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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 
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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, 

1994a, 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). 

 

Figure 1.2 Long-rod penetrating into ceramic target (Doyoyo, 2002) 

 

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 Al2O3 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.  

 

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 (TiB2) 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 



 26

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 
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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 V0 strikes the 

cushion, the cushion starts to deform plastically. For an incompressible material and a 

homogenous deformation, mass conservation gives a0h0 = ah; here a0, h0 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  

0

0

h
hh −

=ε  and  
ε−

=
1

0aa                 (2.1) 

Neglecting the elastic strain, the cushion stress σc can be related to the strain ε 

)(0 εσσ fc =                          (2.2) 

where σ0 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 V4 are given by: 
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where Vst and Vi 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 

AAaT stic σσσ ===                     (2.4) 

where σi =ρ0C0Vi and σst  =ρstCstVst are the stresses in the incident bar and striker bar, 

respectively. ρ0, C0, A0, E are mass density, longitudinal wave speed, cross-sectional area 

and Yong modulus of the incident bar, respectively; and ρst, Cst are mass density, 

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

cushion axial strain can be obtained by as the following equation 
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which has a solution  

∫
−

⎟
⎠
⎞

⎜
⎝
⎛

−
−=

ε

0

1

1
)(1 dx
x
xfKt , 0tt ≤                     (2.6) 

mA
aK

σ
σ

0

00= , 
0

0
0

2
C
lt = , 0002

1 VCm ρσ =               (2.7) 

where t0 is travel time before elastic wave reflecting from the free end of the l0-long 

striker and reaching the interface with the cushion. 

The strain and stress in the incident bar, εi and σi, now are: 
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When the cushion is at t = t1, the axial strain rate then is  
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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  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

ststCC
KK

ρρ
11

00
0 ,  

00

00
0 VA

aK σ
=                 (2.10) 

where ρst, Cst 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  
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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 < V4 and the 

cushion unloads during t0 ≤ t < 2t0 at t= t*. It has the analogous analysis process while 

considered the elastically unloading stress-stain relation of the cushion 
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where σp
*, εp

* are the peak stress and strain at t= t* when V3 = V4, and Ep is unloading  

modulus. The strain rate in the cushion is 
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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.  

 

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, 

2002). 
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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 
(a) 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 

(a) 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 µs 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 
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where δ is the misfit, r is radius, υ 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, σy is yield stress of  

sleeve material, ρ is elastic-plastic boundary radius in sleeve. The confining pressure p 

can be calculated by eliminating ρ from equations (2.15a) and (2.15b). Obviously, if the 

sleeve retains elastic, ρ = rc, equation (2.15a) and (2.15b) can be reduced to equation 

(2.14) by eliminating σy. If the whole sleeve become plastic, ρ = rs, then the confining 

pressure is maximum as 

c

s
y r

rp lnmax σ=                             (2.16) 

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 δ = 0.005 mm, rc = 6.35 mm, rs = 7.05 mm, υc = 0.22, υs = 0.33, Ec =370 GPa and 

Es = 108 GPa, the radial pressure becomes p = 8.37 MPa with equation (2.16) and p = 

26.14 MPa with σy = 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 εz exceeds the sleeve yield strain ε0, the sleeve is considered 

incompressible and Poisson’s ratio υ 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 δ0, the misfit simply is  
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For the above brass metal sleeve, the yield strain determined from dynamic SHPB is ε0 = 

0.34%. When the sleeve attains yield strain, εz = 0.34%, the calculated misfit δ = 0.0024 

mm and the radial pressure becomes p =4.19 MPa; When εz = 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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zccr ενδδ )5.0(0 −−=                      (2.18) 

When εz = 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. 

yD
tp σ2

=                              (2.19) 

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

respectively; and σy 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 
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stress concentrations along the specimen edges, a pair of laterally confined tungsten 

carbide (WC) platens (φ12.7mm × 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, rc = 12.5 mm, υc = 0.22, Ec = 690 GPa; for the stainless steel sleeve, υs = 

0.28, Es = 200 GPa, with rs = 15.88 mm, δ = 0.013 mm, the radial pressure becomes p = 

40 MPa; with rs = 19 mm, δ = 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: 

)]()([)( tt
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EAt tct

s

εεσ −=                     (2.20) 

where As and A are cross sectional areas of specimen and bar, respectively. E is Young’s 

modulus of the bar material. εt(t) is the transmitted signal from testing with confined 

specimen and εtc(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: 
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where c is wave speed in the bar, ls is initial length of specimen. εr(t) is the reflected 

signals from testing with confined specimen, and εrc(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/m3, 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 µs. Approximately 30 µs after unloading of the first pulse come the second pulse. The 

reflected signal starts at 620 µs and maintains at an approximate constant level for 70 µs, 

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 
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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 2004a, 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.  

 



 

 

55

CHAPTER 3 

DYNAMIC COMPRESSIVE BEHAVIORS OF INTACT AND DAMAGED 

COORSTEK ALUMINA AD995 CERAMICS 

 

 

3.1 Alumina AD995 

Alumina, often referred as aluminum oxide, Al2O3, 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 α-Al2O3 or corundum, there are many 

metastable structures of alumina, “transition aluminas”, like for instance γ - Al2O3 which 

is widely used as a catalyst. More than 25 different solid phase, or forms have been 

described (γ, θ, κ, χ, δ, η,…..). Many different phases caused many characteristics and 

wide range of applications. In general, there are three most important forms: α (stable), κ 

(metastable) and γ (metastable) phases. (Gitzen, 1970; Dorre, 1984; Kleebea, 1996; and 

Ollivier, 1997). 

Here, the stable α, metastable κ and γ alumina are briefly introduced. α-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 2/3 of the octahedral interstitial positions. The structure of corundum can be viewed as 

a hexagonal close packed array of oxygen atoms with 2/3 of the octahedral sites occupied 

by Al3+ ions. Crystals of corundum are usually prismatic or barrel-shaped bounded by 

steep pyramids. κ-alumina has an orthorhombic crystal structure with close-packed 

planes of oxygen in an ABAC stacking sequence along the c-axis. 1/4 of the Al ions 

occupy tetrahedral interstitial positions and the 3/4 occupies the octahedral positions. 

γ-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/cm3 

Average Grain Size 6.0 µm 

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/mm2 

Fracture Toughness (Notched beam) 4~5MPa⋅m0.5 

Thermal Expansion (25-1000°C) 8.2×10-6/°C 

Thermal Conductivity (25°C) 30 W/m⋅°K) 

Thermal shock Resistance, ∆Tc 200 °C 

Maximum Use Temperature 1750 °C 

Volume Resistivity (25°C) >1014 Ω⋅ 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 α, 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 α-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 lbs/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 lbs/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 µs. The second pulse came at 

approximately 60 µs 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-1 to 

978 s-1, 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-1, 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 θ was calculated by 

θεεεεεθ 2332211 +=++= z                   (4.1) 

where ε11, ε22 and ε33 were three principal normal strains; εz and εθ 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 60µs 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 3.8 Dynamic stress-strain curves of intact and damaged 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-1 to 1645 s-1. 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-1, whereas the specimen damaged most extensively deforms at a strain 

rate three times higher.   
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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 60µs, 120µs 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-1 to 978 s-1. 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-1, 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 40µs 

and 120µs 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. 



 

 

83

0.00 0.05 0.10 0.15 0.20 0.25
0

1000

2000

3000

4000

Confinement Effect

 σT = 104 MPa (176 s-1 --> 978 s-1)

 σT =  56 MPa (615 s-1 --> 1645 s-1)

 σT =  26 MPa (328 s-1 --> 978 s-1)

St
re

ss
 (M

P
a)

Strain

 

 

 

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 10× 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: CH2=CHSi(OC2H5)3), can enhance the 

Al2O3/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)               (c)                  (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)                     (c)                   

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

 

              

(d)                  (e)                    (f)                   
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 

 
 

               
(a)                  (b)                    (c) 

 

          
(d)                  (e)                    (f) 

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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(a)                    (b)                      (c) 

                

(d)                  (e)                    (f) 
 

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)                  (b)                    (c) 

             
(d)                    (e)                    (f) 

 
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 
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Figure 3.32 Loose-up alumina AD995 rubbles in heavily damaged specimen 

 

 
 

Figure 3.33 Large alumina AD995 rubbles 
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Figure 3.34 Surface profiles of the large alumina AD995 rubbles 
 
 

 
 

Figure 3.35 Detail surfaces of the large rubbles of alumina AD995 
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Figure 3.36 Fracture surface of another large alumina AD995 rubble 
 
 

 
 

Figure 3.37 Small grains of alumina AD995 rubbles 
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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.  
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Figure 3.42 Comminuted surface of the damaged alumina AD995 

 

 

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 

 

 

Figure 3.45 Surface macro cracks of the fragmented alumina AD995  
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Figure 3.46 Sub-crack inside main cracks of the damaged alumina AD995 

 

 

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. 
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CHAPTER 4 

DYNAMIC COMPRESSIVE BEHAVIORS OF INTACT AND DAMAGED CERCOM 

SILICON CARBIDE SiC-N CERAMICS 

 

 

4.1 Hot-Pressed Silicon Carbide 

 
Silicon carbide has the unique properties, such as light weight, high strength, high 

hardness, high temperature stability, low thermal expansion, high thermal conductivity 

and good corrosion resistance. These attributes made it as a promising ceramic material 

for engine components, armor elements, other structural and wear components, optical 

and electronic devices. Silicon carbide has at least 140 known polytype structures. The 

most commonly polytypes are 3C, 6H, 4H, 15R and 2H, in which C, H and R represent 

cubic, hexagonal, rhombohedral systems, respectively. The cubic (3C) is known as β-SiC 

and all other polytypes are called α-SiC.  

The raw material for hot-pressed SiC is SiC powder which can be densified with 

sintering aids to improve the diffusivity and covalent bonding. The hot-pressed silicon 

carbide investigated in this research is SiC-N, manufactured by Cercom, Inc. Standard 

hot pressing procedures were employed to fabricate (Shih, 1998a, b). SiC powder was 

first mixed with sintering aids. The blended powder was loaded into a graphite die and 

then hot pressed above 2000°C under 18 MPa. Cercom SiC-N is a refined product of 

Cercom SiC-B, with a modification in powder homogenization and an addition of organic 

binder. The Cercom SiC-B uses an aluminum nitride (AlN) as the sintering aids. All 
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impurities were segregated in small, well-dispersed pockets along the SiC grain 

boundaries. The sintering aid promotes the wetting of metallic melts and allows the melts 

spreading over the powder surface to form fine segregated impurity pockets along the 

grain boundaries, which promotes a favorable intergranular fracture. For SiC-N, during 

hot pressing, the organic binder burns out and leaves a small amount of residual carbon, 

which depletes the oxide layer on the powder. The silicon oxide layer on SiC powder may 

form a glassy grain boundary phase. The SiC-N also has the segregated grain boundaries 

which exhibits an intergranular fracture mode. The average grain size of SiC-N is 4 µm. 

The range of grain sizes lies between 1-8 µm. The polytypes of SiC-N is α-SiC (4H) and 

its lattice parameters a = 0.3081 nm, c = 1.006 nm. Table 4.1 shows the mechanical 

properties of the hot-pressed Cercom SiC-N. 

Table 4.1 Quasistatic Properties of Hot-pressed Cercom SiC-N 

Bulk Density (min) 3.20 g/cm3 

Average Grain Size 3-5 µm 

Color black 

Flexural Strength, (4-Pt MOR, 25°C) 570 MPa 

Characteristic Strength 600 MPa 

Weibull Modulus (m) 21 

Elastic Modulus (E) 460 GPa 

Poisson's Ratio (ν) 0.16 

Hardness (Knoop 0.3 kg) 2400 kg/ mm2 

Fracture Toughness (Chevron Notch) 4.7 MPa⋅m0.5 

Thermal Expansion (25-1000° C) 4.5×10-6/°C 

Thermal Conductivity (25°C) 130 W/m⋅K) 

Electrical Resistivity >104 Ω⋅ cm 
(Data from Cercom, Inc) 
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4.2 Dynamic Compressive Experiments of SiC-N 

We employed the same loading/reloading SHPB experimental technique to generate 

two consecutive loading pulses for the hot-pressed silicon carbide, SiC-N, ceramics in a 

single dynamic experiment. The general analysis about the two pulse shaping and the 

response in the ceramic is described detailedly in the last Chapter. It is very important to 

carefully control pulse shaping on both of the loading pulses and ensure that the specimen 

deforms at nearly constant strain rates under dynamic stress equilibrium during both of 

the loading processes. The improved experimental technique with springs between two 

strikers was employed to characterize the constitutive responses of SiC-N, as a function 

of damage level, strain rate, volume dilation and lateral confinement before the specimen 

disintegrates.  

