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Static and dynamic indentation as well as edge-on-impact (EOI) testing of
sapphire and magnesium spinel is presented in this work. The sapphire samples were
provided by Saint Gobain Crystals, Milford, NH while the spinel materials were provided
by Technology Assessment and Transfer, Annapolis, MD. The overall intent of the
research effort was to develop a general understanding of the fundamental mechanics
that dictate variances of ballistic performance between the two materials. Specifically, it
is of interest to develop a rationale for the observation of superior ballistic performance
of magnesium spinel compared to sapphire (especially multiple-hit resistance), while
sapphire is superior to spinel when comparing nearly every measurable static and
dynamic material property. Since a comparison of measureable material properties
(e.g. hardness, fracture toughness, etc.) is obviously insufficient in complete
characterization of a materials ballistic potential, it is proposed that a comprehensive
analysis of the fundamental fracture behaviors of these materials during dynamic events
such as dynamic indentation and ball impact tests is needed to provide better insight
into the governing parameters of ballistic strength. The type of cracks as well as the
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load and rate dependence of evolved fracture patterns is of interest. As such it is clear
that different techniques to characterize the materials are needed. Dynamic
indentation, sequential indentation and ball impact tests are small scale tests suited to
provide this type of material characterization.
A dynamic indentation test apparatus was utilized in order to observe the strain
rate sensitivity to hardness, indentation fracture response and brittleness. Utilizing this
technique it was found that sapphire resulted in a 10-12% increase in hardness during
dynamic indentation while spinel hardness only increased 5%. Additionally, it was
found that spinel indentation cracks did not exhibit the same length reductions as that of
sapphire during dynamic indentations. Spinel did however demonstrate less brittleness
under dynamic conditions than sapphire resulting in less spall. Additionally a change in
fracture mode from intergranular to transgranular was noted during dynamic indentation
conditions. The results of this testing confirms that simply comparing measureable
properties, even if dynamic (e.g. dynamic hardness) is insufficient in the prediction of
ballistic performance. The increase in brittleness seen in sapphire as compared to
spinel, however, is of relevance in the prediction of the propensity for spall fracture.
This combined with the fact that spinel radial cracking does not reduce under dynamic
loads presents the notion that energy is dissipated in spinel over a larger area than that
of sapphire. This is important as spreading the energy over a larger area will reduce
the amount of material pulverization and loss of structural cohesion.
A technique of analyzing the crack response of patterns of closely spaced static
indentations was developed. The aim was to highlight the interactivity of cracks due to
multiple indentations which is germane to multi-hit capability predictions as well as
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failure prediction. The results of this test indicated a high sensitivity of crack interactivity
to crystallographic plane orientation. Additionally, a material failure mechanism only
present along the c-axis highlights a mode of failure relevant to multiple impact events
on sapphire. This failure mechanism facilitated bulk material separation in sapphire
along the c-axis. Spinel, however did not exhibit any of these behaviors, reinforcing the
idea that spinel better retains structural cohesion when damaged. This again offers
some explanation to the improved behavior during multiple hit pattern testing.
Edge-On-Impact tests utilizing a high speed camera were conducted in order to
observe damage morphology in the two materials during ball impact events. Spinel and
sapphire damage evolution were in stark contrast with each other. It was found that
spinel fractures were initially transgranular but transitioned to purely intergranular as the
damage front moved away from the impact site. This transition also marked the
demarcation line where structural cohesion was maintained. Sapphire however was
found to fracture along specified crystal planes resulting in a criss cross pattern of
fracture planes. This criss cross pattern resulted in the creation of large fragments and
a lack of structural cohesion for larger portion of the target than that of spinel. Finally
based on the observed behaviors, the impact energy that is dissipated through all
known mechanisms was accounted for using known energy calculation equations. It
was found that energy dissipation was spread more evenly among mechanisms
resulting in a higher capacity to dissipate energy.
An overall research hypothesis is presented as follows: It is proposed that the
comparison of measureable material properties, even dynamic properties, is insufficient
in complete prediction of a materials ballistic performance. The ability to dissipate
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energy over large areas exploiting several dissipation mechanisms is paramount for
improving ballistic protection. Additionally, the propensity for a material to remain
structurally cohesive during and after damage accumulation is vital for ballistic
performance (especially multi-hit capability).
Other scientifically significant highlights of the presented research are as follows;
This research details the first report of dynamic hardness for sapphire and magnesiumspinel. Additionally, this is the most comprehensive to date explanation of sapphire
crack plane geometry as related to crystal geometry. This research also presents the
discovery of a new material separation mode that exists in sapphire due to sequential
closely spaced indentations. Damage evolution comparisons between the two materials
have lead to the understanding of a more efficient mode of damage in spinel allowing
the continuance of structural cohesion for a larger portion of the material. Finally,a
summarization of energy dissipation mechanisms for both materials describes a more
evenly distributed dissipation of impact energy between available mechanisms.
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CHAPTER 1
INTRODUCTION AND MOTIVATION
Background
The investigation of ceramics (e.g. Aluminum Oxide-Al2O3) as light weight
alternatives to conventional heavy armor began with Wilkin’s pioneering efforts in the
1960s [1-7]. Since Wilkin’s work, many efforts have been made to link ceramics
material performance during impact events to typical material properties such as
hardness, fracture toughness and strength [7-17].
Most research on the governing mechanics determining ballistic resistance has
centered on static material properties such as hardness and fracture toughness.
Woodward [8] was one of the first to note importance of hardness in the blunting of a
projectile yet realized the limiting effect that fracture has. Den Reijer [14] reinforced this
observation and added that increased hardness above that of the projectile did little to
improve ballistic strength. LaSalvia [15] later proposed the notion that hardness can
estimate the performance potential of a ceramic while fracture toughness is a limiting
measure that determines the ability to meet that potential.
Concurrently, a realization of the need to understand material behavior due to high
strain rate events surfaced. One common dynamic measure is the Hugoniot Elastic
Limit or HEL. The HEL is effectively interpreted as the limit of elasticity and the onset of
failure under uniaxial dynamic loading. The HEL is important to understand since it has
been shown that dramatic shear strength reductions are shown to occur in materials
shocked above its HEL [10, 11]. It is therefore accepted that a higher HEL could result
in a higher shock threshold before severe damage ensues during impact events. The
wave velocities are also important to understand since they control the rate of damage
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evolution during a dynamic event and the rate at which energy is removed from an
impact site. Two wave velocities are often reported for materials. The first and fastest
wave is the longitudinal compressive wave and the second trailing wave is the shear
wave. The pressure required to cause damage in the presence of the first wave is
typically referred to as the HEL however Grady [12] recognized that often damage
occurred at pressures lower than HEL following the trailing shear wave. This outlines
the importance of the shear wave in damage creation during shock events.
Klopp and Shockey [17] summarized the importance of understanding dynamic
material properties such as dynamic hardness. More recently Krell and Straßburger
[16] presented a hierarchy of key influences governing ballistic strength of transparent
ceramics. They postulated that the initial phase during ballistic impact, termed dwell
phase [18, 19] was governed by dynamic stiffness and that the latter phase or
penetration phase [7] is governed by the inertial impedance which is based on the mode
of fragmentation and hardness. Moreover, in this study it was suggested that static
hardness should be replaced by a dynamic measure like Hugoniot Elastic Limit (HEL).
Parallel to the efforts on the understanding of ceramics during ballistic impact,
other researchers focused on developing knowledge of erosion mechanics and the
controlling material properties. Evans and Wilshaw [20] developed relations for the
effect of various material properties on the erosion resistance of ceramics by solid
particles and found that the same material properties thought to govern ballistic
performance also determined erosion resistance. Later work by various researchers
have expounded upon this early work contributing knowledge in the area of liquid
particle and combined liquid/solid particle erosion mechanisms [21-26].
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A series of opaque ceramic materials such as aluminum nitride (AlN), boron
carbide (B4C), silicon carbide (SiC), silicon nitride (Si3N4) and titanium diboride (TiB2)
have emerged as potential light weight ceramic replacements for heavy armor.
Although these materials are promising alternatives to heavy steel plates for ballistic
protection, they are limited to applications where visibility and light transmission is not a
requirement. The importance of pursuing materials able to replace traditional
transparent armor has therefore become evident [27].
The investigation of transparent ceramics to replace traditional transparent armor
has therefore emerged as an important subset of ceramic armor research. Traditional
transparent armor (commonly referred to as bulletproof glass) usually consists of
several layers of glass (usually soda-lime plate glass) and transparent polymers
(typically polycarbonate). The glass layers dissipate energy through crack formation
and particle ejection mechanisms; the adhesive/polymer interlayers act as bonding
layers and accommodates for thermal expansion effects and the polymer backing acts
as a spall shield. A schematic of a generic transparent laminate system is shown in
Figure 1-1. The problems presented with this solution include poor optical performance,
excessive weight and design packaging challenges due to the extreme thickness
required to provide adequate ballistic protection. In addition excessive damage and
loss of transparency due to rock strikes and sand/rain erosion has become a significant
concern [27, 28].
Materials including aluminum oxynitride (ALON), sapphire, magnesium spinel,
Yttriam-Aluminum Garnett (YAG), strengthened glass, and lithium disilicate/lithium
aluminosilicate glass ceramics have been investigated for applications including
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ruggedized optical lenses, visors, ground and air vehicle windows, missile domes and
IR windows [27, 29]. In addition civilian applications, such as security building windows
and other structural applications as well as security vehicle windows could also employ
these technologies [30].
Many of the same challenges involved with traditional ceramic armors exist with
the added challenges of providing adequate optical transmission. Transmission
throughout the visible and Infrared (IR) wavelengths as well as improved performance
during events such as high-velocity impact (e.g. ballistic impact), low to mid velocity
impact (e.g. rock or bird strikes), scratch and particle impact erosion (e.g. sand blast,
rain erosion) are all requirements for new high performance transparent ceramics [3033].
Motivation for Research
Although many efforts have been made to advance the understanding of
transparent ceramic materials, more work is needed. In particular, qualitative and
quantities assessments of transparent ceramic behaviors exposed to high strain rate
events is paramount. Development and utilization of novel techniques to qualitatively
and quantitatively capture the change in materials behaviors during small scale dynamic
events is therefore a point of research interest.
Sapphire and Mg-spinel are two materials that are actively researched for use in
transparent armor applications. Although sapphire is superior to spinel when comparing
nearly all measureable static and dynamic material properties, spinel consistently
outperforms sapphire in ballistic testing and in particular multiple impact testing [34-36].
Figure 1-2 is a recreation of the results of V50 testing conducted by the Army Research
Lab comparing the ballistic performance of glass and various transparent ceramics
20

