations and
damage levels under 26 MPa, 56 MPa and 104 MPa confinement with sleeves. The strain
rate and volume dilatation effects on the damaged AD995 in each confinement show that
the strength of the damaged ceramic is not very sensitive to strain rates within this range
and the arrived time of second pulse once the damage attains a critical level. The damage
effects on the crushed AD995 indicates that when slightly damaged, the specimen
remains nearly elastic; when intermediately damaged, the specimen strength gradually
decreased from that of the slightly damaged level to that of the heavily damaged level.
For the confinement effect, it is observed that increasing confinement increases the
strength of the damaged AD995. The crack patterns of AD995 were mainly axial splitting,
from several cracks in the corner with the slight damage, moderate amount of cracks in
the intermediate damage to many cracks at all scales in the heavy damage. An increase in
confinement decreases axial splitting cracks to fragment in the heavy damage. SEM
observations show that transgranular fracture was a dominating failure mechanism with
the grain sub-cracking, slipping band and plastic deformed stripes. Inside the surface

crack there are many sub cracks between comminuted grains.