The dimensions of the SiC-N cylindrical specimen used in this research are 6.35 

mm in diameter and 6.35 mm in length. The mechanical properties of SiC-N are tabulated 

in Table 4.1 from Cercom Ceramics Company. The SiC-N specimens are core drilled 

from a 100 mm × 100 mm× 50 mm block and then cut to the 6.35 mm length with the 

both sides precision ground within 0.005-mm perpendicularity from the central axis base. 

The cylindrical surface from the core drilling is then ground to 6.350-mm diameter within 

0.005-mm cylindricity. The confining sleeve materials were brass B260, copper alloy 

C122, and 316 stainless steel in the same inner diameter and same length as the specimen. 

The dynamic mechanical properties of sleeve were shown in Appendix C, which was 

determined from another SHPB experiments with double pulse shaping. The outer 

diameter is 7.05 mm for brass sleeve, 7.94 mm for copper sleeve and 7.94 mm for steel 
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sleeve, which can achieve three different confinement pressures with 26 MPa, 56 MPa 

and 104 MPa for the damaged ceramic according to Eqs (2.19), respectively. The brass, 

copper and steel sleeve have a quasi-static yield stress of 210 MPa, 200 MPa, 410 MPa 

and a dynamic yield stress of 250 MPa, 250 MPa, 470 MPa, respectively.  

Under the confinement of 26 MPa for SiC-N 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 pulse shaper is an annealed copper C110 disk with 8.1 mm in diameter and 1.4 mm 

in thickness plus an annealed low carbon steel disk with 20 mm in diameter and 0.4 mm 

in thickness. The second striker bars were 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 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 music wire, 51 mm long, 24.8 mm in outsider diameter, 

2.8 mm in wire diameter, and 59 lbs/inch stiffness. The initial distance between the two 

strikers is adjusted through the position of plastic sabots. The striker velocity is usually 

32.4 m/s. 

Under the confinement of 56 MPa for SiC-N with a 0.8-mm thick copper sleeve, the 

first striker bar is same as that under 26 MPa except the length of 178 mm. The first pulse 

shaper is an annealed Brass B260 disk with 8.3 mm in diameter and 1.6 mm in thickness. 

The second striker bar is same as that under 26 MPa confinement except the length of 

254 mm. The second pulse shapers and springs are same as that under 26 MPa 

confinement. The striker velocity is usually 33.8 m/s.  
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Under the confinement of 104 MPa, the first and second striker bar, the springs, and 

the second pulse shaper and springs were same as that under 56 MPa confinement. The 

striker velocity is usually 35.3 m/s.  

Specimen strains were measured from the axial and transversal strain gage on the 

sleeve. The volume dilatation calculation was discussed in the last chapter. Two strain 

gauges, the Wheatstone bridge and the power were same as that used in AD995 

experiments. 

With the improved experimental technique, two series of experiments with the 

effect of the different strain rates and various volume dilatations were conducted on 

SiC-N under 26 MPa and 56 MPa confinement pressure. The experiments with the effect 

of strain rates, volume dilatations and damage levels were conducted on SiC-N under 104 

MPa confinement. The methods and procedure to examine the effects of strain rates, 

volume dilatations and damage levels had been detailedly presented in the last chapter. 

 

 

4.3 Experimental Results about SiC-N 

A typical set of the incident and transmitted pulses recorded by the digital 

oscilloscope are shown in Figure 4.1. The general characters about two loading pulses 

were described in the last chapter such as the pulse shape, the time and process of loading 

and unloading, and the flat reflected signal. The double pulse shaping ensures SiC-N 

dynamically deformed for both pulses at constant strain rates under dynamic stress 

equilibrium. The transmitted signal also shows a sudden drop that corresponds to the 
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crushing of the specimen following a typically brittle elastic response. Then the 

transmitted signal shows a slightly linearly rising behavior where the load continued to 

linearly increase until unloading.   

Dynamic equilibrium and constant strain rates are important testing conditions in 

dynamic experiments to obtain valid dynamic material properties. Similar to the last 

chapter about the check of dynamic stress equilibrium in specimen, we used the 1-wave, 

2-wave method. Figure 4.2 shows the dynamics stress equilibrium, which illustrates that 

the axial stresses on the front end of specimen was nearly the same as that on the back 

end during the loading phase of the first loading pulse and most duration of the second 

loading pulse. Dynamic equilibrium did not exist after the specimen was crushed at 

unloading of the first loading pulse.  

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. 

Figure 4.2 also shows the deducted transmitted signals from steel sleeve compared to the 

original signals. Another SHPB experiment about sleeves to simulate the strain history of 

ceramics in the strain rate and volume dilatation series of experiments was discussed in 

Appendix D. The SHPB experiment of the sleeve filled with soft materials indicated no 

obvious difference in the transmitted signal among the sleeve without filling and the 

sleeves filled with three soft materials, which is also discussed in Appendix D. 

The analysis on the results in Figure 4.1 and Figure 4.2 indicates that the specimen 

deforms at nearly constant strain rates under dynamic equilibrium during both loading 

periods. Therefore, the experiment is taken as a valid dynamic experiment. The data is 
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reduced to obtain the dynamic stress-strain histories in specimen following the data 

reduction procedure. 
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Figure 4.1 Typical oscilloscope traces for SiC-N of double-loading SHPB 
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Figure 4.2 Dynamic equilibrium check and deducted stress for SiC-N 
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4.3.1 Experimental Results of SiC-N with 26 MPa Confinement Pressure 

With the improved double pulse experimental technique, two series of experiments 

were conducted on the SiC-N under 26 MPa confinement pressures with a 0.35-mm thick 

brass sleeve. The first series were to examine the strain-rate effects on the mechanical 

behavior of the damaged ceramic.  

Figure 4.3 shows the incident-bar pulses for the series of experiments to determine 

the rate effects of the comminuted (complete damaged) SiC-N for 26 MPa confinement 

condition. Figure 4.4 shows the corresponding dynamic compressive stress-strain curves 

reduced from the experimental records. During the deformation of ceramic specimen, the 

confining pressure from brass sleeve on the ceramic can initially be neglected when the 

specimen is under the first loading. After SiC-N was crushed, the sleeve confines SiC-N 

rubble at a pressure estimated according to equation (2.19).  

As shown in Figure 4.4, ceramic specimen initially behaves as a typical brittle 

material with linear elasticity. It begins to fail catastrophically near the peak stress of 5.2 

~ 6.1 GPa, and then the stress suddenly releases to near zero. As the sample is being 

crushed, the lateral confinement from thin brass sleeve maintained an axial approximate 

“flow” stress. The second pulse came just after the end of unloading from the first pulse. 

In Figure 4.4, the stress amplitude remains nearly linear slope, 400 MPa ~ 660 MPa in 

the strain rate range of 797 s-1 ~ 1663 s-1. The overlaping of the stress–strain curve on the 

comminuted SiC-N with twice strain rates indicates that the strength of the damaged 

ceramic is not very sensitive to strain rates within this range.  
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Figure 4.3 Incident bar signals for the rate effects on SiC-N under 26 MPa confinement 
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Figure 4.4 Dynamic stress-strain curves of SiC-N with rate effects under 26 MPa 

confinement 
 
 

The second series of experiments were to achieve the volume dilatation effects on 

the behavior of the damaged SiC-N ceramics. Four experiments (separation of two pulses 

before, at the end of, 60 µs after and 90 µs after unloading of the first pulse, respectively) 
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were conducted on SiC-N. The profiles of the two loading pulses were kept nearly the 

same and separated by predetermined periods of time. Two strain gauges were used to 

measure the transversal and axial strain of metal sleeve. The dilatation history in the 

specimen was determined according to eq (4.1).  

Figure 4.5 shows the incident-bar pulses for experiments to determine the dilatation 

effects of the damaged SiC-N for 26 MPa confinement. Figure 4.6 shows the dynamic 

compressive stress-strain curves. Similarly to the former rate series, when the sample is 

loaded by the second pulse after crushed, the lateral confinement from thin metal sleeve 

maintained an axial rising “flow” stress. Even though the second pulse was controlled to 

arrive during unloading, at the end of unloading and dozens of microseconds 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.     
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Figure 4.5 Incident bar signals for the series to determine the dilatation effects on SiC-N 

under 26 MPa confinement 
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Figure 4.6 Dynamic stress-strain curves of SiC-N with dilatation effects under 26 MPa 

confinement 
 

Figure 4.7 shows volume dilatation history measured by strain gages mounted on 

thin metal sleeve for 26 MPa confinement pressure. Figure 4.8 shows its volume 

dilatation against axial strain. Since the yield strain of sleeve material is less than the 

axial failure strain of the ceramic, sleeve metal had been yielded when the first loading 

pulse made the axial strain in ceramic larger than the yield strain of sleeve. At the time 

when the first pulse starts to unload, the measured strain is not an accurate representative 

to the ceramic. In general, the strain gage only has a limited measurement range of 3%. 

The compressive buckling of thin metal sleeve may also affect the real strain 

measurement. However, we can achieve the time when the dilatation began dramatically 

at the corresponding axial strain. The results show that specimen volume starts to 

increase drastically at an axial strain level of 1.5%~2.5% just after the first peak of the 

first loading pulse.  
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Figure 4.7 Dynamic dilatation history of SiC-N under 26 MPa confinement 
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Figure 4.8 Dynamic dilatation-axial strain curve of SiC-N inder 26 MPa confinement 
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4.3.2 Experimental Results of SiC-N with 56 MPa Confinement Pressure 

Figure 4.9 show the incident-bar pulses for the first series of the experiments to 

determine the rate effects of the comminuted (complete damaged) SiC-N for 56 MPa 

confinement. Figure 4.10 shows the corresponding dynamic compressive stress-strain 

curves reduced from the experimental records. During the deformation of ceramic 

specimen, the confining pressure from copper sleeve on the ceramic can initially be 

neglected when the specimen is loaded by the first pulse. After specimen is damaged, the 

sleeve confines the ceramic rubble at an estimated 56 MPa pressure.  

As shown in Figure 4.10, SiC-N specimen initially behaves as a typical elastic 

brittle before it begin to fail catastrophically at the peak stress of 5.2 ~ 6.1 GPa and then 

the stress suddenly releases to near zero. In Figure 4.10, the stress amplitude remains 

nearly linear slope, from 500 MPa to 860 MPa in the strain rate range of 805 s-1 ~ 1630 

s-1. The overlaping of the stress–strain curve for the comminuted ceramic indicates that 

the strength of the damaged ceramic is not very sensitive to strain rates within this range.  

Figure 4.11 shows the incident-bar pulses for experiments to determine the 

dilatation effects of the damaged SiC-N under 56 MPa confinement. Figure 4.12 shows 

the corresponding dynamic compressive stress-strain curves. The axial rising “flow” 

stress was similar to the former series. Even though the second pulse was controlled to 

arrive during unloading, at the end of unloading and dozens of microseconds 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. 
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Figure 4.9 Incident bar signals for the series to determine rate effects on SiC-N under 56 

MPa confinement 
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Figure 4.10 Dynamic stress-strain curves of SiC-N with rate effects under 56 MPa 

confinement 
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Figure 4.11 Incident bar signals for the series to determine the dilatation effects on SiC-N 

under 56 MPa confinement 
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Figure 4.12 Dynamic stress-strain curves of the damaged SiC-N with dilatation effects 

under 56 MPa confinement 
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4.3.3 Experimental Results of SiC-N with 104 MPa Confinement Pressure 

Figure 4.13 shows the incident-bar pulses for the first series of the experiments to 

determine the rate effects of the comminuted (completely damaged) SiC-N for 104 MPa 

confinement condition. Figure 4.14 shows the corresponding dynamic compressive 

stress-strain curves deducted from the experimental records. The confining history in 

steel sleeve is similar to the former brass sleeve. As shown in Figure 4.14, the response of 

SiC-N ceramic specimen in the first loading was similar to the former in 26MPa 

confinement. The stress didn’t remain a nearly linear slope but a polynomial curve with 

the upper concave, from 930 MPa to 1430 MPa in the strain rate range of 632 s-1 ~ 1627 

s-1. Most of the stress–strain curve on the comminuted SiC-N ceramic overlapped each 

other, indicating that the response of the damaged ceramic is not very sensitive to strain 

rates within this range.  