including sapphire and magnesium spinel [36]. The intent of this research is to develop
an understanding as to the source of the superior ballistic performance known to exist in
Mg-spinel. Rate sensitivity to hardness, brittleness and indentation fracture is studied
using dynamic indentation methods. Qualitative and quantitative assessments of the
static and dynamic mechanical response are discussed based on the experimental
results. In addition, a novel indentation technique is developed in order to assess the
interactive behavior between the resultant cracks from closely spaced indentation in an
attempt to assess multi-hit capacity. Ball impact testing is conducted as well to provide
a look into the actual material response characteristic of an impact event. The intent is
to unlock the damage mechanics that occur during small scale impact events. Finally,
an energy balance model based on observations during impact tests is presented for
each material describing the contribution of each known mechanisms to the defeat of a
projectile. This model attempts to explain observed behavior where comparison of
static parameters is insufficient.
The rest of the dissertation is organized as follows. A summary of the two
materials that are the subject of this research is presented in Chapter 2. In Chapter 3,
the mechanical response of each material due to static and dynamic indentation tests is
discussed. Separate discussions of hardness, brittleness and fracture behavior are
presented. Chapter 4 summarizes the observations of crack interactivity in sapphire
due to closely spaced indentations. A quantitative and qualitative account of damage
morphology during edge-on-impact (EOI) tests is discussed in Chapter 5. This includes
an energy based model attempting to apportion the dissipated energy between all
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considered mechanisms. Finally in Chapter 6, conclusions and future research
directions are outlined.

Figure 1-1. Schematic of Transparent Armor Design
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Figure 1-2. Comparison of V50 effectiveness for various transparent armor materials
(recreated from Swab et al. 2000 [36])
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CHAPTER 2
MATERIALS
Sapphire (Single Crystal Al2O3)
Sapphire is a single crystal form of pure aluminum oxide (Al2O3). Other common
names for sapphire include corundum, single crystal alumina and alpha alumina.
Although the unit cell of sapphire is sometimes referred to and modeled as purely
hexagonal or rhombohedral, the actual crystallographic classification of sapphire is a
member of the Hexagonal-scalenohedral class of the Trigonal crystal system with a
rhombohedral lattice system. Figure 2-1 depicts the sapphire crystal unit cell. Sapphire
is most commonly manufactured in c- (0001), m- (1010), a- (1120) and r- (1102) plane
configurations. Common industrial techniques used to grow sapphire crystals include
Vernouil, Czochralski, Horizontal Directional Solidification Method (HDSM), heat
exchanger method (HEM) and edge defined film fed growth (EFG) shown schematically
in Figures 2-2A – E respectively. Each method is able to produce crystals of different
orientations, sizes and qualities. A comprehensive review of the history of sapphire
crystal growth and a comparison of methods is presented by Harris [37].
Sapphire has very good mechanical and optical qualities making it an ideal
candidate for many extreme environment optical applications including protective
shields, ground and air vehicle windows, optical lenses exposed to harsh environments
and transparent armor [30, 38, 39] due to its excellent mechanical properties, optical
transparency, IR transmission and commercial availability. Sapphire, however, has a
hexagonal–scalenohedral crystal structure resulting in anisotropic material behavior that
is highly dependent on crystal orientation. Mechanical, thermal, electrical and optical
properties are widely reported to vary depending on axis orientation. For example,
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hardness, Young’s modulus, shear modulus and thermal conductivity are highest
perpendicular to the c-axis while tensile strength, flexural strength and dielectric
constant are highest parallel to the c-axis [40, 41]. In addition, optical birefringence or
double refraction occurs along all axes except for the c-axis [41]. Therefore, the c-axis
is optically unique and is often referred to as the optical axis [41, 42]. Table 2-1
provides relevant mechanical and optical properties for sapphire [41].
Sapphire deformation primarily occurs through a combination of slip (e.g. basal,
prismatic, pyramidal) and twinning (Basal, rhombohedral) mechanisms [43]. Each
deformation mechanism has several equivalent slip and twinning systems. Figure 2-3
depicts each deformation mechanism in a hexagon representation of sapphire [43]. The
stress required to activate each system varies. Under compressive or tensile stresses a
resolved shear stress values for each deformation plane can be calculated using
Schmid factors [44]. Schmid factor (m) is defined as the cosine of the angle between
the normal axis to the slip or twinning plane and the loading axis (θ) multiplied by the
cosine of the angle between the slip or twinning direction and the loading axis (λ).
m = cos θ cos λ

(1)

The calculated resolved shear stress is then if found by the following equation.
RSS =

P
m
A

(2)

where P is the load and A is the loading area, illustrated in Figure 2-4.
Nowak and coworkers [45-48] were the first to develop a critical resolved shear
stress model for the indentation of sapphire aimed at predicting the shear stress needed
to activate slip and twinning systems in sapphire. Tymiak and Gerberich [49] later
offered improvements to the model by factoring in twinning shear, slip and twinning
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multiplicity and a transition from elastic to elastic-plastic. Table 2-2 provides the critical
resolved shear stress (CRSS) values for each deformation mechanism proposed by
Tymiak and Gerberich [49].
Under increasing indentation loads sapphire demonstrates defined discontinuities
in the load displacement curves. At these points the material suddenly shifts from an
elastic to elastic-plastic behavior. These yield point discontinuities are commonly
referred to as “pop-in” [50, 51], “step-in” [46, 47], “excursion” [52, 53] or “burst” [54, 55].
The exact nature of the discontinuities is uncertain although theories tie their existence
to either the first nucleation of dislocations or instability due to already nucleated
dislocations [56]. The severity and point of occurrence during indentation varies
depending on crystal orientation, indenter geometry and loading rate.
It is also interesting to note that a significant loss in compressive strength occurs
at elevated temperatures, most notably when the compressive stress is parallel to the caxis [44]. This is found to be a result of a reduced resolved shear stress required to
activate rhombohedral twinning mechanisms [57, 58]. Above 500°C rapid strength
reductions perpendicular to the c axis begin leading to about a 98% loss in strength at
800°C. Several methods have been investigated to improve high temperature strength
of sapphire including compressive coatings [59], Mg and Ti doping [60,61,62], B, Si, N,
Fe, Cr ion implantation[63], heat treatments [60,64], neutron irradiation [65,66] and
superpolishing techniques [60, 67]. These techniques have shown improvements in
fracture toughness and compressive strength by stunting twinning motion with only
slight to moderate degradations in optical properties [68].
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When considering sapphire in many applications the dynamic material properties
must be understood. Many studies have employed planar impact experimental
techniques to determine the Hugoniot elastic limit (HEL), spall strength and the
compression and shear wave velocities of sapphire [11, 69-73]. The HEL is important
to understand since it has been shown that dramatic shear strength reductions occur in
sapphire when shocked above the HEL [70]. The sonic velocities are important in order
to understand the rate of damage evolution during a dynamic event and the rate at
which energy is removed from an impact site. Rate variant indentation methods have
also been employed to understand both the strain rate sensitivity of hardness and
plasticity [48, 56].
Magnesium Aluminate Spinel (MgAl2O4)
Magnesium Aluminate Spinel (MgAl2O4) is a transparent polycrystalline ceramic
sometimes simply referred to simply by its mineral name ‘spinel’. Spinel is formed by
sintering a mixture of magnesium oxide (MgO) and aluminum oxide (Al2O3) powders.
The crystal structure of spinel is based on a face centered cubic (FCC) close-packed
oxide anion sub-lattice in which Mg2+ cations occupy 8 of the 64 tetrahedral interstices
and Al3+ cations occupy 16 of the 32 octahedral interstices [74]. Figure 2-5 provides a
schematic of the spinel unit cell. For clarity, the octahedral and tetrahedral interstices
are graphically depicted in only the front half of the unit cell.
Spinel is typically formed by sintering or hot press methods often utilizing Lithium
Fluoride (LiF) as a sintering aid. A secondary hot isostatic press (HIP) process is often
utilized to improve densification and optical quality. Spinel materials displaying both
bimodal and unimodal grain structures with average grain sizes ranging from under 5µm
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to over 300µm have been reported [75 - 79]. Figure 2-6 depicts the varied grain
structures known to exist with spinel [79].
The study of spinel has been sporadic since the 1950s with the first transparent
spinel being created by General Electric in 1961 [80, 81]. Most failures in commercial
production of spinel have been a result of a lack of understanding of the densification
dynamics. Without an adequate densification approach, spinel tends to be translucent
due to high amount of light scatter at pores and voids within the material. Through the
use of LiF sintering aids and hot isostatic pressing (HIP) operations the porosity levels
of spinel have been significantly reduced leading to optical and mechanical material
properties that approach and even surpass single crystal sapphire [34, 35, 81]. A
detailed history of optical spinel development is given by Harris [80].
Static mechanical properties (i.e. hardness, elastic modulus, fracture toughness
and bending strength) [82-87] and optical properties (transmissivity, reflectivity,
absorptivity and index of refraction) [86-89] have been well investigated since the
1960’s. Table 2-2 provides relevant mechanical and optical properties of spinel.
Additionally, plasticity [90, 91] and fracture character [36, 78, 92-102] of spinel have
been intensely studied. Crystallographic studies have revealed that three slip systems
along the (111), (110) and (100) slip planes exist within spinel. Of these planes, slip
along the (111) and (110) planes are most commonly observed with slip directions
parallel to the <110> direction [91]. Fracture character of polycrystalline spinel is
generally described as mixed mode with the presence of intergranular and transgranular
cracks [93]. Although transgranular cracks exist, strength limitations of polycrystalline
spinel are largely attributed to the presence of intergranular fracture of large grains [36,
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78]. The fracture response for spinel is also highly non-linear with rising R-curves (a
measure of the materials resistance to crack propagation with crack extension) [95].
This behavior has generally been attributed to grain bridging effects at lower temps and
secondary grain boundary microcracking in the crack wake [94]. Strength and fracture
toughness is also known to reduce with increasing temperature up to 800°C with a
stabilization occurring at further elevated temperatures [94-96]. It has been proposed
that the melting point of the LiF sintering aid could lead to this behavior [95]. Increased
strength spinel has been achieved by refining the sintering powders to produce a
unimodal grain size distribution of less than 5 µm [76].
The strain rate sensitivity of spinel has been studied to some extent. Bending and
flexural testing using variable loading rates have been conducted with varied results [97,
99, 102]. Additionally, planar impact experiments on polycrystalline spinel have been
performed in an effort to determine the Hugoniot elastic limit (HEL), dynamic yield
strength and spall strengths [103-105]. Perhaps the most interesting result from this
type of testing on spinel has been the indication of a loss of spall strength to nearly zero
at elevated loading rates [103].
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Table 2-1. List of mechanical and optical properties for sapphire and spinel
// to C-Axis
Mg-Spinel
⊥ to C-Axis
3
Density (g/cm )
3.97
3.97
3.58
Young's Modulus (GPa)
435
386
277
Shear Modulus (GPa)
175
145
110
Poisson's Ratio
.25-.30 (orientation dependant)
.26
Biaxial Flexural Strength (MPa)
1035
760
172
Compressive Strength (GPa)
1.97
2
2.69
Tensile Strength (GPa)
0.432
0.302
0.11
Vickers Hardness – 1Kgf (GPa)
17.4
15.6
14
KIC (MPa-m1/2)
2.1
2.43
2.0
Hugoniot Elastic Limit (GPa)
23
11.3
Longitudinal Wave Speed (m/s)
11390
9820
Shear Wave Speed (m/s)
6900
5620
Visible Transmittance (%)
85
85
NIR Transmittance (%)
86.5
86
SWIR Transmittance (%)
88
86
Birefringence
0
0.008
0
Abbe Number
72.24
60.67

Table 2-2. Critical shear stresses required for slip and twinning systems to activate
(proposed by Tymiak and Gerberich [49])

τCR
(GPa)

Prism Slip

Basal Slip

2.5 < τCR <
4.1

4.8 < τCR <
23.7

Pyramidal
Basal
Rhombohedral
Slip
Twinning
Twinning
CR
CR
τ ≈7
0.48 < τ < 3 1 < τCR << 7.3
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Figure 2-1. Sapphire unit cell depicting the orientation of different crystallographic axes
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Figure 2-2. Crystal growth process schematics, A) Verneuil, B) Czochralski, C)
Horizontal Directional Solidification Method (HDSM), D) Edge-Defined FilmFed Growth (EFG) and E) Heat Exchanger Method (HEM)

32

Figure 2-3. Depiction of slip and twinning systems in Sapphire

Figure 2-4. Graphical depiction of the relation of Schmid factor angles
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Figure 2-5. Schematic of the spinel unit cell. For clarity the octahedral and tetrahedral
interstices are shown only in the front half of the unit cell.

Figure 2-6. Optical images of example spinel microstructures. Included are A) fine
grained [79], B) bi-modal [79] and C) course grained structures
34

CHAPTER 3
STATIC AND DYNAMIC INDENTATION RESPONSE
Introductory Remarks
An important application for spinel and sapphire is as a strike face material in
transparent armor. Since the pioneering work of Wilkins et al.,[1-7] it has been known
that dynamic material characterization is paramount for ceramic armor design.
Moreover, the hardness and fracture response of ceramic materials has been asserted
as highly influential material properties affecting ballistic performance [15]. It is sensible
that an understanding the strain-rate sensitivity of hardness and fracture behavior is
then significant to the assessment of the ballistic performance of ceramics.
Several researchers have studied the shock behavior of sapphire [11, 69-73] and
spinel [103-105]. Using flyer plate experiments, Kanel et al. [69, 70] conducted
extensive research on shock loading of sapphire along various crystal axes using planar
impact experiments in an effort to determine the Hugoniot elastic limit (HEL), defined as
the dynamic compressive strength under uniaxial strain loading. Paris et al. [103]
conducted similar experiments on polycrystalline (30µm grain size) spinel in an effort to
determine the Hugoniot elastic limit (HEL), dynamic yield strength and spall strengths.
Rozenberg et al. [9, 11] focused on the spall strength and loss of shear strengths
following shocks above the HEL of these two materials. It was found that sapphire
underwent a significant loss of shear strength when shocked above the HEL while
spinel exhibited a loss of spall strength to nearly zero at elevated loading rates.
While significant advances in the understanding of fracture toughness of various
sapphire orientations have been made [106], little progress has been published
regarding the strain rate sensitivity of sapphire fracture behavior. The strain-rate
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sensitivity of spinel fracture toughness has been investigated to a larger degree, yet the
information reported does not explain rate sensitivity of indentation fracture. Baudín et
al. [96] conducted single edge notched beam (SENB) experiments on a 35-100 µm
grain size spinel at loading rates ranging from 0.005 mm/min to 2.5mm/min. They
reported a roughly 20% drop in fracture toughness accompanied with a shift from
intergranular to transgranular fracture with increased loading rates. A similar behavior
was found to exist during controlled surface micro flaw fracture experiments on single
crystal spinel by Stewart and Bradt [97]. Baudín and Pena [99] later repeated their
earlier SENB experiments with spinels of varied alumina content this time reporting an
elevated fracture toughness with increased loading rate.
While these testing efforts have revealed the rate dependant behavior of spinel
and sapphire strength, they were insufficient in providing insight into the strain rate
effect on hardness and the mode of indentation fracture under dynamic loads. Dynamic
indentation experiments on the other hand can provide such information. Variants of
these experiments have been successfully employed to provide insight into the strain
rate dependence of several crystalline materials [48, 56, 107-112].
Chapter 3 details a comparative analysis of hardness as well as fracture initiation
and propagation characteristics of a- and c-plane sapphire as well as a coarse grained
polycrystalline magnesium spinel due to static and dynamic indentations. Additional
calculations of brittleness parameters were made in order to describe the rate sensitivity
of the propensity for brittle fracture for each material. Lastly an analysis of fracture
modes during static and dynamic conditions is presented.

36

Experimental Methods
Material Preparation
Square tiles of dimensions 76mm×76mm×7.6mm of a-plane sapphire were
obtained from Saint Gobain Crystals, Milford, NH. These tiles were grown using the
edge defined film-fed growth (EFG) process [113]. Figure 3-1 is an illustration of the
sample tiles indicating the dimensions and crystallographic orientation. Several 6mm
cube samples were then cut from the tile exposing both a- and c-plane surfaces. Both aand c-plane surface samples were then ground and polished to remove all visually
distracting surface scratches created by the manufacturing or cutting process using
progressively finer silicon carbide grinding media (320, 400, 600, 800 1040 and 1200
grit) followed by diamond paste polishing medium (6, 1 and 0.5 µm). The quality of the
resulting polished surface was evaluated visually under an optical microscope at 100X
magnification.
Additionally, samples of a high optical grade magnesium spinel were supplied by
Technology Assessment and Transfer, Annapolis, MD. The material was supplied with
two opposing faces in a polished condition requiring no further surface preparation. The
materials were supplied as small square tiles (25mm x 25mm x 5mm).

All samples

were produced by a hot press (HP) process utilizing a lithium fluoride sintering aid
followed by hot isostatic pressing (HIP).

The average grain size of the material was

determined to be ~ 250 µm using the lineal intercept procedure detailed in section 10 of
the ASTM E112 standard [114]. A micrograph of the grain structure of the material
tested is shown in Figure 3-2.
Several static indentations were made on both the a- and c-planes of the
prepared sapphire samples as well as the polished surface of the spinel samples using
37

a Vickers indenter (Wilson®109 Instruments Tukon® 2100B) with indentation loads in
the range of 0.5–19.6N (0.05–2 kg). While the supplied tile dimensions were sufficient
for static indentation tests, smaller samples were cut to approximately 5mm x 5mm x
5mm cubes to facilitate dynamic indentation tests. Dynamic indentation testing was
conducted using a dynamic indentation hardness tester (DIHT) [115]. The function of
the DIHT will be explained in detail in the following section.
Crack lengths and crack orientations were measured for both static and dynamic
indentations using an optical microscope. The measurements were then compared to
assess the strain rate effect on hardness and crack lengths for both a- and c-plane
sapphire and spinel. It should be noted that the convention used to measure and
annotate crack lengths differs slightly for sapphire due to the nature of
crystallographically aligned crack systems. Traditionally, radial crack length “2c” is
defined as the distance between the two opposing crack tips originating from the
opposing Vickers indentation corners [116]. In the case of indentation on sapphire,
corner cracks do not appear, instead cracks initiate preferentially along specific
crystallographic planes irrespective of indentation corner location. Therefore, for the
purposes of this study the crack length “2c” is simply defined as the distance between
two opposing crack tips oriented along the same crystallographic plane. These cracks
may or may not emanate from the corners of the indentation but will always propagate
along predetermined crystallographically oriented directions.
Dynamic Indentation Hardness Tester
The dynamic indentation testing technique utilized here is based on a modified
split Hopkinson pressure bar (SHPB) setup which is able to generate a single Vickers
indentation with a loading duration of approximately 50–200µs [117]. The average strain
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rate of deformation during dynamic indentation can be determined from the size of
indentation and velocity of indenter. Typical strain rates are on the order of 1000/s. In
this technique a striker bar is accelerated towards a flanged incident bar by a pneumatic
pressure gun. A schematic of the DIHT apparatus is shown in Figure 3-3. The incident
bar has a Vickers indenter press fit to one end and a momentum trap on the impact end.
The test specimen was positioned between the Vickers indenter and a load cell which is
anchored to a rigid support. No gap was allowed between the Vickers tip and the
specimen test surface. The striker bar impact onto the incident bar creates an elastic
compressive pulse followed by a tensile wave (from the momentum trap) both of which
travel the length of the incident bar towards the indenter end. The compressive pulse
causes a single indentation on the test sample and the tensile pulse retracts the Vickers
tip away from the test specimen.
Both of these pulses reverse in sign and travel back towards the impact end where
the reflected tensile pulse is captured by the momentum trap and the reflected
compressive wave reflects back again as a tensile wave traveling towards the indenter
tip. This wave travels back and forth in the bar as a tensile wave towards the indenter
tip and as a compressive wave traveling towards the impact end. Thus, all of the tensile
waves traveling towards the indenter cause the indenter tip to retract away from the
specimen preventing subsequent indentations [115, 117]. The time-based indentation
load signal is captured using a high frequency load cell and a digital oscilloscope. Unlike
the static indentation, the load of the dynamic indenter cannot be precisely set due to
the slight variations in the velocity of the striker bar as it travels through the gas gun (i.e.
frictional effects). Therefore, a minimum of 50 indentations was conducted at room
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temperature on each test specimen to insure a varied load range. Hardness values
were calculated based on the measured indentation diagonal lengths (not half crack
length) and the measured load.