Figure 4.15 shows the incident-bar pulses for the experiments to determine the 

dilatation effects of the damaged SiC-N for 104 MPa confinement condition. Figure 4.16 

shows the corresponding dynamic compressive stress-strain curves. The dynamic 

response of SiC-N during the first pulse loading is similar to the strain rate series. In spite 

of the second pulse was controlled to arrive during unloading, at the end of unloading and 

60µs, 120µs 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.     
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Figure 4.13 Incident bar signals for the series to determine the rate effects on SiC-N 

under 104 MPa confinement 
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Figure 4.14 Dynamic stress-strain curves of SiC-N with rate effects under 104 MPa 

confinement 
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Figure 4.15 Incident bar signals for the series to determine the dilatation effects on SiC-N 

under 104 MPa confinement 
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Figure 4.16 Dynamic stress-strain curves of the damaged SiC-N with dilatation effects 

under 104 MPa confinement 
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Figure 4.17 shows the incident-bar pulses for the second series of dynamic 

experiments to determine damage effects on the specimen behavior at a common strain 

rate for 104 MPa confinement pressure. The amplitudes of peaks of the first pulses were 

varied to achieve different damage levels. Since the damage is very sensitive to the 

loading pulse, the controlled variation in the peak loading does not appear significant. 

However, the subtle differences in the loading pulse produced significantly different 

results. Figure 4.18 shows the corresponding dynamic compressive stress-strain curves 

for the series of the damage level. The result indicates that when the ceramic specimen is 

damaged below a critical level, the specimen remains nearly elastic to the second loading. 

Due to the high damage sensitivity, the transitional damaged level is very difficult to 

achieve when the first loading attains the peak and unloads immediately. If the intact 

ceramic have rather large scattering properties in the strength, it will be rather difficult to 

aim the strength of the intact ceramics with this complex double pulse shaping. The near 

transitional damaged level can be approached from large repeated experiments with the 

same double pulses shaping. When the specimen is damaged beyond the critical level, the 

specimen flows under the compression of the second loading pulse. Compressed by 

identical second pulses, the specimen damaged least deforms only at a strain rate of 166 

s-1, whereas the specimen damaged most extensively deforms at a strain rate six times 

higher.  
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Figure 4.17 Incident bar signals for the series to determine the damage effects on SiC-N 

under 104 MPa confinement 
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Figure 4.18 Dynamic stress-strain curves of the damaged SiC-N with the damage effects 

under 104 MPa confinement 
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Figure 4.19 show the dynamic stress-strain curve of comminuted SiC-N ceramics 

with the confinement effect. It shows that the remaining strength of the damaged ceramic 

increases with increasing confinement pressure. The constitutive relations changed from 

the slightly linearly rising slope line in 26 MPa and 56 MPa confinement to the nonlinear 

in 104 MPa confinement with high stress level. 
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Figure 4.19 Dynamic stress-strain curves of the damaged SiC-N with confinement effects 

 

4.4 Crack Patterns of Damaged SiC-N 

Since the damage level had a significant effect on the crushed SiC-N, it is necessary 

to determine the damage level from the slight to the heavy. The crack distribution and 

dimension outside and inside in the crushed ceramic may be important aspects for a 

geometric damage description. The crack patterns can be recorded by a digital camera. 

The inside crack pattern was revealed by sectioning the sample following the mounting, 
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cutting, grinding and polishing procedure. 

In general, the specimen was enclosed in the cap with an epoxy resin cured by 

harden agents. It is challenge for the comminuted SiC-N confined in metal sleeve to be 

adhered together due to the effect of ceramic rubble-epoxy interface adhesion. Good 

adhesion can keep the initial position of the rubble solid so that the ceramic rubble should 

not easily displace away or drop off from the specimen during the cutting. The coupling 

agent (Zhao and Zhang, 2003), can enhance the Al2O3/epoxy interface adhesion for 

alumina rubble, such as TEVS (triethoxyvinylsilane: CH2=CHSi(OC2H5)3). The specimen 

was first wet and cleaned with acetone. After drying, the specimen was impregnated into 

the coupling agent. The epoxy resin set should offer the excellent flow and penetration 

with a very low viscosity. After the epoxy hardening, the damaged ceramic was enclosed 

in epoxy and was cut in half along the ceramic cylindrical axial with the low speed 

diamond saw. Grinding the cutting surface and polishing into a flat smooth face, the 

ceramic specimen can show the internal distribution of cracks between the ceramic 

rubbles.  

Figures 4.20, 4.23, and 4.26 show the crack patterns of the slightly damaged SiC-N 

on two end faces and inner axial sectioning area with a 0.35-mm thick brass sleeve, a 0.8- 

mm thick copper sleeve and a 0.8-mm thick steel sleeve, respectively. Figures 4.21, 4.24 

and 4.27 show the heavily damaged SiC-N specimen with both the non-scattering 

ceramic rubble and scattering SiC-N rubbles under 26 MPa, 56 MPa and 104 MPa 

confinements, respectively. It is random whether the comminuted SiC-N rubble can 

retain inside the sleeve or not. The testing area was careful enveloped with the foam and 
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rubber buffering surroundings and the inner wall was attached a sheet of clean paper to 

collect most scattering particles together. The maximum size of comminuted SiC-N 

rubble was usual less than 1.5 mm. Figures 4.22, 4.25 and 4.28 show the axial crack 

patterns of the heavily damaged SiC-N specimen on the left and right sectioning surface 

under 26 MPa, 56 MPa and 104 MPa confinement, respectively. 

           

(a)                            (b) 

          

(c) (d) 

Figure 4.20 Crack pattern of the slightly damaged SiC-N in 0.35-mm brass sleeve 

(a), (b) in two end faces; (c), (d) in the left and right axial sectioning surface 
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(a)                               (b) 

Figure 4.21 Heavily damaged SiC-N specimen under 26 MPa confinement 

(a) with non-scattering ceramic rubble; (b) with scattering SiC-N rubbles 

 

    

(a) (b) 

Figure 4.22 Axial crack pattern of heavily damaged SiC-N under 26 MPa confinement 

(a) on left sectioning surface; (b) on right sectioning surface 
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(a)                             (b) 

         

(c)                           (d) 

Figure 4.23 Crack pattern of the slightly damaged SiC-N in 0.8-mm copper sleeve 

(a), (b) in two end faces; (c), (d) in left and right axial sectioning surface 
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(a) (b) 

Figure 4.24 Heavily damaged SiC-N specimen under 56 MPa confinement 

(a) with non-scattering ceramic rubble; (b) with scattering SiC-N rubbles 

 

 

      

(a)                                    (b) 

Figure 4.25 Axial crack pattern of heavily damaged SiC-N under 56 MPa confinement 

(a) on left sectioning surface; (b) on right sectioning surface 
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(a) (b) 

          

(c)                         (d) 

Figure 4.26 Crack pattern of slightly damaged SiC-N in 0.8-mm steel sleeve 

(a), (b) in two end faces; (c), (d) in left and right axial sectioning surface 
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(a)                              (b) 

Figure 4.27 Heavily damaged SiC-N specimen under 104 MPa confinement 

(a) with non-scattering ceramic rubble; (b) with scattering SiC-N rubbles 

 

    

(a)                                    (b) 

Figure 4.28 Axial crack pattern of heavily damaged SiC-N at 104 MPa confinement 

(a) on left sectioning surface; (b) on right sectioning surface 
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(a) (b) 

 

            

(c)                              (d) 

Figure 4.29 Crack pattern of the transitional damaged SiC-N in 0.8-mm steel sleeve 

(a), (b) in two end faces; (c), (d) in left and right axial sectioning surface 
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Figure 4.29 show the crack patterns of the transitional damaged SiC-N in 0.8-mm 

steel sleeve on two end faces and left and right axial sectioning surface. The crack 

patterns in the transitional damage are obviously divided into two areas: the heavy 

damage in the corner and slight damage in the other area. 

After the experiments, the slightly damaged SiC-N specimen can slip out metal 

sleeve under a small axial applied force, verifying that the metal sleeve confinement can 

be neglected at both loading pulses. The SiC-N confined by three sleeves with the slight 

damage level shows the same crack pattern. Several macro-cracks were formed by axial 

splitting and were observed to evenly distribute in the whole section of the ceramic 

cylinder with incomplete penetration from one end face to another end face in specimen, 

which forms large interlocked rubble or fragments. In the end face were some obvious 

macro-cracks in the center part except the corner. The crack pattern is slightly different 

between the left and right axial sectioning due to the missing thin layer of small ceramic 

cut off by the diamond saw. For the heavily damaged SiC-N, the axial splitting fragments 

in unloading of first pulse were crushed into much smaller rubble by the second pulse. In 

the three confinements, SiC-N in the heavy damage was comminuted to different size of 

rubbles following the failure of the axial splitting fragments. The transitional damage was 

combined with the heavy damage in the one corner and the slight damage in the other 

area. The crack pattern is the interim from the slight damage to the heavy damage, 

resulting partly axial splitting and partly comminuting.   

The detail local crack pattern in the axial sectioning of the damaged SiC-N was 

obtained with a metallographically optical microscope (160 magnifications). Figure 4.30 
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shows the local crack pattern of the axial sectioning in the slightly damaged SiC-N with 

0.35-mm brass sleeve. The small, short sub-cracks can be observed branching and 

extending along the macro main cracks. Figures 4.31 and 4.32 show two local crack 

patterns of the axial sectioning in the heavily damaged SiC-N under 26 MPa confinement. 

The large SiC-N rubble has many inner cracks and is divided into many small fragments 

while retaining the shape of the large rubble. Figures 4.33 and 4.34 show two local crack 

patterns of the axial sectioning in the heavily damaged SiC-N under 56 MPa confinement. 

Figures 4.35 and 4.36 show two local crack patterns of the axial sectioning in the heavily 

damaged SiC-N under 104 MPa confinement.  

 

Figure 4.30 Local crack pattern of the axial sectioning in slightly damaged SiC-N with 
0.35-mm brass sleeve 

 

Among the large SiC-N rubble is the stack of more small comminuted particles 

adhered together by the epoxy adhesive. The length direction of the SiC-N fragments is 

mainly along the cylindrical axis of specimen. It shows that axial splitting results in many 

narrow long fragments along the loading axial. Then the narrow long fragments were 
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fractured to more small fragments by buckling confined by the radial pressure. The 

interface between the fragments was comminuted to further small rubbles until the gain 

approaches the original size of the powder using for fabricating of SiC products. 

 

 

Figure 4.31 One local crack pattern of the axial sectioning in the heavily damaged SiC-N 
under 26 MPa confinement 

 

 

Figure 4.32 Another local crack pattern of the axial sectioning in the heavily damaged 
SiC-N under 26 MPa confinement 
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Figure 4.33 One local crack pattern of the axial sectioning in heavily damaged SiC-N 
under 56 MPa confinement 

 

 

 

Figure 4.34 Another local crack pattern of the axial sectioning in the heavily damaged 
SiC-N under 56 MPa confinement 
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Figure 4.35 One local crack pattern of the axial sectioning in the heavily damaged SiC-N 
under 104 MPa confinement 

 

 

Figure 4.36 Another local crack pattern of the axial sectioning in the heavily damaged 
SiC-N under 104 MPa confinement 
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4.5 Microstructural Observation and Analysis of SiC-N 

The microstructural analysis was also conducted to understand this failure 

mechanism for the physics-based constitutive modeling for the comminuted SiC-N 

ceramic. After the experiment, microstructural observations in SEM for the damaged 

SiC-N ceramic had been performed in typical specimens in the confinement and damage 

effect series of experiments.  

The scattered ceramic rubble was commonly loosed in the form of large and small 

rubble, mounted on the sample holder for SEM observation with sputtering coating, and 

observed the microstrucrture in SEM with high magnification. Figure 4.37 shows the end 

surface profile of the original and slight polished un-impacted SiC-N specimen. The 

polishing can remove the irregularities of the end surface to prevent the stress 

concentration of the specimen.  

Figure 4.38 shows SEM photograph of the damaged SiC-N in 0.35-mm thick brass 

sleeve. Figure 4.38(a) shows that many small and short sub cracks were initiated among 

the main macro cracks on the surface in slightly damaged specimen. Figure 4.38(b) 

shows that single large rubble has inner cracks. Figure 4.38 (c) shows the small rubble 

among comminuted grain, and Figure 4.38(d) shows the comminuted SiC-N grain. 