Results
Static and Dynamic Hardness
Indentation hardness has been identified as an important material property
associated with particle erosion resistance [23] and ballistic performance [15, 16].
Since these damage events are characterized as dynamic, it follows that a measure of
the strain rate sensitivity of indentation hardness is relevant. Assessment of a
material’s hardness during dynamic indentations allows for more predictive models and
better correlations with observed phenomena during impact tests.
The static and dynamic hardness values for a- and c-plane sapphire as a function
of indentation load are provided in Figure 3-4A and Figure 3-4B. The static hardness
values are reported as the average of at least 10 indentations at each load while the
dynamic hardness values are shown as individual data points. The data that was
generated for both surfaces was curve fit in Figure 3-4C as per Meyer’s law [118]:
P = Ad n

(3)

where P is the indentation load, d is the indentation diagonal, A is the Meyer’s prefactor
and n is the Meyer exponent. Both sapphire orientations demonstrated a noticeable
indentation size effect (ISE) with the c-plane being more pronounced than the a-plane.
When the data is plotted in the Meyer’s law format this difference in ISE between the
planes can be numerically established. The Meyer exponent, a measure of the ISE, was
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found to be approximately 1.8 for both configurations. These values were consistent
with previous ISE studies of single crystal oxides [119, 120].
Both a- and c-plane sapphire demonstrated an increase in hardness under
dynamic indentation. The c-plane sapphire yielded a slightly higher increase (12%
versus a 10%) than for a-plane sapphire. These results are similar to earlier reports of
dynamic indentation on polycrystalline alumina [107]. These results are also consistent
with Tymiak et al. [52] and who reported an increase in yield point of a- and c-plane
orientations with increased loading rates. It is also interesting to compare the greater
strain rate sensitivity of the c-plane sapphire to the findings of Kanel, [69, 70] who
reported the largest increase (51%) in the HEL response with increased impact velocity
for sapphire along the c-axis as compared to only 47% along the m-axis. The results
demonstrate a correlation of the rate sensitivity of hardness with published HEL values
and could be considered when utilizing sapphire for ballistic applications.
The measured indentation hardness did not seem to be dependent on the
orientation of the Vickers indenter tip with respect to sapphire crystal orientation. This
result was inconsistent with earlier findings of anisotropy in Knoop hardness on
sapphire basal plane [121]. It is, however, acknowledged that anisotropy exists on
sapphire basal plane. The discrepancy is believed to be due to the fact that Vickers
hardness is calculated based on an average of two equal length indenter diagonals
while Knoop hardness is calculated purely by the length of the long diagonal. It is,
therefore, expected that the anisotropic response is averaged out during Vickers
hardness calculations while it is captured during Knoop calculations.
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Static and dynamic Vickers hardness as a function of indentation load for spinel
was also measured and is given in Figure 3-5A. The data is also presented in Meyer’s
format in Figure 3-5B. Consistent with the sapphire hardness results the spinel static
hardness values are reported as the average of at least 10 indentations at each load
while the dynamic hardness values are shown as individual data points. As stated
earlier, the average grain size of the spinel was approximately 250µm. Since the
largest indentation diagonals recorded were on the order of 60µm, many indentations
fell within the boundaries of a single grain. Using a Nomarski optical filter, verification of
the location of each indentation with respect to the grain boundaries was made. In this
manner only hardness values from indentations that were placed inside the grain
boundaries were reported. Therefore, the hardness data presented can effectively be
thought of as that of randomly oriented single crystal spinel hardness. Although spinel
is largely presented as a cubic and therefore isotropic material, the anisotropy of
hardness as a function of crystal orientation has been well established [84, 120]. Due to
the random nature of the crystal orientation in individual grains a significant scatter,
likely due to anisotropy in hardness of the material, was evidenced by the large error
bar at each indentation load in Figure 3-5A. Each error bar represents +/- one standard
deviation.
A strain rate hardening effect is witnessed with spinel as the dynamic indentation
hardness tests yielded approximately a 5% increase over the static hardness across all
loads. Both static and dynamic indentation tests yielded a large indentation size effect
(ISE) with a Meyer exponent of 1.95 shown in Figure 3-5B. The Meyer exponent, an
indication of a material’s ISE, is substantially higher than that of single crystal sapphire.

42

It was also observed that the ISE for spinel was consistent between static and dynamic
indentations.
Static and Dynamic Brittleness
A brittleness parameter is a measure of the susceptibility of a material to undergo
brittle cracking when subjected to a load. Knowledge of the brittleness parameter can
assist in ranking of materials in terms of their ability to absorb energy as well as remain
structurally intact. Various measures of brittleness have been proposed in literature
[122, 123, 124]. The brittleness parameter can also be viewed as an inverse of the
ductility parameter reported by Horii & Nemat-Nasser [125]. Lasalvia [15] utilized the
ductility parameter to determine the characteristics of the impact induced zone in a
ceramic target where it was found that an increasing ductility parameter (i.e. decreasing
brittleness) reduces the damage zone. It is therefore of interest to calculate brittleness
using static and dynamic material properties.
Various brittleness parameters have been proposed in literature. One brittleness
parameter was proposed by Quinn and Quinn [122] as,
H E
B =  C2  ,
 K IC 

(4)

where E is Young’s modulus, KIC is the fracture toughness and HC is the critical
hardness described above.
A revised brittleness parameter (similar to the ductility parameter) was later
proposed by Zhang and Subhash [123]:
 EY 

B=
σ 
f



1/ 3
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,

(5)

In this expression Y is the yield strength and σf is the fracture strength of the
material. Notice that the brittleness parameter proposed by Zhang and Subhash [123]
is unit-less where the parameter defined by Quinn and Quinn [122] has units of inverse
length.
The static yield stress of a brittle material is estimated by the relation to static
hardness proposed by Zhang and Subhash [123]
H4 

Y = 
 E 

1/ 3

(6)

The dynamic yield stress however, is estimated from its relation to dynamic
property HEL proposed by Rosenberg [126],
Y=

(1 − 2ν )2
1 −ν

HEL

(7)

where ν is Poisson’s ratio and HEL is the Hugoniot Elastic Limit.
Using the static and dynamic hardness data discussed in the previous section as
well as published static and dynamic material properties static and dynamic brittleness
parameters are calculated for both sapphire and spinel. Because of the lack of rate
sensitive fracture toughness data needed to calculate brittleness using the Zhang and
Subhash [123] approach, the Quinn and Quinn approach will be used to draw
comparisons between the two materials. In order to utilize the Quinn and Quinn [122]
approach, a value for critical hardness for each material must be found. This is
determined by locating the transition point, corresponding to an abrupt change in load
dependence of hardness. The concept of a transition point and critical hardness in a
load hardness plot is described in detail by Quinn and Quinn [122]. The critical
hardness for sapphire and spinel was determined and is graphically depicted with
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dashed lines in Figure 3-6A for a-plane sapphire, Figure 3-6B for c-plane sapphire and
Figure 3-6C for spinel. The transition point essentially identifies the point at which a
sharp change in the slope of load dependence on hardness occurs. It is recognized
that the exact location of this point is somewhat subjective and can vary depending on
which data points are selected to determine each slope. As such a method of choosing
data sets for each slope line that resulted in the highest R2 fit for each slope line was
used to graphically determine the transition point. The hardness at this transition point
is defined by Quinn and Quinn [122] is defined as the critical hardness (HC). HC has
been proposed as an indication of a switch to a more fracture dominated energy
absorption mode during the indentation process. As such this value is used to predict
the onset of brittle fracture. For a-plane sapphire, the static and dynamic critical
hardness were found to be ~18GPa and ~20.6GPa respectively while c-planes sapphire
yielded critical hardness values of ~16.7GPa for static indentations and ~18.8GPa for
dynamic indentations. The critical hardness for spinel was found to be ~14.1GPa for
static indentations and ~14.7GPa for dynamic indentations.

Using the Quinn and

Quinn [122] approach, the static brittleness of spinel was found to be 1027 µm-1 which is
in reasonable agreement with earlier studies of spinel brittleness [127]. Under dynamic
loading conditions the calculated brittleness values increase to 1071 µm-1. It can be
seen that the dynamic brittleness value is approximately 4% greater than that of the
static brittleness.
In comparison, the static brittleness of a-plane sapphire was found to be ~1177
µm-1 while c-plane sapphire static brittleness was calculated to be ~1647 µm-1. This
illustrates a significantly greater level of static brittleness in sapphire than spinel. A 15%

45

increase in brittleness for a-plane sapphire and a 60% increase in brittleness for c-plane
sapphire can be seen when compared to spinel. Under dynamic loading conditions the
margin increases. The dynamic brittleness of a-plane sapphire was found to be ~1177
µm-1 (~25%increase over spinel) while the dynamic brittleness of c-plane sapphire was
calculated to be ~1177 µm-1 (~73% increase over spinel). Also it is noteworthy to see
that the brittleness of sapphire is more strain-rate sensitive than spinel. While spinel
brittleness increased by 4% when subjected to dynamic loading, sapphire increased by
14% (a-plane) and 12% (c-plane). Table 3-1 summarizes the calculated brittleness
parameters as well as a list of the static and dynamic properties used in these
calculations.
Recall for spinel that the indentation hardness is effectively that of randomly
oriented single crystal spinel and the brittleness parameter by definition is effectively a
ratio of plastic deformation energy to fracture energy. Subsequently, an increase in
brittleness of spinel can be thought of as an indication of increased tendency for brittle
grain fracture during dynamic impact conditions. An increase in brittleness in sapphire
however would be thought of as a reduced capacity for maintaining structural integrity
since the material is more prone to fragmentation. This is due to the fact that sapphire
is a single crystal material with no grain boundaries able to modify crack propagation.
In physical terms for both materials, an increase in brittleness has been linked to
decreasing fragment size during dynamic impacts [128].
Static and Dynamic Indentation Fracture
An understanding of the fracture behavior of a material is also critical in the
assessment of erosion and impact resistance. LaSalvia [15] presented fracture
toughness as a limiting measure of a materials ability to resist penetration while Krell
46

and Straßburger [16] listed mode of fracture as a key influence during the penetration
process. Although concerns regarding the validity of assessing fracture toughness by
the indentation method exist [129], the mode of fracture can easily be determined by
indentation tests. Furthermore, a comparison of fracture modes during static and
dynamic indentation is possible.
In the case of sapphire, indentation creates surface features and fracture patterns
that are quite different in appearance than other transparent glasses and ceramics due
to its preferential crystallographic fracture planes (Figure 3-7). The origin, the evolution
and the strain rate sensitivity of these surface feature patterns have been studied
extensively over the past 6 decades. The appearance of these unique fracture patterns
surrounding an indentation impression in sapphire was first reported by Attinger [130]
who described the appearance of oriented fissure-like cracks. Hockey [131] first
identified the existence of basal and rhombohedral micro-twins surrounding the
indentation impressions on single crystal sapphire but was reluctant to fully attribute
twinning mechanisms as the source of crack formations. Several subsequent
indentation studies [132-135] performed on various sapphire orientations reported
observations of basal and rhombohedral twinning as well as basal, rhombohedral, prism
and pyramidal slip. Nowak et al. [45] first developed an effective resolved shear stress
(ERSS) model that estimated the peak shear stress acting on slip and twinning systems
and consequently proposed a “T-parameter” which predicted the activation of each slip
and twinning systems during indentation of a-(1210), m-(1010) and c-(0001) planes of
sapphire. For example the peak probability for rhombohedral twinning on the c-plane
was predicted at relative angles of 0°, 120° and 240° with no experimental correlation
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presented. The peak probability of basal twinning on the a-plane was predicted to occur
at relative angles of 90° and 270° (axisymmetric with respect to the [0001] direction)
while the peak probability of rhombohedral twinning on the a-plane to be at relative
angles of 90°, 225° and 315°. Comparisons of predictions of slip and twinning system
activation probability were found to poorly correlate to the experimental observations of
cracks and linear surface features on m-plane sapphire [46, 47]. In fact their
experimental observations indicated basal twinning rather than rhombohedral twinning
to occur at 90°, 225° and 315°. Additionally, Nowak et al. [45] described the appearance
of surface traces on both a and m-prism planes to be essentially the same with only a
trivial 90° shift in angular positions. Subsequent experimental findings have
demonstrated that the patterns of plastic deformation are distinctly different between aand m-plane sapphire [51, 56]. These findings were later reinforced by Tymiak and
Gerberich [49] and Tymiak et al. [136] through analytical RSS modeling and FEA
analysis. While the modeling efforts of Nowak et al. [45] did not precisely capture all of
the observed trends, their pioneering work provided a first look at surface orientation
effects on patterns of contact-induced plasticity in sapphire. Additionally, the
significance of the role of basal and rhombohedral twinning on contact induced plasticity
in sapphire was predicted.
More recent experimental findings from Kim and Kim [51] attempted to correlate
experimentally observed surface traces to the intersection of sapphire crystal planes.
Based on observations of fracture sequence of (1120) sapphire with a physical vapor
deposited TiN coating they reported a relative angle of 122.4° between what they
asserted as rhombohedral and basal twinning traces (Figure 3-8). This angle
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corresponded with the crystallographic intersection of the r-plane (1102) with the aplane (1120) yet did not provide a rationale for the appearance of this twinning trace
over other possible rhombohedral twinning systems.
Modeling efforts by Tymiak and Gerberich [49] yielded a resolved shear stress
(RSS) distribution map for all of the known slip and twinning systems. The model
produced an upper and lower bounds for the critical resolved shear stress (CRSS)
required to activate a given deformation system at room temperature due to indentation.
Their modeling provided a good correlation with previous experimental observations. In
particular, the earlier findings of Kim and Kim [51] were rationalized due to indications of
a higher RSS for the observed rhombohedral twinning system over other possible
rhombohedral twinning systems. Although the results of Tymiak and Gerberich [49]
correlated well with the observations of Kim and Kim [51] they expressed a reluctance
to attribute the surface features to twinnings without TEM analysis to confirm.
Static and dynamic indentations on basal (c-plane) and prism (a-plane) plane
sapphire, shown in Figure 3-7, reveal three distinct surface features. Static indentations
on a-plane (1120) sapphire at loads as low as 1N (0.1 kg) produced a series of wavy
traces oriented perpendicular to the c-axis [0001] (images not shown here for brevity).
The orientations of these traces are consistent with earlier findings from Chan and
Lawn, [133] Nowak and Sakai [45] as well as Kim and Kim [51] who all identified these
features as basal twins. With increased load evidence of some crack nucleation along
these traces becomes evident although not all traces result in fracture formation (Figure
3-7A and Figure 3-7B). Consequently features identified as cracks following this
orientation are depicted in all subsequent figures as B-cracks. At 2N (0.2 kg) loads, a
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second set of cracks oriented at approximately 51.8° relative to the c-axis or 141.8°
relative to the B-crack orientation appeared. This crack orientation is consistent with the
intersection of the (0112) r- and (1120) a-planes and is referred to as R1-crack. With
further increase in load a third crack system (referred to as R2-crack) oriented at
approximately 38.2° relative to the c-axis or 122.4° relative to the B-cracks also
appeared. This orientation is consistent with the intersection of the (1102) r- and (1120)
a-planes. In order to better describe the idea of axis projection, a three-dimensional
schematic illustrating the projection of basal and rhombohedral twinning cracks onto the
a-plane is shown in Figure 3-8. The measured surface orientation of the B-cracks and
the R2-cracks (122.4° relative to B-cracks) were consistent with the prediction of
surface traces of well defined twins presented by Tymiak and Gerberich [49] as well as
Kim and Kim [51] but the R1 feature (141.8° relative to the B feature) was not presented
by either studies although Tymiak and Gerberich did mention that if other rhombohedral
twinning systems were activated they would appear at 141.8° relative to the B features.
Although TEM analysis would be needed to provide unambiguous conclusions as to the
origin of the observed features, the measured angles of each feature suggest basal and
rhombohedral twinning or slip as the source of fracture. It is also noted from the crack
orientations that these cracks do not necessarily initiate from the corners of the Vickers
indentation. This would indicate that the energy required to propagate cracks along
these preferential directions is lower than what is required to produce radial cracks even
with stress concentrations at the indenter corners.
Upon closer inspection the B-cracks tended to have a jagged appearance shown
in the enlarged views of the micrographs as seen in Figure 3-9. The crack front seems
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to repeatedly switch between B-crack and R2-crack directions in a periodic manner.
Eventually, the R2 direction dominates and a permanent change in direction is
witnessed. This behavior indicates a competition between B and the R2 systems
possibly due to a combined effect of the critical stress differences between
crystallographic planes and the applied stress field.
It is also interesting to note that both the R1 and R2 rhombohedral cracks would
bridge between the zones along the c-axis [0001] direction while they would not bridge
in zones oriented along the m-axis. These zones are identified as “weakened zones” in
Figures 3-7A and 3-9. This tendency to bridge is believed to be encouraged by prism
slip mechanisms which have the highest shear stress concentrations in the area
oriented along the m-axes per Tymiak and Gerberich’s model [49]. With increasing
macro indentation load, this region tends to laterally crack in a more severe manner
than other regions surrounding the indentation site. This phenomenon creates an
inherently weak zone surrounding the indentation site. In the next section, a
demonstration of the importance of these weakened zones during multiple interacting
Vickers indentation will be discussed in relation to multi-hit performance of a sapphire
target.
Indentations on c-plane sapphire produced cracks propagating at angles of 120°
relative to each other with additional “corner cracks” propagating from the corners of the
indenter. These crack orientations seem to be consistent with the angular separation of
peak probability for activation of rhombohedral twinning on basal plane sapphire as
proposed by Nowak et al. [45-48]. Again without TEM analysis it is presumptuous to
state the exact origins of these cracks.
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For both surface orientations, cracks due to dynamic indentation appear in a
similar orientation as the those due to static indentation but are generally shorter and
are accompanied with an increase in localized spalling underneath the indention (Figure
3-10). The half crack length as a function of indentation load is shown in Figure 3-11.
The crack length measurements indicate a reduced crack length as a function of load
for both orientations under dynamic loading as compared to static loading. Additionally,
the slopes of half crack length vs. load for the dynamic indentation cracks were less
steep than that for static indentations indicating that the cracks were less sensitive to
load at higher loading rates. Due to the varied slopes between static and dynamic
indentation a constant reduction in crack length was not evident. Rather the crack
length reductions rose to 26-35% at 1Kg loads for various orientations. This again
reinforces the idea that the behavior of sapphire tends to shift from long crack
propagation to a more localized micro-cracking during high strain rate indentations.
It is also interesting to note that while the B-cracks seemed to initiate at a lower
load (Figure 3-11B), R1 cracks had a higher rate of growth under increasing loads than
the basal cracks (Figure 3-11A). Although this difference is minor it again illustrates the
idea of a crossover of preferential crack systems from basal to rhombohedral under
increasing loads.
The indentation fracture behavior of spinel was quite different. Instead of fractures
preferentially following crystallographic planes as in sapphire, spinel indentations
created cracks emanating from the indentation corners. In addition, the presence of
grain boundaries in the area of an indentation significantly altered the indentation
fracture behavior.
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Examples of static Vickers indentations and associated crack patterns at
comparable loads for spinel are shown in Figure 3-12. Figure 3-12A depicts a static
indentation placed within a large grain and away from any grain boundaries. Cracks
emanating from each of the indentation corners are clearly witnessed accompanied by
distortion of the surrounding area (as evidenced by the diffused light around the
indentation). Figure 3-12B shows a static indentation placed in close proximity to a
grain boundary. The corner cracks propagating toward a grain boundary at a relatively
shallow approach angle easily deflect from their original trajectory and follow the grain
boundary. Even at a much steeper approach angle as shown in Figure 3-12C, most of
the crack energy is dissipated through grain boundary cracking. Lastly, Figure 3-12D
depicts an indentation placed directly on the grain boundary. It is clearly evident that in
addition to indentation intragranular corner cracks, additional grain boundary
(intergranular) cracks emerge from the sides of the indentation. Due to the low contrast
present in these materials, the grain boundaries are difficult to distinguish and are
therefore marked by dashed lines.
In Figure 3-12D, despite the fact that the stress intensity is significantly lower at
the indentation sides (where the grain boundaries are located) as compared to the
indentation corners (where the highest stress intensity exists) the intergranular grain
boundary cracks are longer than the intragranular corner cracks. Measurements of
these crack lengths on several indentations placed in the interior of the grains and along
the grain boundaries revealed an 18% increase in intergranular crack lengths compared
to intragranular crack lengths as shown in Figure 3-13. Both type of cracks follow a
relationship between half crack length ‘c’ and applied load ‘P’ of the form c ∝ P2/3. This
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relationship has been proposed as an indication of the crack type as median/half-penny
rather than radial [109, 137]. However, progressively polishing of an indentation
reveals the corner cracks to be radial as shown in Figure 3-14. Additional evidence
from Figure 3-14 suggests the lateral cracking that is witnessed does not originate from
the indentation tip as commonly described in literature [135]. Polishing to the depth of
complete indentation removal (Figure 3-14D) has not revealed the lateral cracks.
Lateral cracks are still evident from the diffused light that is clearly visible surrounding
the indentation site. It is therefore evident that the lateral crack must be deeper into the
material.
A series of images of cracking due to dynamic indentations on spinel are shown in
Figure 3-15. A typical dynamic indentation placed within a grain is shown in Figure 315A. When compared to an equivalent static indentation (Figure 3-12B) at comparable
load levels it can be seen that under dynamic loading several secondary radial cracks
appear in addition to the onset of lateral cracking which is seen under an optical
microscope as diffused light reflecting from internal crack planes. Additionally, some
evidence of spall directly under the indentation can be seen confirming an increase in
brittleness. Figures 3-15B and 3-15C depict dynamic indentations in close proximity to
a grain boundary. It is noticed that cracks following a transgranular mode of fracture
occur, as evidenced by several cracks crossing grain boundaries. This behavior is in
contrast to crack deflection along the grain boundary in static indentations at similar
loads and is further confirmation of an increase in brittleness under dynamic loads as
reflected in the calculations shown in Table 3-1. Dynamic indentations, however, when
placed directly on grain boundaries as shown in Figure 3-15D, resulted in mixed mode
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cracking similar to the static loading case shown in Figure 3-12D. Additionally, an
increase in lateral cracking was clearly evident as intense diffused light surrounding the
indentation.
Figure 3-16 illustrates the half crack length ‘c’ developed at various loads ‘P’ due
to dynamic indentations. A superimposed trend line confirms that the intragranular and
intergranular half crack length due to dynamic indentations generally follow the same
relationship with indentation load as in the static case (Figure 3-13). Due to the random
nature of dynamic indentation placement and its orientation with respect to the grain
boundary, positioning a dynamic indentation precisely on a grain boundary was difficult.
This resulted in few successful indentations placed directly on grain boundaries yet
enabling comparative measurement of intergranular and intragranular cracks. The
lengths of grain boundary cracks resulting from the indentations that were successfully
placed on grain boundaries seemed to exhibit the same 18% length increase over
intragranular cracks as that of static indentations.
Both static and dynamic loading resulted in an increase in lateral cracking as the
indentation load was increased. However dynamic loading also resulted in higher levels
of spall with elevated loads. In contrast spall was never witness during static
indentations up to 3 Kg. Figure 3-17 highlights the difference between static and
dynamic indentation at elevated loads. Figure 3-17A shows a static indentation due to a
3Kg load where no evidence of spall is present, but strong evidence of transgranular
fracture is evident. This could indicate a shift to transgranular fracture with increasing
loads. In contrast Figure 3-17B shows a dynamic indentation of comparable load with
significant increase in spall and fragmentation. The results indicate that brittle fracture
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and spall can play an important role in deformation during highly dynamic events such
as impact. In particular the observation of spalling directly beneath the indenter can be
rationalized as a propensity for the creation of a comminuted zone of pulverized
fragments directly beneath an impact site [138].
The hardness and crack length results provided in this section may have some
relevance to sapphire behavior under projectile impact. It appears that projectile defeat
is more likely with a-plane configuration rather than c-plane due to the combination of
superior hardness and a reduced crack propagation behavior. In addition, although
hardness increases under dynamic conditions for both orientations, the crack length
reductions were accompanied with increased spalling and material comminution. This
shift in fracture behavior demonstrates the idea that under dynamic conditions, energy
is dissipated in a smaller region surrounding the indentation site with a greater reduction
in local material structural adhesion but with a higher overall structural integrity as
cracks are less prone to propagate large distances. This behavior could provide insight
into the mechanisms that control the transition from interface defeat to penetration in
sapphire materials as impact velocity increases.
Closing Remarks
Static and dynamic indentations were conducted on a coarse grain spinel.
Hardness was found to increase by 5% while calculated brittleness was found to
increase slightly (4%) during dynamic indentations. The Meyer’s exponent describing
the ISE was found to be approximately 2. The observed corner cracks from
indentations within individual grains were confirmed as radial type by progressive
polishing techniques. Dynamic indentation however produced significantly more radial
cracks as well as spalling and lateral cracking. Intergranular cracking preferentially
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occurred when static indentations were placed in close proximity to a grain boundary,
while a shift to transgranular fracture mode was noticed during dynamic indentations as
cracks more easily cross grain boundaries rather than deflecting along them.
Intergranular cracks were found to be on average 18% longer than intragranular cracks
at similar indentation loads for both dynamic and static loading. As indentation load
increased static indentations exhibited a tendency for transgranular fracture yet without
any sign of spall however spall was present during high load dynamic indentations.
Static and dynamic indentations were also conducted on c- (basal) and a- (prism)
plane sapphire. Both orientations exhibited a heightened increased in hardness under
dynamic indentation accompanied with a less noticeable indentation size effect than
spinel. Basal plane sapphire was also more sensitive to strain rate hardening effects
with a 12% increase in hardness over static versus a 10% increase for prism plane
sapphire. Basal plane sapphire was slightly more sensitive to ISE with a Meyer’s
exponent of 1.85 versus 1.81 for prism plane. Brittleness due to dynamic indentations
was shown to increase by 14% and 12% for a- and c-plane sapphire respectively. This
is a marked increase in brittleness due to dynamic indentations as compared to spinel.
The resultant surface patterns on both sapphire orientations correlate well with previous
experimental and analytical studies reported elsewhere. Wavy features (B) oriented
along the basal plane are likely due to basal twinning and initiated at lower loads than
other cracks oriented along the rhombohedral planes. The cracks (R1 and R2) oriented
along the rhombohedral planes are possibly due to rhombohedral twinning or slip and
with increased loads emerge as the preferential fracture modes. It was observed that
cracks propagating along the basal plane would alternate between B and R2 crack
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directions demonstrating a competing mode of crack propagation and differing reactions
to applied stress fields. Weakened zones surrounding a-plane indentation sites are
located along the c-axis. Crack behavior seemed to shift from long crack propagation to
micro cracking and spalling under dynamic indentations. A 20–30% reduction in crack
length was noted under dynamic conditions. Finally, the fracture mode observed under
dynamic indentation has been related to the behavior of sapphire under impact
conditions.
Table 3-1. Calculated brittleness parameters and material properties used for
calculations
Loading Condition E (GPa) KIC (MPa-m1/2) HC (GPa)
B (µm-1)
Mg-Spinel
Static
277
2.0[85]
14.1
1027
Dynamic
277
2.0[85]
14.7
1071
Sapphire (0001)
Static
386
2.1[106]
18
1177
[106]
Dynamic
386
2.1
20.6
1347
Sapphire (1120)
Static
485
2.4[106]
16.7
1647
Dynamic
485
2.4[106]
18.8
1854