Figure 4.39 shows SEM photograph of the damaged SiC-N in 0.8-mm thick copper 

sleeve. The crack pattern in end surface in the slight damage was shown in Figure 4.39(a). 

The large rubble with inner crack was shown in Figure 4.39 (b). The small rubble on the 

comminuted grain was shown in Figure 4.39 (c) and the detail small rubble was shown in 

Figure 4.39 (d). 
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Figure 4.40 shows a SEM image of the scatted damaged SiC-N rubble from 0.8-mm 

thick steel sleeve. Figure 4.40(a) shows the large rubble commonly has the 

non-penetrated inner crack. Figure 4.40(b) shows the fracture surface in the large rubble, 

indicating the intergranular fracture in the axial splitting. Figure 4.40(c) shows the small 

rubble on the comminuted grain and Figure 4.40(d) shows the local detail of the single 

small rubble. 

 

     

(a)                               (b) 

Figure 4.37 End surface profile of the un-impacted SiC-N specimen 

(a) original; (b) slightly polished 
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(a)                               (b) 

 

      

(c)                               (d) 

Figure 4.38 SEM micrograph of the damaged SiC-N in 0.35-mm thick brass sleeve 

(a) crack pattern in end surface in the slight damage; (b) large rubble with inner crack; 
(c) small rubble among comminuted grain; (d) comminuted grain 
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(a) (b) 

 

       

(c)                               (d) 

Figure 4.39 SEM micrograph of the damaged SiC-N in 0.8-mm thick copper sleeve 

(a) crack pattern in end surface in the slight damage; (b) large rubble with inner crack; 
(c) small rubble on the comminuted grain; (d) a detail small rubble 
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(a) (b) 

 

      

(c)                               (d) 

Figure 4.40 SEM micrograph of damaged SiC-N rubble from 0.8-mm thick steel sleeve 

(a) a large rubble with inner crack; (b) fracture surface in the large rubble; (c) small 
rubble on the comminuted grain; (d) a detail small rubble; 
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(a)                               (b) 

 

      

(c)                   

Figure 4.41 SEM micrograph of transitionally damaged SiC-N rubble in 0.8-mm thick 
steel sleeve 

(a) crack pattern in end surface in the slight damage; (b) a local area between the 
fragments and comminuted rubble; (c) comminuted rubble 
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Figure 4.41 shows SEM photograph of the transitionally damaged SiC-N rubble in 

0.8-mm thick steel sleeve. Figure 4.41(a), (b) and (c) shows the crack pattern in end 

surface in the slight damaged area, a locally transitional area between the fragments and 

comminuted rubble, and the comminuted area, respectively. 

The SEM observation indicates that intergranular fracture is dominated in the SiC-N 

rubbles. For the slight damage, the crack pattern is fragments with macro main cracks 

plus short and small sub-cracks. Especially for the specimens tested on the transitional 

damage level, the end face is damaged in the form of comminuting in one corner, 

fragments with comminuted crack gap in the transitional area and fragments in other area. 

For the heavy damage, the rubble was much comminuted in the small rubble and little 

fragmented in the large rubble with inner crack.  

 

 

4.6 Summary 

The dynamic compressive responses of the damaged SiC-N ceramic were 

determined in a function of the strain rates, damage levels, volume dilatation and lateral 

confinement. Using a new-developed experimental technique modified from a SHPB 

which loads the ceramic specimen by two successive stress pulses, several series of 

experiments were conducted on the SiC-N under three confinements of 26 MPa, 56 MPa 

and 104 MPa. In each confinement, the strain rate effects on the behavior of the damaged 

SiC-N ceramics show that the behavior of the comminuted ceramic is not very sensitive 

to this range strain rates once the damage attain a critical level. The volume dilatation 
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effects show that the response of the damaged ceramic is not very sensitive to the arrived 

time of the second pulse. The volume dilatation history shows that specimen volume 

starts to increase drastically after the loads arrives the strength of the intact ceramic in the 

first loading pulse. Under 104 MPa confinement, experimental results on the damage 

level effect shows that there exist a critical damage level and the ceramic is sensitive to 

the damage level in the first pulses. The increasing confinement pressure increases the 

strength of the damaged ceramics once the damage arrive the comminuted level. The 

crack patterns show the axial splitting fragments is main failure mechanism for the 

slightly damaged SiC-N. The combined axial splitting fragments and part comminution 

of the rubble was the failure mechanism in the intermediate damage while the 

comminution of the rubble is only the failure mechanism in the heavy damage. SEM 

observations show that the microstructural failure is intergranular fracture. 
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CHAPTER 5 

FAILURE AND CONSTITUTIVE MODELS OF THE DAMAGED CERAMICS 

 

 

5.1 Introduction  

The acquired experimental results are intended to be used in computer simulations 

of the ballistic events. Simple material models are necessary to summarize the results in a 

concise form. The experimental results can also determine the material parameters for the 

well known constitutive models. Modeling penetration processes in ceramic targets has 

recently been a focus of research (Lundberg, 2000; LaSalvia, 2001). For the compressive 

failure of initially homogeneous brittle materials, there are five identified microme-

chanical mechanism for failure initiation: grain boundary debonds and voids, inclusions, 

dislocation pileups, twins and stacking faults, and dilatant cracks (Shih, 2000). The crack 

propagates in the form of transgranular fracture when intergranular microcracks reach the 

boundary. However, these initiation mechanisms don’t dictate to the mode of fracture and 

provide some basic physical background for the microstructrural fracture model. 

For computer-based armor ceramic design, robust material modeling of brittle 

fracture behavior is required for the finite element codes. Some material models 

(Rajendran, 1994, 1996a) are based on continuum damage theories in which the pure 

effect of fracture is homogenized as a degradation of the strength and elastic modulus of 

the materials. The damage parameters were typically selected as the fragmentation size 

and density. It is known that cracking of brittle solids caused by an axial compression 
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may be suppressed by applying a high enough hydrostatic pressure. The physical 

mechanisms were described by different constitutive models and criteria to govern the 

ductile or brittle inelastic materials (Zaretsky and Paris 2003). An accurate constitutive 

model must explicitly describe the various inelastic processes through appropriate 

governing laws. For the high strain rate behavior of ceramics, a micromechanical model 

was developed for biaxial compressive loading based on non-interacting microcracks and 

a sliding-crack (Ravichandran and Subhash, 1995). It is difficult for micromechanical 

modeling of the deformation processes under a 3-D stress/strain state (Rajendran, 2001).  

Some distinct approaches can be identified as theoretical bases for describing the 

inelastic deformation and fracture in ceramics (Rajendran, 2001). The ceramic is assumed 

to be elastic and stress and strain are calculated in the finite element analysis based on 

Hooke's law. The Griffith fracture criterion in fracture mechanics predicted the failure for 

ceramic with cracks. The stress relaxed to zero when some state variable reaches a critical 

value. Without counting into the details of crack growth, the strength of the ceramic was 

modeled as a function of pressure, damage and strain rate (Johnson and Holmquist, 1994). 

The constitutive equations were modified based on fragmentation to describe the shock 

response of a silicon carbide (Rajendran, 1989). For ceramics, microphysical theories and 

models based on fracture mechanics are employed to describe the evolution laws for 

microcracking under an assumed loading condition. One microphysical approach is the 

statistical description of number of cracks per unit volume as a function of position, crack 

size, and orientation (Denoual 2000, 2002; Hild, 2003). The effective modulus relates the 

microstructure to the macroscopic material properties. 
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5.2 Failure Criterion and Damaged Models for Brittle Materials 

In general, the failure behavior of brittle materials obeys the Mohr-Coulomb failure 

criterion under either quasi-static or dynamic loading conditions. A few of ceramic 

damage models that have been implemented into various hydrocodes were summarized 

(Rajendran, 2001). Among these models, the Johnson-Holmquist model and Rajendran-

Grove model were well known and employed to describe the inelastic behaviors of brittle 

ceramics under shock and high strain rate loading conditions (Templeton, 2001; 

Holmquist, 2001a; Grove, 2001). The Johnson-Holmquist (JH) models are the 

phenomenological models developed for brittle materials subjected to large strains, high 

strain rates and high pressures. The JH models consist of strength, pressure and damage, 

representing the intact and fractured strength, a pressure-volume relationship that can 

include bulking and a damage model that transfers the material from an intact state to a 

fractured state. Rajendran-Grove model is a micro-crack based constitutive model. In 

addition, there are some other models such as Espinosa’s multi-plane models (Espinosa, 

1998), Steinberg’s thermalmechanical models (Steinberg, 1991), Addessio-Johnson 

ceramic model (Addessio, 1990) based on different assumptions and simplifications.  
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5.2.1  Mohr-Coulomb Failure Criterion 

A number of compression failure models are based on the growth of suppression of 

micro-cracks with the wing-crack or z-crack flaw geometry (Horii, 1986; LaSalvia, 2000; 

Baud, 1996 and Nemat-Nasser, 2001) shown in Figure 5.1. The plastic zone (λp) are 

represented as collinear arrays of edge dislocations while the wing-cracks extend out at 

an angle θ. A frictional force, due to the combined effects of the resolved normal stress 

and sliding friction µ, resists this sliding motion. The initiation and growth of wing 

cracks are governed by the local shear failure (microplasticity) and the ability to 

accommodate by the plastic deformation.  

     
Figure 5.1 Wing-crack with plastic relaxation model for compressive failure 

(Ashby, 1986, 1990; Horii, 1986) 
(a) Pre-existing flaw subjected to localized normal and shear stresses; 
(b) Wing crack initiation and growth due to shear failure; 
(c) Accommodation of shear failure by dislocation. 

 

The failure behavior of intact ceramic obeys the Mohr-Coulomb failure criterion 

under either quasi-static or dynamic loading conditions (Chen, 2000a). The Mohr-

Coulomb failure criterion is described as  

0τατ =+ p                                                          (5.1) 
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where |τ| = 0.5|σ1-σ3| is the absolute of shear strength, p is the hydrostatic pressure, τ0 is 

the pure shear strength; and α is the internal friction coefficient. For a micro-sliding crack 

shown in Fig. 5.1, the theoretical analysis in fracture mechanics (Ashby, 1986, 1990; 

Horii, 1986) concluded that a simplified ‘wing crack’ start to propagate when,  

cc σσσ −= 31                                                       (5.2) 

where σc is the unconfined compressive strength, and c is material constant. It is an 

equivalent form of Mohr-Coulomb failure criterion in terms of the principal stress, 

assumed the three principal stress σ1, σ2 and σ3, and satisfied σ1>σ2>σ3. In the case of 

cylindrical specimen subjected to axial and transverse loading in the axially symmetric 

compression, σ1 is the axial compressive stress, σ3 is the transverse stress. The 

compressive strength σc depends on the friction coefficient, the fracture toughness and 

the crack size (Chen, 2000a). At the moment, the intact brittle material will fail under 

multi-axial compression. Three principal stress and hydrostatic stress are given by 

)2(,, 3
1

3
1

321 TAkkTA p σσσσσσσσ +=====                       (5.3) 

When equation (5.2) was compared with equation (5.1) submitted by (5.3), the relations 

between the parameter c, σc in (5.2) and the parameter τ0, α are given as 

α
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−

= cc                                        (5.4) 

The Mohr-Coulomb failure criterion with the pressure-dependent shear strength was 

used to describe the comminuted region (Satapathy and Bless, 1996). Their spherical 

cavity expansion analysis is schematically shown in Figure 5.2. There are three zones: the 

region near the cavity is comminuted; next a ‘radially cracked’ zone and then elastic zone. 
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The target was taken as an elastic-brittle material which cracks under tension and then 

pulverized when the compressive stress exceeds the failure strength.  

 

Figure 5.2 Response regions in a spherical cavity of target (Satapathy and Bless, 1996) 

 

5.2.2 Johnson-Holmquist Model 

Two closely related constitutive models for brittle materials, JH-1 and JH-2 

(improved JH-1), were presented (Holmquist and Johnson, 2001a, b, 2002; Johnson and 

Holmquist, 1999, 2003). The JH-1 and JH-2 model were summarized in Figures 5.3 and 

5.4, respectively. The JH-1 model combined the linear segment description of the 

strength and allowed the strength to degrade as the damage was soften or failed 

instantaneously after it is completely damaged. The JH-2 model incorporated a 

dimensionless analytic description of the strength and permitted the strength to degrade 

gradually as the damage was accumulated after it is fully damaged.  