Figure 3-1. Schematic of the orientation of a-plane sapphire crystal tile supplied by
Saint-Gobain crystals.
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Figure 3-2. Optical image of the grain structure of the spinel supplied by Technology
Assessment & Transfer

Figure 3-3. Schematic of the dynamic indentation hardness testing apparatus
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Figure 3-4. Static and dynamic hardness trends as a function of indentation load. Data
for A) (1120) sapphire, B) (0001) sapphire and C) Meyer’s law fit for the
above data.

Figure 3-5. Graph of static and dynamic indentation hardness of spinel. A) Hardness
vs. load and B) Meyer’s law plot format.
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Figure 3-6. Graph of static and dynamic indentation hardness showing critical
hardness. Shown for A) (0001) Sapphire B) (1120) Sapphire and C) MgSpinel

Figure 3-7. Static and dynamic indentation fracture patterns. Examples of A) static and
B) dynamic indentations on a-plane sapphire as well as C) static and D)
dynamic indentations on c-plane sapphire are shown.
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Figure 3-8. Schematic of sapphire crystal axes projected angles and the relevant
preferential crack systems.
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Figure 3-9. Enlarged view of jagged appearance of B cracks during static indentation
on a-plane sapphire.

Figure 3-10. Enlarged view of dynamic indentation on a-plane sapphire showing
increased spalling during dynamic indentation.
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Figure 3-11. Half-crack length ‘c’ as a function of indentation load ‘P’ of a-plane ad cplane sapphire under static and dynamic indentations. Data shown for A) R1cracks on a-plane sapphire, B) B-cracks on a-plane sapphire, C) R1-cracks
on c-plane sapphire and D) trend lines for all the data combined.
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Figure 3-12. Optical images of induced crack patterns due to static indentations on
spinel. Images shown include indentations located A) in the interior of the
grain, B) and C) in the vicinity of a grain boundary and D) along the grain
boundary
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Figure 3-13. Plot of half crack length ‘c’ versus load ‘P’ for static indentations revealing
a relationship of the type c ∝ P2/3 for both inter and intragranular cracks

Figure 3-14. Optical images of induced indentation crack patterns after successive
polishing steps revealing radial cracks
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Figure 3-15. Optical images of induced crack patterns due to dynamic indentations on
spinel. in A) interior of the grain, B) and C) in the vicinity of a grain boundary
and D) along the grain boundary
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Figure 3-16. Plot of half crack length ‘c’ versus load ‘P’ for dynamic indentations
revealing a relationship of the type c ∝ P2/3 for both crack types