The JH-1 models use three yield strengths: S1, S2 for intact materials and Sf for the 

failed material. The yield strength which was expressed in Von Mises equivalent stress 
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depends on the pressure P and strain rate. The Von Mises equivalent stress is defined in 

terms of three principal stresses σ1, σ2, σ3 as 

2
13

2
32

2
212

1 )()()[( σσσσσσσ −+−+−=e                      (5.5) 

The maximum tensile hydrostatic pressure is T; for the intact material at the strain 

rate of 1.0 s-1, S1 and S2 are the strengths at compressive pressures P1 and P2, respectively. 

Damage D = 0 for the intact material; 0 < D < 1, for partially damaged material; D = 1.0 

for the failed (fully damaged) material. After the material is completely damaged, the 

slope of the strength-pressure is given by α and the maximum strength is Sf
max. The 

strength is  

)]/ln(1[ 00 εεσσ &&C+=                                                  (5.6) 

where ε&  is actual equivalent strain rate and, σ0 is the strength at the reference strain rate 

0ε& =1.0 s-1, and C is the material constant. The equivalent strain rate is expressed as  

)]()()()[( 222
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zxyzxyxzzyyx γγγεεεεεεε &&&&&&&&&& +++−+−+−=           (5.7) 

where yx εε && , and zε&  are the three normal strain rates and yzxy γγ && , and zxγ& are the three 

shear strain rates. The accumulated damage for the failure is 

f
p

pD
ε
ε∆

Σ=                                                             (5.8) 

where ∆εp is the increment of the equivalent plastic strain and εf
p is the equivalent plastic 

strain at failure under a constant pressure P, which controls the degradation of strength. 

The yield strength is equal to σe for 0 < D < 1, and instantaneously drop to Sf when D =1. 

The pressure-dependent failure strain is  
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)( TPf
p +=φε                                                (5.9) 

where φ = εf
max/(P3+T) is the damage coefficient. The hydrostatic pressure in the equation 

of state is given by 

pKKKp ∆+++= 3
3

2
21 µµµ                                   (5.10) 

where K1 is the bulk modulus; K2 and K3 are constants; and µ=V0/V-1 = ρ/ρ0-1 for current 

volume V, initial volume V0, current density ρ and initial density ρ0; ∆p represents the 

pressure increase due to dilatation and is determined from energy conservations. At 0 < D 

< 1, ∆P is zero and become a constant at D = 1. 

The JH-2 model uses a similar method to handle the intact and fully damaged 

materials as JH-1. The yield strength σi for the intact and σf fully damaged materials are 

analytically expressed by 
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where A, N, C, B and M are dimensionless parameters. For the intact material, when the 

negative of pressure is below the T, the strength vanished. For the failed material, the 

strength vanishes for the negative of pressures and is truncated and does not exceed Sf
max. 

As the damage cumulates, the strength decreases gradually. For the partly damaged 

material, the yield stress is given by  

),(),()1(),,( εσεσεσ &&& pDpDpD fi +−=                                        (5.13) 
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The damage is calculated by equation (5.8) where the failure strain is given by 
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⎝

⎛ +
=ε                                              (5.14) 

where D1 and D2 are dimensionless parameters. The pressure is calculated by the same 

equation of state, eq (5.10), as in JH-1. The incremental pressure ∆p increases gradually 

with increasing damage until D = 1.  

Although a dimensionless analytic function may be preferred over a linear segment 

description, it is not clear whether a softening is a more accurate description of the failure 

process, which is dependent on the dynamic characterization of the different material. 

 

Figure 5.3 JH-1 constitutive model for brittle materials (Holmquist and Johnson, 2002) 
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Figure 5.4 Description of JH-2 ceramic model (Johnson and Holmquist, 1999) 

 

5.2.3 Rajendran-Grove Model 

In Rajendran-Grove (RG) model the total strain εkl is decomposed into elastic (εe
kl) 

and plastic (εp
kl) strain (Rajendran 1994, 1996a, b). The elastic strain consists of that of 

the intact matrix and the strain due to crack opening/sliding. When the applied pressure 

exceeds the pressure at Hugoniot elastic limit (HEL), plastic flow occurred in the ceramic. 

The constitutive law is given by 

)( p
klklijklij M εεσ −=                                                    (5.15) 

where Mijkl is the stiffness tensor. The damage is measured in terms of a dimensionless 

microcrack density γ, defined by 
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3*
0 aN=γ                                                    (5.16) 

N*
0 is average number of microflows per volume and a is microcrack size as an internal 

state variable. Microcracks were assumed to extend when the stress state satisfies a 

generalized Griffith criterion. The damage evolution law is derived based on the single 

crack propagation under dynamic loading conditions: 
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where CR is Rayleigh wave speed, Gcr is critical strain energy release rate and GI is 

applied strain energy release rate, n1 and n2 are constants. The model must have six 

parameters to describe microcracking of ceramics. Some of parameters cannot be 

determined explicitly, which is not a straightforward process for the determination of 

ceramic model parameters.  

 

5.3 Failure Modeling of the Damaged Ceramics 

When ceramics are dynamically loaded by multi-axial compression to fail, crack 

initiation, propagation and interaction dominated the failure mechanisms (Horii, 1986; 

Ashby, 1986, 1990; Nemat-Nasser, 1994). The Mohr-Coulomb model is employed to 

describe the failure of both damaged SiC-N and AD995. From the results in Chapters 3 

and 4, the compressive strength as a function of lateral confining pressure for the intact 

and damaged AD995 and SiC-N are shown in Fig. 5.5. Note that the strengths of both 

intact ceramics were obtained under unaxial compression with the negligible confinement. 

The strengths of the fully damaged ceramics are insensitive to strain rate and volume 
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dilatation. Using the strength data shown in Figure 5.5, the shear strength-pressure 

relations was deducted and shown in the Figure 5.6 for various levels of the lateral 

confinement.  
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Figure 5.5 Compressive strength vs lateral confining pressure for the intact and damaged 

AD995 and SiC-N 
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Figure 5.6 Shear strength vs pressure relations in AD995 and SiC-N 
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With the Mohr-Coulomb model, the pure shear strength τ0 and the internal friction 

coefficient α were determined and shown in Table 5.1.   

Table 5.1 Mohr-Coulomb model parameters for damaged AD995 and SiC-N 

 Damaged AD995 Failed AD995 Failed SiC-N 

α -0.593 -0.496 -1.022 

τ0  (GPa) 0.209 0.134 0.025 

c 2.961 2.482 7.414 

σc -0.691 -0.4 -0.157 
 

The JH models were then employed to describe the damaged SiC-N and AD995. 

For the case of cylindrical specimen subjected to axial and transverse loading in the 

axially symmetric compression, the equivalent stress σe = σA- σT. The JH-1 model was 

used for the SiC-N due to the nearly instantaneous change in the damage. The material 

parameters used in simulations of SiC-N was given in Table 5.2. Note that most data is 

from Holmquist (2002), only parameters marked with “ * ” are obtained from current 

research. The slope value of the failed SiC-N, α, in JH model is twice as much as “α” in 

Mohr-Coulomb model. Figure 5.7 integrates the strength versus pressure for test data for 

the intact SiC from other sources listed in Table 5.2 and JH-1 model with current data for 

the failed SiC-N. The slope of the failed SiC-N is determined to be 2.044. Also one data 

point from the intact SiC-N with very small confinement is well consistent with known 

JH-1 model. 
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Table 5.2 SiC-N parameters for the JH-1 model 

Parameters Notation SiC-N 

Density (kg/m3) ρ0 3200 

Elastic Constants   

Modulus of elasticity (GPa) E 460 

Shear modulus (GPa) G 198 

Poisson’s ratio υ 0.16 

Strength Parameters   

Hugoniot elastic limit (GPa) HEL 11.7 

HEl strength (GPa) σHEL 9.86 

HEL pressure (GPa) pHEL 5.13 

HEL Volumetric strain µHEL 0.0225 

Tensile strength (GPa) T 0.75 

Intact strength coefficient (GPa) S1 7.1 

Intact strength coefficient (GPa) P1 2.5 

Intact strength coefficient (GPa) S2 12.2 

Intact strength coefficient (GPa) P2 10.0 

Strain rate coefficient C 0.009 

Failed strength coefficient (GPa) Sf
max 1.3 

Failed strength slope α 2.044 * 

Pressure Parameters   

Bulk Modulus (GPa) K1 220 

Pressure coefficient (GPa) K2 361 

Pressure coefficient (GPa) K3 0 

Bulking factor β 1.0 

Damage Parameters   

Damage coefficient (1/GPa) φ 0.012 

Damage coefficient εf
max 1.3 

Damage coefficient (GPa) P3 99.75 
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Figure 5.7 Strength vs pressure for test data and JH-1 model for SiC 

 

The JH-2 model was used for AD995 to describe the gradually damage. The 

material parameters used in simulations of AD995 was given in Table 5.3. Note that most 

data is from Lundberg (2004), only parameters marked with “ * ” are obtained from 

current research. The curve of the intact strength of alumina is from Lundberg (2004) 

while the damaged (partly failed) and failed strength is obtained from the current research. 

Also one data point from the intact AD995 is well consistent with known JH-2 model. 

The critical damage level is determined as D = 0.88. Figure 5.8 integrates the strength 

versus pressure for the intact alumina from Lundberg (2004) listed in Table 5.3 and JH-2 

model with current data for the damaged and failed alumina. 
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Table 5.3 AD995 parameters for the JH-2 model 

Parameters Notation AD995 

Density (kg/m3) ρ0 3900 

Elastic Constants   

Modulus of elasticity (GPa) E 370 

Shear modulus (GPa) G 151 

Poisson’s ratio υ 0.22 

Strength Parameters   

Hugoniot elastic limit (GPa) HEL 8.3 

HEl strength (GPa) σHEL 5.9 

HEL pressure (GPa) pHEL 4.37 

Tensile strength (GPa) T 0.13 

Intact strength coefficient  A 0.989 

Intact strength exponent  N 0.3755 

Strain rate coefficient C 0.0 

Failed strength coefficient  B 0.77 * 

Failed strength exponent M 0.45 * 

Maximum failed strength (GPa) Sf
max 2.95 

Pressure Parameters   

Bulk Modulus (GPa) K1 200 

Pressure coefficient (GPa) K2 0.0 

Pressure coefficient (GPa) K3 0.0 

Bulking factor β 1.0 

Damage Parameters   

Damage coefficient D1 0.01 

Damage exponent D2 1.0 
 



 159

0.0 0.5 1.0

1

2

3

4
 Failed AD995       (D=1.0)
 Damaged AD995 (D=0.88)
 Intact AD995        (D=0) 

Eq
ui

va
le

nt
 s

tre
ss

, σ
 (G

Pa
)

Pressure, P (GPA)

 

 

 
Figure 5.8 Description of JH-2 model for AD995 

 

 

5.4 Constitutive Modeling of the Damaged Ceramics 

In the Rajendran-Grove model, the constitutive law was given in the form of the 

Hooke’s elastic equation with the gradually degradation of the strength and elastic 

constants of materials. The micro-mechanical models for the ceramics were typically 

based on the continuum damage and fracture mechanics theories about the energy and 

micro-cracking evolution (Bhattacharvya, 1998; Ravichandran, 1995; LaSalvia, 2000; 

Huang 2002, 2003). As the intact ceramics attain the peak strength, it fails and fragments 

into rubble. An analytical mechanics-based model was presented for dynamic fragment of 

brittle materials (Drugan, 2001). The threshold condition was investigated for dynamic 

fragmentation of ceramics (Andrews, 1998). The probabilistic-deterministic transition, 
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damage and multi-scale model was discussed in a fragmentation process of brittle 

materials (Hild, 2003; Denoua, 2000, 2002;). For the jointed rock mass, an equivalent 

plasticity theory was constructed with no yield functions and failure criteria (Pariseau, 

1999). For metals, the empirical constitutive JC model (Johnson and Cook, 1985) was 

represented by 

)1)](ln(1)[( ** mn TCBA −++= εεσ &                                      (5.18) 

which is a function of plastic strain ε, dimensionless plastic strain rate ε& * and 

homologous temperature T*. The parameter A is static yield stress, B and n represent 

strain hardening, C is strain rate sensitivity, and m represents thermal softening.  

For the damaged ceramic in this research, we present a simple empirical relation 

based on the frame of JC model. The constitutive law should be a function of the strain ε, 

strain rate ε& , damage D, and lateral confinement σT, defined as 

),,,( TD σεεσσ &=                                                    (5.19) 

If the variables can be mostly separated like JC model, the law can be simplified 

),()()( 321 TDfff σεεσ &=                                          (5.20) 

Damage and the lateral confinement are expected to be coupled. The f1, f2, f3 are the 

functions about strain, strain rate, damage and lateral confinement, respectively. The 

volume dilatation was more complicated and not considered in eq (5.20). As shown by 

experiments in Chapters 3 and 4, the damaged ceramic typically behaves a pseudo- 

plastic deformation under dynamic compression due to the confinement, similarly to the 

plastic deformation in metals. Strain function f1(ε) may be considered (Frew, 2002) as  
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where σ0 is reference stress, n1 and n2 are constants. The strain rate function f2(ε& ) can be 

similar in the JC models as 

0
2 ln1)(

ε
εε
&

&
& Cf +=                                         (5.22) 

where C is constant; 0ε&  = 1.0 s-1, the reference strain rate. Enlightened by the JH-2 model, 

the damage and confinement function f3(D, σT) is supposed as 
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where A, B, m1 and m2 are constants. The first and second terms in equation (5.23) 

represent the effect of intact ceramic (D = 0) and failed ceramic (D = 1.0), respectively.  

Fitting this current model to our experimental results, the model parameters of damaged 

AD995 and SiC-N were determined. The parameters have C =0.001, σ0 = 0.130 GPa for 

AD995; σ0 = 0.75 GPa for SiC-N; and D = 0.88 for the damaged AD995. The other 

parameters are shown in Table 5.4. Note that the parameter for the intact SiC-N is not 

available. The ceramic stress strain curves was obtained from the model and compared 

with the experimental data. Figures 5.9, 5.10 and 5.11 show the stress-strain curve of the 

damaged AD995 from experimental data and from the model in 26 MPa, 56 MPa and 104 

MPa confinements, respectively.  Figure 5.12 shows the stress-strain curve of the failed 

SiC-N from experimental data and from model with different confinements. These 

comparisons show that the model is consistent with the experimental data well during 
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plastic flow stage, poor in the elastic phase and slightly damaged phase. However, the 

model is unable to describe the behavior of damaged AD995. 

 

Table 5.4 Parameters of the current constitutive model 

Model Constant AD995 SiC-N 

n1 0.175 0.325 

n2 3.75 1.25 

A 90 / 

m1 0.32 / 

B 7.5 5.3 

m2 0.4 0.35 
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Figure 5.9 Stress-strain curve of the damaged AD995 from experimental data and model 
under 26 MPa confinement 
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Figure 5.10 Stress-strain curve of the damaged AD995 from experimental data and model 
under 56 MPa confinement 
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Figure 5.11 Stress-strain curve of the damaged AD995 from experimental data and model 
under 104 MPa confinement 
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Figure 5.12 Stress-strain curve of the failed SiC-N from experimental data and model  

 

5.5 Discussions 

Mohr-Coulomb criterion can be also employed to describe the damaged ceramic in 

dynamic multi-axial compression similarly to the intact ceramics. However, it is more 

complex for the damaged material than for the intact one due to damage evolution. Mohr-

Coulomb failure criterion in equation (5.1) and equivalent form (5.2) predicts that the 

axial stress σA is linear with the transversal stress σT, while other variables such as 

damage, strain rate embedded in the two Mohr-Coulomb parameters. For the failed SiC-

N, the equivalent stress in JH-1 model was also linear with the hydrostatic pressure. 

Therefore, JH-1 model for the failed SiC-N is equivalent to the Mohr-Coulomb’s 

description.  
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However, there exist differences between Mohr-Coulomb failure model and JH-2 

model. For the damaged AD995, Mohr-Coulomb failure model still uses the linear 

strength relation while JH-2 model employs an analytical description. The axial stress σA 

is not an explicit function of the transversal stress σT. Hence, Mohr-Coulomb failure 

model is not equivalent to JH-2 model anymore for the damaged ceramic.  

JH-2 model allowed the gradual evolution of the damage. However, when the 

damage approach to 1.0 (failed), the start point of model suddenly jumped from (-T, 0) to 

the origin in the equivalent stress-hydrostatic pressure plane. It is unreasonable for this 

jumping. When p = -T, the maximum tensile hydrostatic pressure the material can 

withstand, the material cannot undergo any plastic strain and the fully damaged material 

have strength only for the positive pressure. The problem is that T is the maximum tensile 

hydrostatic pressure for the material, which is for the intact material and considered a 

constant in the damage evolution. If T is taken as the actual tensile hydrostatic pressure 

for the damaged material, there will not exist the jumping but the gradually transiting 

from (-T, 0) to the origin along p axis in σe-p plane. The replacement of T with (1-D)T 

may be suitable, which T is maximum for the intact material, zero for the fully damaged 

material.  

The damage description is a key for the damage modeling of the material 

(Krajcinovic, 1995; Murakami, 1997). The crack pattern of AD995 from Chapter 3 and 

SiC-N from Chapter 4 can be employed to describe the damage from the geometrical size 

and distribution in the ceramic. Although the critical damage level mentioned in Chapter 

3 and 4 can be exactly determined in the geometric description, damages in different 
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descriptions should be compared and concisely converted with each other. The damage 

determined from JH model may be a suitable replacement, which is defined in term of 

analytical plastic strain, not micro-cracks based on micro-mechanical models. The 

damages of the failed AD995 and SiC-N were uniformly taken as 1.0. Although the crack 

patterns of AD995 in three confinements was different to some extent, the damage value 

for the damaged AD995 from JH-2 model was considered as the average and this 

intermediate damage can be taken as the critical damage. Another damage description is 

based on the energy method in spite of the detailed microstructure. It also remained for 

theoretical analysis later. 

For modeling the constitutive law of the damaged ceramic, an empirical equation 

based on well known models was represented. The empirical model is acceptable for the 

fully damaged ceramic, not for the damaged ceramic. The reason is that the stress of the 

damaged ceramic is not flowing but decreasing gradually while the damage term in the 

model is considered the linear spacing of the confinements in the intact and failed 

ceramic. A suitable strain function should be searched for the empirical constitutive 

model. The six constants were determined by the manual best trial-fitting. If using the 

optimal computational theory and algorithm to search the constants with the given fitting 

precision, there are many acceptable constant pairs. 
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5.6 Summary 

Mohr-Coulomb criterion was successfully employed to describe the damaged 

ceramic under dynamic multi-axial compression as well as the intact ceramics. The 

parameters in Mohr-Coulomb failure criterion and its equivalent form were determined 

for damaged and failed AD995 and SiC-N. The strength slope of the failed SiC-N in JH-1 

model was also determined with three stress-pressure points. Due to the linearity in 

stress-pressure relation, JH-1 model description for the failed SiC-N is same as the Mohr-

Coulomb. The one strength point of the intact SiC-N was well consistent with the well 

known JH-1 model description for silicon carbide. For JH-1 model, the strength of the 

damaged SiC-N at the damage 0 < D < 1.0 suddenly drop to failed strength at the damage 

D = 1.0 without any intermediate damages. The critical damage level mentioned in 

Chapter 4 can be taken as D = 1.0 (completely comminuted). 

JH-2 model was employed to describe analytically the damaged and failed AD995. 

The parameters for AD995 were obtained. For the damaged AD995, the damage value D 

= 0.88 was also determined directly from the JH-2 model. This intermediate damage can 

be considered as the critical damage level in Chapter 3. The one strength point of the 

intact AD995 was well agreement with the known JH-2 model description for alumina. 

Based on the analysis of existing models and the insights from our new 

experimental data, an empirical constitutive material model that describes our results was 

developed for the damaged ceramic. The model is suitably employed for the fully 

damaged ceramic, but not for the partly damaged ceramic. The six constants in the model 

were obtained using our experimental data.  
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CHAPTER 6 

SUMMARY AND FUTURE WORK 

 

 

6.1 Summary 

 

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. The technique employed two strikers and two shapers to generate 

the double loading pulses in a single SHPB. Aluminum tubing structures shaper with an 

inner gap and a spring plus a simple shaper was chosen as the second pulse shaper. 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.  

Using the double-pulse experimental techniques, several series of experiments were 

conducted on AD995 alumina and 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 with sleeves. The strain rate and volume dilatation effects on the 

damaged AD995 and SiC-N show that the strength of the damaged ceramic is not very 
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sensitive to strain rates within this range and the arrive time of second pulse once the 

damage attains a critical level. The damage level on the crushed AD995 and SiC-N 

indicates that when slight damaged far below a critical level, the specimen remains nearly 

elastic; when transitionally damaged, the specimen strength gradually decrease from that 

of the slight damage level to that of the heavy damage level. For the confinement effect, 

it is observed that increasing confinement increases the strength of the damaged ceramics 

once the damage is beyond the critical level. The crack patterns of AD995 and SiC-N 

were dominantly axial splitting for the slight damage, axial splitting and fragmentation 

for the intermediate damage, and fragmentation and comminution for the heavy damage. 

SEM observations show that transgranular fracture was a dominating failure mechanism 

in AD995 with the grain sub-cracking, slipping band and plastic deformed stripes.  

For SiC-N, the volume dilatation history shows a delayed failure where the 

specimen volume starts to increase drastically after reaching the strength of the intact 

ceramic in the first loading pulse. The combined axial splitting and comminution of the 

rubble was the failure mechanism in the transitional damage while the comminution of 

the rubble is the failure mechanism in the heavy damage. SEM observations on SiC-N 

rubble indicated that the microstructural failure mechanism is intergranular fracture. 

Mohr-Coulomb criterion was successfully employed to describe the damaged 

ceramic under dynamic multi-axial compression as well as the intact ceramics. The 

parameters in Mohr-Coulomb failure criterion were determined for damaged and failed 

AD995, failed SiC-N. The strength slope of the failed SiC-N in JH-1 model was also 

determined. One strength value of the intact SiC-N was well consistent with the well 
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known JH-1 model description for silicon carbide. 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 and failed AD995. The 

parameters of JH-2 for AD995 were obtained. For the damaged AD995, the intermediate 

damage value is 0.88, determined directly from JH-2 model. This damage value can be 

taken as the critical damage level. One strength value of the intact AD995 was well 

agreement with the known JH-2 model description for alumina. 

Based on the analysis of existing models and our new experimental data, an 

empirical constitutive material model was developed for the damaged ceramic to describe 

our results. The six parameters in the model were determined through fitting the 

experimental data. The model is suitably employed for the fully damaged ceramic but not 

for the partly damaged ceramic.  

 

 

6.2 Future Works 

 

The research represents a systematic investigation of the dynamic compressive 

behavior of intact and damaged AD995 alumina and silicon carbide SiC-N. However, 

additional work is required for a complete understanding of the mechanical behavior 

under various dynamic loading conditions. The following conclusions should be 

addressed on future work. 
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6.2.1 True Stress-strain Curve for the Intact and Damaged Ceramics 

We obtained the stress strain curve in the intact and damaged ceramics. The strain is 

directly deducted from the bar single with subtraction of the interface effects. It is precise 

for the large deformation in the second pulse loading for the damaged ceramics with the 

low loads. As for the intact ceramics, this deduction is not enough in the first pulse 

loading. The reason is that the reflect signal from the contact pairs for subtraction 

resulted from the whole surface of WC while in the SHPB experiments the contacting 

surface is just in the area of specimen. In the high loading for the intact ceramic, The WC 

platen will deform at the same scale as the testing ceramic. The elastic modulus of the 

intact ceramic is considered to remain unchanged at high deformation rate and may be 

used to check the signal.  The theoretical elastic modulus of the intact AD995 and SiC-N 

is 370 GPa and 460 GPa, respectively. However, the measured elastic modulus is 

250~330 GPa for intact AD995 and 300~390 GPa for intact SiC-N. Although the stress 

strain relation can be corrected by matching the elastic modulus in the first loading, it is 

not suitable for the whole strain. If using optical measurement technique such as laser 

interfering to achieve the displacement field, the actual strain is then derivative from the 

known displacement field. It also should resolve the problem that the measurement of 

small deformation may conflict with that of the large deformation. 

One error source is that a pair of WC platen will be damaged due to the friction of 

ceramic rubble with the polished surface of WC platen in the high pressure and 

deformation. The damaged WC platen will affect the next experiment if continues to use. 

The resolving method can be to increase the confinement for WC platen. 
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After the first loading failed the intact ceramic, the damaged ceramic continues to 

deform until the end of first loading. The sectional area is not the original one using to 

calculate the stress. Although the true stress and strain can be obtained in metal 

compression according to the plasticity incompressible, it is not suitable for the ceramic 

rubble confined by metal sleeve. If applicable, the stress-strain curve in the flat-stage of 

AD995 will be sloping upper with increasing strain. Using the high speed camera to 

acquire the real time change of specimen shape may be a method to obtain the actual area 

changing for the second loading pulse. Thus, the true stress-strain relation can be 

obtained. 