Figure 3-17. Optical images of 3Kg A) static and B) dynamic indentations
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CHAPTER 4
CRACK INTERACTION RESPONSE DUE TO SEQUENTIAL INDENTATIONS
Introductory Remarks
Although static and dynamic testing may provide insights into the expected
behavior during single-impact events, it is understood that further knowledge of a
material’s response to multiple and sequentially occurring damage events is paramount.
Damage events such as high-velocity impact (e.g. ballistic impact), low to mid velocity
impact (e.g. rock or bird strikes) and particle impact erosion (e.g. sand blast, rain
erosion) commonly occur in sequences rather than as single events. As such an
understanding of the mechanics during these sequential damage events is essential for
development of guidelines for multiple-hit resistance [32, 139] and erosion damage
testing of transparent materials [140].
Multiple-hit resistance refers to the capability of a material to withstand multiple
ballistic impacts, whereas solid and liquid particle erosion resistance is a measure of the
expected damage due to high-speed impacts of sand or rain particles. These two
measures of resistance are the principal requirements for transparent armor materials,
which are prone to loss of transparency upon impact due to extensive damage.
Assessment of the “multi-hit capability” of armor materials has generally required
precise placement of multiple projectiles onto a test specimen using live fire techniques
[141, 142]. Testing of liquid and solid impact erosion has been accomplished using
whirling arm [143], single and multiple impact jets [144], and pressurized sandblast
methods [145]. The growing importance of testing rock strike damage is demonstrated
by a recent issue by the US Army of a tender for rock strike testing of transparent armor
systems [146, 147], where it was specified that 24 ceramic ball impacts must be placed
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on 6 in. square coupons of various transparent materials. In each case the testing
measures are both difficult and expensive. Additionally, these types of tests typically
have not focused on the mechanics of failure but rather the symptoms and thresholds of
failure.
Easier and less expensive techniques are continually sought to provide insight into
the fundamental mechanics of failure during these events. Several studies utilizing
different static indentation techniques have been conducted to assess plasticity,
deformation and fracture behaviors on various sapphire orientations [45-48, 51, 130133, 148]. Notable contributions include Hockey [131], who performed Vickers
indentation tests on r- and m-plane sapphire and noticed the appearance of basal and
rhombohedral microtwins as well as evidence of activation of several slip systems.
Chan and Lawn [133] performed indentations on a-plane sapphire and reported
evidence of rhombohedral twinning and pyramidal slip, while Kollenberg [132] reported
basal twins during indentation of m-plane sapphire. Nowak et al. [45-48] performed
several indentations on c-, a- and m-plane sapphire, leading to the development of an
effective resolved shear stress (ERSS) model predicting the arrangement of surface
features around indentation sites. More recent work on c- and m-plane [148] as well as
a-plane [51] sapphire has provided considerable insight into the expected surface
features and fracture patterns surrounding indentation sites. Perhaps the most
comprehensive study on indentation plasticity of sapphire was conducted by Tymiak
and Gerberich [49], who developed a resolved shear stress (RSS) model predicting the
onset of plasticity and the expected surface feature orientations due to indentation on a, c-, m- and r-plane sapphire. Although these techniques have provided valuable
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information regarding the onset of plasticity, anticipated deformation systems, resultant
surface feature orientations and incipient fracture patterns, they do not take into account
strain-rate effects.
Studies utilizing flyer plate [69, 70, 149] and dynamic indentation techniques [48,
56] have begun to reveal the characteristic behavior of sapphire during dynamic events.
While these efforts are instrumental in understanding the strain rate sensitivity of
sapphire, none of these techniques provide an assessment of sapphire fracture during
sequential damage events. To this end, closely spaced sequential indentations can be a
useful technique to develop an understanding of damage zone interaction. Sequential
indentation techniques have been successfully conducted to unearth fundamental
modes of fragmentation and the interactive nature of neighboring damage zones in
several glasses and ceramics [150-154].
Investigation of damage evolution due to sequential indentations on sapphire is of
particular interest due to the highly anisotropic and complex rhombohedral–hexagonal
crystal structure of this material. Single-crystal sapphire has been shown to develop
unique and intricate indentation fracture patterns that are uncharacteristic of glasses
and other transparent polycrystalline ceramics [135]. For example, in a typical glass or
transparent ceramic, cracks generally appear along the corners of a Vickers indentation
[155] due to stress concentration caused by the sharp indenter geometry [156]. In the
case of single-crystal sapphire, Vickers indentation does not induce cracks along these
corners but rather along well-defined crystallographic orientations irrespective of Vickers
orientation. This type of crystal orientation dependence of crack systems has been
reported in other studies of single-crystal materials [157]. Additionally, it has been
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shown that some crack orientation correlates well with previous predictions of surface
traces of twinning [49]. A typical a-plane indentation has been shown to produce three
distinct sets of surface features and incipient cracks (Figure 4-1A). The first set consists
of a series of opposing cracks oriented perpendicular to the c-axis. This surface feature
is referred to by the authors as “B-cracks” due to their orientation parallel to the (0001)
basal plane. The second and third set of cracks have been named “R1-cracks” and “R2cracks” due to their orientation parallel to the rhombohedral (0112) and (1102) planes,
respectively. Also indicated in Figure 4-1A is a reference polar coordinate system with
its c-axis at θ = 0º and its max is at θ = 90º. This nomenclature will be used later when
discussing crack interaction during sequential indentations at various orientations.
Although the patterns of these surface features have been well documented in the
literature, to this authors’ knowledge, none of these studies have revealed their
interactive behavior due to sequential indentations and the complex threedimensionality associated with these crack orientations within the crystal structure. Such
an understanding is vital to unraveling the fundamental damage mechanisms
associated with development of fracture and fragmentation modes characteristic of
sapphire under multi-hit and erosion damage conditions. Due to the complex crystal
structure of sapphire, it is crucial to understand the crack plane orientation with respect
to the crystal planes. Figure 4-1B illustrates three-dimensional orientations of various
crack systems with respect to the a-plane of the sapphire crystal. The relative
orientations of the crystallographic planes are shown in Figure 4-1C. While the B and
the R2 cracks grow perpendicular to the a-plane, the R1cracks propagate along a plane
inclined at 43º relative to the a-plane. This is due to the oblique orientation of the (0112)
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r-plane relative to the a-plane (1102) surface. It is this inclination of R1 as well as its
interaction with the other two crack systems which play a crucial role in fragmentation of
sapphire under multiple indentations as described in the following sections.
The objective of Chapter 4 is to assess the interaction behavior of cracks on the aplane of sapphire when two Vickers indents are placed in close proximity at various
orientations. More specifically, the sensitivities and modes of crack interactions to
various spatial alignments of the Vickers indentations are investigated. In addition, the
source of a newly discovered bulk material separation mechanism due to the interaction
of two sequential indentation damage sites on a-plane sapphire is also presented. For
the purposes of completeness the findings of crack interactivity will be compared to
similar sequential indentation patterns on magnesium spinel.
Experimental Methods
Square tiles of dimensions 76.2 mm x 76.2 mm x 7.62 mm of edge-defined film-fed
growth (EFG) a-plane sapphire were obtained from Saint Gobain Crystals, Milford, NH.
First, a series of single Vickers indentations is placed on the a-plane of the tile using a
Wilson®109 Instruments Tukon® 2100B indenter. A 900g load was chosen for all
indentations as this was found to be just sufficient to activate all relevant crack systems
without excessive lateral cracking and significant distortion of surrounding areas as
such damage limits visual observation of cracks under an optical microscope. The
indenter diagonals for all indentations were oriented along the m- and c-axes and ample
spacing between each indentation was allowed in order to insure that no interaction
between initial indentations would occur. After the initial indentations were placed, the
resulting crack lengths were measured and photographed. A series of secondary
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indentations at the same load and Vickers axes orientation were then placed at
predetermined distances from each initial indentation at varied angular orientations.
The spatial relations of the sequential indentations were varied in terms of both
radial separation distance (r) and angular position (h) from a fixed geometric axis (i.e.
polar coordinates) as indicated in Figure 4-1A. As a convention, the reference axis is
chosen to be the c-axis (i.e. θ = 0º). The separation distance (r) between two sequential
indents was measured from the center of the first indent to the center of the neighboring
indent. The separation distance (r) of the second indentation at which the cracks
induced by the first indentation either extend or deflect from their original direction was
considered to be the start of interaction and defined as the ‘interaction limit’ (IL). The
distance between the first and second indentations that resulted in joining of the cracks
is defined as the “unification limit” (UL). Due to limitations of equipment it was found to
be extremely difficult to accurately and repeatedly place indentations at angle
increments of less than 45º. Although it is expected due to crystal symmetry conditions
that test orientations of θ = 0º, 45º, 90º and 135º would produce equivalent results to
that of θ = 180º, 225º, 270º and 315º, respectively, all orientations were tested to
confirm this and to generate more data for statistical significance. Hence, the
aforementioned procedure was repeated at selected angles of 0º, 45º, 90º, 135º, 180º,
225º, 270º and 315º from the m-axis.
Results