 

6.2.2 Confinement of Ceramic 

The hydrostatic pressure and stress is typical small in the description of JH model 

due to low confinements. In the thin sleeve confining ceramic, it is maximum to the 

limited use. If the thick sleeve will be used, the effect of the sleeve deduction is rather 

obvious, which leaded to the uncertain in the experiments. The reason is that the deducted 

contribution from the thick sleeve is difficult to achieve in the same strain history and 

confinement conditions without specimen as with the specimen. 

In the plastic flow of the thin sleeve, we only use the initial dynamic yield strength 

to calculate the confinement. If using the actual strain hardening relation of sleeve, the 

actual yield stress is higher than the used one. Also the deformation of the irregular shape 

of ceramic rubbles results in the irregular deformation of the sleeve, which leaded to 

complex multi-axial stress condition in the sleeve. The active confinement method such 



 173

as hydraulic pressure should be developed. The pressure is independent on the 

deformation of specimen. It should provide large confinement pressure up to 1~2 GPa to 

obtain the maximum strength of the failed ceramics.  

 

6.2.3  Critical Damage Level 

Although the damage level can be obtained from the crack patterns of the post-

tested specimen, it should be described in a suitable form such as the micro-crack density, 

energy or elastic constant loss. It depends on the corresponding damage evolution theory, 

which can remain for the further work. The critical damage level is thus determined in the 

quantity with a suitable damage description. The microstructural sub-crack was also 

extended along the main macro crack between the ceramic grains. In current research, the 

critical damaged level was simply determined in term of equivalent plastic strain from the 

JH model. Considering the effect of the micro grain size of ceramic rubble, the damage 

description can be more complete and reasonable.  

 

6.2.4 Constitutive Law of the Damaged Ceramic 

Although the empirical constitutive law was represented based on the known model, 

it lack the corresponding physics theoretical basic. Future theoretical work should 

consider more actual model that can describe the fragments and comminution of ceramic 

in the dynamic damage evolution in the energy-based consideration or micro-analytical 

mechanics mode.   
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APPENDIX A 

THEORY OF THE SPLIT HOPKINSON PRESSURE BAR 

 

 

The determination of the material stress-strain behavior in the split Hopkinson 

pressure bar is based on the principles of the one-dimensional elastic wave propagation in 

the bars. The SHPB technique originally developed by Kolsky (1949) has been used to 

obtain dynamic compression properties of solid materials. As shown in Figure A1, a 

conventional SHPB consists of a striker bar, an incident bar, transmission bar and a 

sample sandwiched in between the incident and transmission bar. The striker was 

launched by gas gun to impact the incident bar, which generates a compressive wave to 

move in the incident bar toward the specimen. If the sample mechanical impendence is 

less than that of bars, a compressive wave is transmitted into the transmission bar and a 

tensile wave is reflected into the incident bar. If the cross-section of the bar remain plane 

and the lateral inertial effects can be neglected, the elementary theory for the wave 

propagation in bars can induce the classical wave equation: 

2

2
2

2

2

x
uc

t
u

∂
∂

=
∂
∂                                                   (A.1) 

where u is the axial displacement; x is the axial coordinates; and t is the time; c is the 

longitude wave speed defined by the Young’s modulus E and the mass density ρ as 

ρEc = . The equation has a general solution: 

)()(),( xctFxctGtxu −++=                             (A.2) 
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where G and F are independent arbitrary functions for left and right traveling waves, 

respectively.  The 1-D strain is defined by: 

x
u

x ∂
∂

=ε                                               (A.3) 

Considering only the compressive stress wave traveling to the right in the bar, we have: 
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∂                             (A.4) 

With the definitions of axial stress, axial strain and Hook’s Law, the axial stress in the bar 

was expressed in form of the density, wave speed and the particle velocity v as  

cv
t
ucx ρρσ =

∂
∂

=                                              (A.5) 

If the stress pulse in the bar is nondispersive, the sample response can be calculated from 

measuring strain gages mounted on the bars. Strain gages mounted on the transmission 

bar determine the transmitted εt strain pulse and strain gages mounted on the incident bar 

measure the incident εi strain pulse and the reflected εr strain pulse.  

Incident bar

(ρ  , C  ,  A)

Striker Bar

stst

Transmission bar

(ρ, C,  A) εl (ρ, C,  A)ε  ,  εi r ts

(ρ  , C  ,  A)s s

Specimen

l1 2l

 
Figure A.1 Schematic of a conventional split Hopkinson pressure bar 

1          2
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For a homogeneous deformation, the strain rate of the sample is 

s
s l

vv 21 −
=ε&                                                       (A.6)  

where v1 and v2 are the particle velocities at the sample-bar interfaces. In terms of the 

measured strain pulse,  

)( tri
s

s l
c εεεε −−=&                                                (A.7) 

Forces at ends of the sample are 

)(1 riAEF εε += ,  and   tAEF ε=2                                (A.8) 

Similarly, stresses at the ends of sample are 

)(1 ri
sA
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AE εσ =2                                   (A.9) 

If the specimen is in force equilibrium, the forces are equating on each side of specimen 

(i.e. F1 = F2), and means that 

rit εεε +=                                                   (A.10) 

So, if the specimen is deforming uniformly, the stress, strain and strain are given by 

t
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It is comparing the stresses σ1, σ2 at the front and back end of specimen first to check the 

equilibrium. Only if σ1 and σ2 are reasonably matched, it then was reasonable to employ 

eqs (A.11), (A.12) and (A.13) to calculate the stress, strain rate and strain of the specimen. 

As the incident strain εi(t) was chosen, the strain εt(t) and εr(t) have to be shifted 

relatively by the time delays of τt and τr to the bar ends, respectively (Yuan, 1998; 

Lifshitz, 2000) as  
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where l1 and l2 is the distance of sample end to the strain gage position of the incident bar 

and the transmission bar, respectively. In the range of small strain in brittle composite 

and ceramic, it is difficult to determine the delay times accurately. A curve-fitting method 

using characteristic network of elastic wave propagation was proposed more accurately 

for the transmitted wave delay (Zhao, 1996). After the time shifted, the transmission 

strain εt(t) and reflected strain εr(t) will start at the same point in time as that of the 

incident strain εi(t). The stress-strain curve can be determined according to equation 

(A.11) and (A.13).  
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APPENDIX B 

KINETICS ANALYSIS OF TWO STRIKERS IN SEPARATION OF TWO PULSES IN 

DOUBLE PULSE SHAPING TECHNIQUE 

 

In the double pulse shaping, each single shaping pulse can be calculated by eqs 

(2.8). The key is to control the separation of two pulses. The second pulse can be valid 

delayed after the first pulse. This is the kinetics analysis of two strikers in the each 

critical phase of the double pulse shaping. The double pulse shaping with the aluminum 

tubing structure and the spring was analytically discussed in the kinetic method. 

 

B.1 Initial Striking Velocity 

At first, two striker bars is considered as a rigid body when the strikers are launched 

from the gas gun barrel. For the ideal gas, the equation of state (EOS) is 

 KTpV =                                                        (B.1) 

where p is the pressure, V is the volume, T is the temperature, K is the gas constant. In the 

room temperature, the launching time is rather short and the temperature variety can be 

ignored. The EOS can be deducted to 

TTVppV =                                                  (B.2) 

where p, V is the pressure and the volume at random position x2, respectively; pT, VT is 

the pressure and the volume at position x2 = 0, respectively. Also pT, VT can be considered 

as the initial pressure and volume of the pressured gas tank. The EOS for this analysis 

was shown in Figure B.1.  
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Figure B.1 Launching of the striker 

 

The volume V and force F applied by the pressured gas is given by 

gT AxVxV 22 )( += ,     gAxpxF )()( 22 =                           (B.3) 

The force acting on the striker bar with eqs (B.2) and (B.3), is 
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=                                    (B.4) 

where Ag is the sectional area of the inner wall of gas gun barrel. The friction in the 

interface between the inner wall of gun barrel and the sabot of striker was neglected due 

to the grease lubricating and sealing on the inner wall of gun barrel. The work done by 

the pressured gas at the initial pressure pT is  

∫= 2

0 22 )(
x

dxxFW                                               (B.5) 

With eqs (B.4) and (B.5), the work done by the pressured gas in the striker launching 

from x2 = 0 to x2 = s0 is   
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where s0 is the limit distance when the striker approaches the incident bar. Integrating 

equation (B.6), the final wok is  

)1ln( 0
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g
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VpW +=                                                 (B.7) 

We first consider two strikers with tubing pulse shaper in between. The kinetic energy of 

the strikers E is given by 

2
021 )(

2
1 vmmE +=                                             (B.8) 

where m1, m2, v0 are the mass of the first striker and second striker, and initial impacting 

velocity, respectively. According to the mechanical energy balance, the work done by the 

pressured gas can be completely converted into the kinetic energy of the strikers in spit of 

the other little energy loss and the small mass of second shaper and plastic sabot on the 

striker bar. The initial velocity is deducted 
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Also the initial impacting velocity can be practically determined by the laser velocity 

system.  
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B.2 Object of Kinetic Analysis of Two Strikers in the Double Pulse Shaping 

 

For the double pulse shaping, the first single shaping pulse can be determined only 

with the first striker and shaper guided by the analytical models (Frew, 2001). The stress 

history in the double pulse was schematic in Figure B.2. Therefore the characteristic 

parameter of the first pulse, σmax, τ1, τ2, shown as curve OAB in Figure B.2, can be 

determined at the known initial striking velocity v0, dimension of the first striker and the 

first shaper, the stress-strain relations of the first shaper. Also the second single shaping 

pulse can be determined only with the second striker and shaper while the first striker and 

deformed first shaper stayed at the testing area to transmit the second pulse to the 

incident bar. Guided by the analytical models (Frew, 2001), the characteristic parameter 

of the second pulse, σs, τ31 - τ3, τ41 - τ3, τ4 - τ3, shown as the curve CDEF in Figure B.2, 

can be determined at the known initial striking velocity, dimension of the second striker 

and the second shaper, the stress-strain relations of the second shaper, except the time  τ3. 

The task in double pulse shaping is to determine the unknown time separation τ3 - τ2. 

t
B

A

C F

D E

σmax

0 τ1

σs

τ2 τ3     τ31 τ41     τ4

 

Figure B.2 Typical stress history with the double pulses 
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B.3 Kinetic Analysis of Two Strikers with Tubing Structural Shaper 

 

When launched in the gun barrel before impacting, two strikers with the tubing 

shaper were taken account as one degree of freedom body and the tubing structural 

shaper can be considered as a rigid body with neglected deformation. When the first 

striker impacted the incident bar, the pressure is constant, which causes a constant force F 

on the second striker. At the phase during the first pulse (curve OAB in Figure B.2), the 

second striker was buffering due to the plastic deformation in the corner hinge, which 

give a constant force Fs on the second striker. Figure B.3 shows the analysis of applied 

force on the second striker. The force on the back end of second striker F was calculated 

gT

TTg
g AsV
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pAF

0+
==                                        (B.10)   

F m2 Fs

2v

        
Figure B.3 Analysis of applied force in the second striker 

 

The force Fs was calculated from the analysis of applied force in the second shaper 

shown in Figure B.4. The aluminum tubing structure shaper was considered the elastic-

perfect plastic material. According the bending theory of beam on the statically 

indeterminately symmetrical structure, the bending moment Ms is relate to the lateral 

force Fs by 
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The axial stress in the sectional area of bending is calculated by 
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where ts is the thickness, Bs is the length and  Ws is width of the tubing. 12/3
ssz tBI =  is 

the area moment of inertia.  
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Figure B.4 Analysis of applied force in the second shaper 

 

The axial stress in the corner attained the yield stress of the tubing σys in whole section. 

With eqs B.12 and B.11, the force Fs is calculated by 

ys
s

ss
s W

tBF σ
2

3 2

=                                                     (B.13) 

Figure B.5 shows the analysis of applied force in the second shaper and striker. 

According to the balance of impulse on the second striker, we have 

)()( 022 VVmFF s −=− τ                                         (B.14) 

The velocity in the second striker after the first pulse is deducted to  
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where F can be calculated from equation (B.10), Fs from equation (B.13), τ is the time 

for the impulse. The first compression of the second shaper ∆ls1 can be calculated by 

∫ −=∆ 2

0 121 )]()([
τ

τττ dVVls                                              (B.16) 

where V2(τ) is calculated with equation (B.15) and V1(τ) is determined by Frew’s 

analytical models.  
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Figure B.5 Analysis of applied force in the second shaper and striker 

 

After the first pulse, the first striker with the deformed first shaper has the same 

velocity with the incident bar. The second compression in the tubing shaper is the 

cushioning phase shown in curve BC in Figure B.2. The initial inner gap of the tubing ls0 

is the summary of the first and second compression. Similarly to the first compressive 

analysis, the second compressive level ∆ls2 is determined by 
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where V1(τ) is determined by Frew’s analytical models. V2’(τ) is calculated by  
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B.4 Kinetic Analysis of Two Strikers with the Springs 

 

For two strikers and the springs as shown in Figure B.6, the kinetics analysis may 

be more complex than that with the tubing shaper. 
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Figure B.6 Analysis of applied force in two strikers and the springs 

 

  We have the kinetic equations 
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Fk is the force in the springs, k is stiffness of springs; F(x2) can be calculated by equation 

(B.4); where Ls0 is the initial gap between the two bar; Ls2 is length of the second striker. 

Directly eliminating the spring force, we have the two-order differential equations about 

two variables x1 and x2  
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In general, it is the non-linear differential equations. If the F(x2) can be considered as a 

function of time t only, the equations have the homogeneous resolution x1(t) = A1eβt, x2(t) 

= A2eβt. We first resolve the homogeneous solution,  
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which can be obtained the characteristic equation about the β 
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For the nontrivial solution about the random variable parameter A1 and A2, the 

determinate of the matrix in (B.22) should be vanished.  
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The solution for β is  
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where i is the imaginary number. Then we have the homogeneous solution 
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Where Aij (i=1,2, j=1…4) is indeterminate constant. With eqs (B.24) and eqs (B.22), the 

indeterminate parameters have 
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The homogenous solution is deducted  
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where A1, A2, A3, and A4 are constant. If the particular solution was expressed as the 

spacing of the linearly independent sequence of the non-homogeneous term in equation 

(B.20) with the undermined coefficients, the coefficient can be determined and we can 

obtain the two particular solution x1p(t) and x2p(t).  The general solution can be 
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With the two initial and two boundary conditions,  
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The constant A1, A2, A3, and A4 can be determined.  

The first compression ∆ls1 before the impacting can be calculated  
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where )(2 tx&&  can be obtained from twice differential of x2(t) about the time in equation 

(B.27) and F(x2) can be obtained from equation (B.4) at x2 = s0 while t = τ0, the launching 

time of striker when the first pulse came. When the first striker started to impact the 

incident bar, the force driven by the pressured air is constant, F(s0) in the second and 

third compression of the springs. Then the non-homogenous term in the equation (B.20) 

is converted into a constant. The solution is equation (B.26). However, the indeterminate 

constants A1, A2, A3, and A4 are obtained through the new two initial and two boundary 

conditions which can be determined from the analysis in the striker launching.  
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During the second compression of springs in the first pulse, the balance of impulse 

of second striker is 

)]()([)]()([ 0202222120 ττττ xxmllksF ss && −+=∆+∆−                              (B.30) 

∆ls2 is the second compression of springs; F(s0) is the constant force by the pressured air; 

τ2 is the end time of the first pulse in the Figure B.2. Note that only the springs and the 

constant air pressure applied the force on the two strikers then. From equation (B.3) ∆ls2 

can be deducted 
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Between the first pulse unloading and second pulse loading, the springs was compressed 

thirdly. The third compression ∆ls3 can be determined from the total gap of springs and 

the first and second compression by 

2103 ssss llll ∆−∆−=∆                                                   (B.32) 

The unknown τ3 can be determined form the equations of the balance of impulse in the 

second striker, which is given by 
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APPENDIX   C 

DYNAMIC MECHANICAL PROPERTIES OF THE SHAPER AND SLEEVE 

MATERIALS WITH SHPB EXPERIMENTS 

 

In the dynamic experiments for ceramics, we also conduct the dynamic SHPB 

experiments for the pulse shaper materials (3003-O aluminum tubing, annealing C110 

copper and annealing B260 brass) and the sleeve materials (B260 brass, C122 copper and 

316 stainless steel). The SHPB setup was traditional with the same two bars as that for 

the ceramic experiments. The strike bar was 305 mm long 4340 tool steel with the same 

bar sectional area. The pulse shaper used for ceramic experiments was considered as the 

testing sample sandwiched between two bars. A new other type shaper was employed to 

achieve the stress equilibrium and constant strain rate for the testing shaper sample. 

The Brass shaper (φ 8.28mm × 1.6mm) used as the first pulse shaper for SiC-N 

experiments was tested in the SHPB. The annealed low carbon steel was employed as its 

pulse shaper to achieve the dynamic stress equilibrium and constant strain rate 

deformation. Figure C.1 shows the incident and transmitted pulse for five different strain 

rates. The nearly flat reflected stage indicates the constant strain rate loading. The 

dynamic stress equilibrium check in Figure C.2 shows that the stress in both ends of the 

brass sample was well coincident. Then the stress-strain curve can be deducted according 

to the eqs (A.11), (A12) and (A.13). Figure C.3 shows the dynamic stress-strain relation, 

which indicated that the brass material have slight strain rate effect in the 2200 s-1~ 5800 

s-1 range.   
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Figure C.1 Typical oscilloscope traces for the brass shaper sample 
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Figure C.2 Typical dynamic equilibrium check for brass shaper sample 
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In the 1D compression, the true stress s and true strain e was expressed in form of 

the engineering stress σ and engineering ε as  

)1( εσ +=s , and )1ln( ε+=e                                      (C.1, C.2) 

The 1D resistance function of the brass metal can be determined (Frew, 2001) 
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where the σ0, n, m is adjustable parameters. Fitting the experimental data with the 

equation, we have σ0 =200 MPa,  n = 0.415, m = 0.205. 
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Figure C.3 Dynamic true stress-strain curves of brass shaper sample 

 

The copper shaper (φ 9.14mm × 1.6mm) used as the first pulse shaper for alumina 

AD995 was examined in the classical SHPB. The testing process is similar to that of the 

brass shaper.  Figure C.4 shows its oscilloscope traces for the copper shaper sample for 
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three strain rates. Figure C.5 shows the dynamic equilibrium check. Figure C.6 shows the 

dynamic true stress-strain curve of copper shaper sample in the strain rate of 2800 s-1, 

3700 s-1, 4200 s-1. Fitting the experimental data with the equation (C.2), we have σ0 =450 

MPa,  n = 0.42, m = 0.68.  
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Figure C.4 Typical oscilloscope traces for the copper shaper sample 
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Figure C.5 Typical dynamic equilibrium check for copper shaper sample 
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Figure C.6 Dynamic true stress-strain curves of copper shaper sample 

 

Also for the 3003-O aluminum tubing structural shaper, the testing sample was 

pressured just to remove the inner gap and prevent from much plastic deformation in the 

lateral surface. The dimension is 10 mm in width, 13.7 mm in length and 2.2mm in 

thickness. The thickness direction was in the loading axial in the dynamic SHPB. Figure 

C.7 shows the oscilloscope traces and Figure C.8 shows the dynamic stress-strain relation. 

Although the early stage were different in two strain rate due to the residual inner gap, 

fitting the experimental data with the equation (C.2), we have same parameter σ0 =400 

MPa,  n = 0.375, m = 1.75.  
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Figure C.7 Typical oscilloscope traces for Al tubing shaper sample 
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Figure C.8 Dynamic true stress-strain curves of Al tubing shaper sample 

 

In the dynamic SHPB experiments for alumina AD995, 0.35-mm thick brass, 0.8-

mm thick brass and 0.8-mm thick stainless steel with 7.62 mm in length was taken as the 

sleeve to confine specimen.  We conduct another dynamic SHPB experiments to achieve 

the stress-strain curve, which retain the approximate strain rate history in SHPB 
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experiments for AD995. The typical oscilloscope traces can be shown in Appendix D for 

the steel sleeve. Here, in the second strain rate of 200 s-1, the stress-strain curve was 

shown in Figure C.9. For SiC-N, 0.35-mm thick brass, 0.8-mm thick copper and 0.8-mm 

thick stainless steel with 6.35 mm in length was taken as the sleeve to confine specimen. 

In the second strain rate of 200 s-1, the stress-strain curve was shown in Figure C.10. 
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Figure C.9 Dynamic stress-strain curves of sleeves for AD995 
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Figure C.10 Dynamic stress-strain curves of sleeve for SiC-N 
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APPENDIX   D 

SLEEVE EFFECTS ON THE DEDUCTION OF THE STRESS HISTORY IN THE 

CERAMICS 

 

It is important for the stress calculation to deduct the sleeve contribution due to the 

obviously 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 about 

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. In the experiments of strain rate and 

volume dilatation effect for the ceramic, the ceramic specimen experiences the same 

strain rate history as the sleeve. Due to the obvious deduction effect, 0.8mm thick 

stainless steel sleeve with 7.62 mm length used for AD995 was to investigate the strain 

rate effect, volume dilatation effect on the transmitted pulse of the sleeve which is 

deducted from the whole transmitted pulse in ceramic dynamic SHPB experiments. 

 The first striker and the second striker are steel bar in lengths of 152 mm, 

aluminum bar in length of 178 mm with the same bar sectional area, respectively. The 

first pulse shaper is annealed copper disk with 10.6 mm in diameter and 0.76 mm in 

thickness. The second pulse shaper is the aluminum tubing structure in 7.94 mm in 

diameter, 0.9 mm in thickness and 1.5 mm in the inner gap and 10 mm in width. 

Although the first reflected pulse in AD995 was rather difficult to achieve same, the 

whole strain in the first pulse can be controlled approximate. Figure D.1 shows the 
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incident and reflected pulse for the 420 s-1, 640 s-1 and 800 s-1 strain rate in the steel 

sleeve. The second reflected pulse can be reasonably identified in the reflected pulse of 

sleeve at 420 s-1 strain rate and that of AD995 at 400 s-1 strain rate. Figure D.2 shows the 

transmitted pulse in the sleeve for the strain rate effect, which indicates no obvious 

difference in this strain rate range. 
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Figure D.1 Incident pulses of steel sleeve and AD995 
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Figure D.2 Transmitted pulses in the sleeve for strain rate effects 
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Figure D.3 shows the incident pulse of steel sleeve for the volume dilatation 

experiments during the unloading, at end of and 180 µs after the first pulse, respectively. 

Figure D.4 shows dynamic stress-strain curve of steel sleeve for the volume dilatation, 

which indicates that the arriving time of the second loading pulse has little effect on the 

dynamic stress-strain relation in the 400 s-1 strain rate for the second pulse. 
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Figure D.3 Incident pulses of steel sleeves for the volume dilatation  
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Figure D.4 Dynamic stress-strain curves of steel sleeve for the volume dilatation  
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Although the confinement condition between the sleeve and the ceramic specimen 

can’t be achieved in the metal sleeve SHPB testing without the ceramic specimen, we 

conducts the experiments about the metal sleeve filled with some soft materials, such as 

foam, rubber, and grease. In the same double pulse, the metal sleeve which fully 

contained the soft material is employed to simulate the confinement condition in the 

ceramic testing while the axial load effect can be ignored. Figure D.5 shows the identified 

incident pulse of steel sleeve filled with different soft materials. As shown in Figure D.6, 

when sleeves is filled with soft materials such hard foam, hard rubber and high vacuum 

grease compared to without filling, the transmitted pulse in sleeves results in the 

reasonable same. It indicates no obvious difference in the transmitted signals between the 

sleeve with non-filling and the sleeves filled different soft materials. Figure D.7 and D.8 

shows the undeformed and deformed steel sleeve filled with different soft materials, 

respectively.  
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Figure D.5 Incident pulses for steel sleeves filled with different soft materials 
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Figure D.6 Transmitted pulses in sleeves filled with different soft materials 

 
(a)                     (b)                    (c) 

Figure D.7 Initial shapes of steel sleeves filled with different soft materials 

(a) hard foam (yellow); (b) hard rubber (black); (c) high vacuum grease (transparent) 

 

 
(a)                    (b)                       (c)                      (d) 

 
Figure D.8 Deformed steel sleeves filled with different soft materials 

(a) without filling; (b) hard foam; (c) hard rubber; (d) high vacuum grease 
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