Fracture Plane Geometry
The intensity of cracking and the mode of crack interactions on a-plane sapphire
were found to be highly sensitive to the spatial relation of the sequential indentations
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relative to the orientation of the crystal axes. Furthermore, it was found that crack
appearance and interaction sensitivities were unaffected by varying the orientation of
the Vickers diagonals relative to the crystal axes. This is because the crack systems
have been shown to propagate along preferred crystal planes [49, 51] irrespective of the
relative orientation of indentation diagonals, i.e. cracks do not initiate from indentation
corners as in typical isotropic polycrystalline brittle materials [150, 151], but rather follow
crystallographic planes. It needs to be recognized that any two crack systems (among
B, R1 and R2) emerging from the two sequential indentations can interact during the
experiments depending on their spatial orientation with respect to each other. Due to
symmetry considerations, analysis of the crack plane interactions can be simplified into
half indentation models. Recall that due to crystallographic symmetry, analysis of 0º,
45º, 90º and 135º orientations is equivalent to the 180º, 225º, 270º and 315º
orientations, respectively. Hence, analysis of the first four orientations will be presented
in detail, but the data generated in all the above orientations will be plotted while
defining the limits of interaction and unification. The interaction of various crack planes
can be readily observed by the diffused light in the enclosed regions by the cracks when
viewed under an optical microscope at high magnification.
Figure 4-2A illustrates the interaction of cracks when the second indentation is
performed at θ = 0º (along the c-axis) with respect to the first indentation. This
orientation leads to an intersection of the R1 and R2 cracks from each indentation. The
appearance of a color change between the R1 and R2 surface cracks is due to
subsurface light reflection captured by the optical microscope, providing evidence of
crack surface formation beneath the original surface at an angle that is not
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perpendicular to the viewing axis. As will be seen in the subsequent discussions, unlike
the interaction of cracks at other orientations, a unique material removal mechanism
can be identified in this specific orientation. Due to their relative orientation and the
divergent nature, the R1 and R2 cracks intersect, forming a large fragment in the shape
of an inverted triangular prism, as schematically illustrated by the cross-hatched
surfaces in Figure 4-2B. This fragment was observed to eventually separate entirely
from the parent material as indentations were made in closer proximity in this
orientation. This mode of bulk material separation has never previously been reported in
the literature.
Crack interaction at the 45º orientation is shown in Figure 4-3. Compared to the
previous case of θ = 0º, the intensity of crack interaction at this orientation is
significantly less severe at equivalent radial separation distances. Thus the separation
distance between the indentations must be significantly reduced so as to induce crack
interactions. The effect of separation distance will be discussed in a separate section
below. As the second indentation is made closer to the first, the R2 cracks start to get
closer but they do not influence each other immediately. Rather, they tend to
demonstrate a “pass-by” behavior, and follow their original crystallographic planes
without sensing the presence of the other as illustrated in Figure 4-3B. This behavior
can also be confirmed by the lack of discoloration (no diffused light) between the two
cracks. Eventually, when the distances between the two indents are sufficiently close,
the applied stress field is sufficient to bridge the two R2 cracks. Thus, there is
significantly lower sensitivity to crack interaction in this orientation compared to the 0º
orientation. This “pass-by” behavior is schematically depicted in Figure 4-3C.
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Indentations aligned along the c-axis (90º orientation) again result in significantly
reduced interaction sensitivity. The crack interaction limits in this configuration are
dictated primarily by the interaction of basal (B) cracks as shown in Figure 4-4. The
cracks that propagate along the rhombohedral planes (R1 and R2) do not intersect in
the same manner as the 0º orientation due to the divergent angle of the R1 cracks
beneath the surface as depicted schematically in Figure 4-4B. The lack of crack
intersection does not allow for bulk material separation as in the 0º orientation. Thus
the interaction limit is dictated rather by the interaction of the shorter basal plane (B)
cracks.
Finally, the crack interactions due to sequential indentations along the 135º
orientation are shown in Figure 4-5. This orientation presents a surface crack pattern
that is very similar to the 45º orientation—only a subtle difference is evident. The “passby” behavior is evident at the surface but a discoloration between the cracks provides
evidence that subsurface crack interaction does occur (Figure 4-5B). This is rationalized
by the fact that the R1 crack planes are inclined towards each other rather than parallel
to each other as in the previous case of the R2 plane interaction in the 45º orientation
shown in Figure 4-3. This relative orientation of crack planes leads to a subsurface
intersection as graphically depicted in Figure 4-5C. This yields a slightly higher crack
interaction sensitivity than the 45º orientation.
Crack Interaction Sensitivity
Clearly, the interaction sensitivity is highly dependent on the separation distance
and spatial orientation of the second indentation with respect to the first indentation.
Indentations along the c-axis (i.e. θ = 0º) result in the greatest crack interaction
sensitivity (i.e. cracks start to interact at the farthest distance compared to any other
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orientation), and the cracks along the 45º orientations reveal the lowest sensitivity.
Although only selected micrographs that reveal the fundamental modes of crack
interactions are shown in Figures 4-2 to 4-5, numerous indentations at various
distances in each orientation were conducted. Moreover, only the crack interaction
modes between θ = 0º and θ = 135º were discussed previously although numerous
indentations at θ = 180–270º were also performed for completeness. However, due to
symmetry, the interaction modes are the same and are not discussed further for the
latter set of angles. The crack interaction sensitivity in terms of the distance at which
two cracks interact, modes of interaction (i.e. extension, deflections and unification), and
the type of crack systems that interact at various relative orientations are summarized
as a function of angular position in Figure 4-6. The green diamond data points identify
individual test conditions where no visibly apparent crack interactions were noted. The
yellow circle data points identify tests which resulted in crack extension or deflection.
Finally the red triangle data points indicate tests that resulted in complete unification of
crack systems. Data located at 360º is identical to that of 0º and is repeated in Figure 46 for completeness.
The plot indicates a twofold symmetric pattern in which the greatest crack
interaction sensitivity (i.e. the farthest distance between the two indents where the
cracks begin to interact) is seen when the second indentation is located along the c-axis
in relation to the first indentation (i.e. 0ºor 180º orientation), while the sensitivity is
significantly lower in all other orientations. All orientations except for indentations placed
along the m-axis (i.e. 90º or 270º orientation) resulted in interactions of the
rhombohedral (R1 and R2) crack systems, whereas the indentations along the m-axis
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(90º and 270º) orientation caused interaction of the basal plane (B) cracks at
significantly smaller distances. The specific crack system(s) that interacted for each
tested orientation is also provided in Figure 4-6.
Based on the above discussions and the results presented in Figure 4-6, two limits
of crack interaction are defined: the “interaction limit”, IL, and the “unification limit”, UL.
The “interaction limit” is defined as the maximum separation distance between the two
indents where the first indentation cracks are affected by the appearance of the second
indentation cracks and respond either by further growth (i.e. cracks lengthen) or change
in direction (cracks deflect) and is represented as a dotted blue line. All indentations
separated by distances above this limit would be expected to produce no crack
interaction with the preexisting cracks due to the first indentation at that orientation. On
the other hand, the “unification limit” is defined as the maximum radial distance between
the two indents where the indentation cracks are first witnessed to coalesce, and is
represented by a solid red line in Figure 4-6. Not all indentations above this limit would
result in complete crack unification. Due to variability in the behavior at equivalent
orientations, the individual data points are not exactly symmetric around 180º; however,
due to the symmetry known to exist, the IL and UL curves are presented as limits with
symmetry around 180º. As such, the IL and UL curves in Figure 4-6 are drawn as per
the maximum separation distance which resulted in crack unification or interaction that
was witnessed within each set of equivalent orientations (e.g. θ = 0º and θ = 180º).
The results of this analysis can be used in the design of impact-resistant
transparent armor materials as well as for setting guidelines for the multi-hit resistance
of sapphire. Unlike other transparent isotropic armor materials, the multi-hit resistance
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of sapphire single crystal is expected to vary depending on the placement of the second
shot relative to the first and the crystallographic orientation of the armor surface. Two
consecutive impacts on a-plane sapphire along the c-axis (θ = 0º or 180º) would be
expected to yield a significantly larger damage zone for a given shot placement
separation as compared to sequential impacts in any other orientation. A
comprehensive understanding of the sensitivity to neighboring cracks and the severity
of crack interactions allows one to take advantage of the crystallographic orientations
while designing transparent armor materials for specific threats. The results also offer
insights into the micromechanics that occur during the erosion process. Damage
severity and rate of accumulation of damage can be estimated based on the size of
impact media and the areal density of impacts. The fundamental mechanics responsible
for visibility loss due to rock strikes can also be rationalized based on the insight gained
from the type of investigation and results presented in this paper.
Crack Interaction in Spinel
In order to fairly compare the nature and extent of crack interactivity between
sapphire and spinel sequential indentations on spinel were made following the same
patterns described in the previous sections. As expected the crack patterns were not
influenced by crystal axes orientation as evident in the sapphire testing. Figure 4-7
depicts sequential indentations made on spinel at various orientations. Clearly evident
is that no orientation results in a visibly weakened zone as evident in indentations on aplane sapphire. Also evident is the appearance of a “protective” behavior of the grain
boundaries. Instead of complete unification of cracks from adjacent indentations, the
cracks easily deflect along grain boundaries and often move away from each other.
This is an important mechanism that promotes the continuance of structural integrity.
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Closing Remarks
A multiple static indentation technique was employed to derive indentation crack
interaction sensitivities on the a-plane of sapphire. Sequential indentations on a-plane
sapphire revealed a crack interaction sensitivity that is highly dependent on the spatial
orientation as well as on the separation distance between the indentations. The highest
crack interaction sensitivity occurs when the indentations are placed along the c-axis.
This placement also results in the intersection of R1 and R2 crack planes, resulting in a
unique bulk material separation mode. This behavior is not evident when indentations
are placed along the m-axis (90º orientation) due to the divergent angles of the crack
planes. The interaction of the shorter basal plane (B) cracks set the interaction limit in
the 90º orientation, resulting in significantly lower interaction sensitivity. The 45º
orientation resulted in a sensitivity to crack interaction that is similar to the 90º
orientation with the interaction limit set by interaction of the R2 rhombohedral cracks.
The reduction in sensitivity in this orientation is explained by a pass-by behavior
between the parallel R2 rhombohedral crack planes. The 135º orientation had slightly
increased sensitivity compared to the 45º and 90º orientations. This was explained on
the basis of subsurface interaction of R1 crack planes which are favorably inclined
towards each other. Based on a large number of sequential indentations at various
separation distances, two terms were defined to describe interaction behavior. The
maximum radial distance where the initial indentation cracks are affected by the
presence of the nearby crack (through crack lengthening or crack deflection) defines the
interaction limit, IL. The maximum radial distance where the indentation cracks first
coalesce defines the unification limit, UL. The understanding developed here can be
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used to take advantage of these crack sensitivities to design or to set guidelines for
multi-hit resistance in sapphire windows.
The resultant crack interactivity of spinel was much less sensitive to crystal axes
orientation. The appearance of a weakened zone seen clearly in sapphire was not
evident in spinel. Additionally, the grain boundaries seem to offer an element of
deterrence from crack coalescence promoting greater structural cohesiveness.

Figure 4-1. Schematics depicting sapphire crack plane geometry. Schematics include
A) surface crack patterns due to a Vickers indentation on a-plane sapphire; B)
crack plane orientations with respect to the a-plane; and C) sapphire crystal
geometry showing the relevant nomenclature of the crystal planes.
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Figure 4-2. A) Optical image and B) schematic of cracks induced by the sequential
indentations along the 0º orientation.
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Figure 4-3. Optical images and schematic of the cracks induced by the sequential
indentations along the 45º orientation. Images include A) an image of the
overall indentation site, B) a magnified image of the region near the crack tip
and C) schematic illustrating the “pass-by” behavior of two R2 cracks along
their parallel crystallographic planes.
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Figure 4-4. A) Optical images and B) schematic of the cracks induced by the sequential
indentations along the 90º orientation.
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Figure 4-5. Optical image and schematic of cracks induced by the sequential
indentations along the 135º orientation. Images inclue A) an optical image of
the overall indentation site, B) a magnified image of R1 crack tips revealing
potential interaction beneath the surface and C) schematic illustrating the
crack interaction mode due to R1 crack plane interactions.
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Figure 4-6. Experimental data revealing damage sensitivity of a-plane sapphire due to
sequential indentations at various orientations and radial separations. The
“interaction limit” (where cracks during sequential indentations tend to deflect
or extend) and “unification limit”(where surface cracks merge) as well as the
crack planes that interact are indicated.
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Figure 4-7. Optical image of cracks induced by the sequential indentations on spinel at
various orientations.
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CHAPTER 5
BALL IMPACT RESPONSE
Introductory Remarks
Understanding the fundamental behavior of ceramic materials during ballistic
impact events is central to the efficient design of armor systems. Currently, the most
accepted methods used to assess the ballistic performance of materials involve full
scale ballistic impacts using live fire tests [31, 32, 139]. Several tests including the V50
and depth of penetration (DOP) tests have been developed expressly for this purpose
[158, 159]. A good summary of ballistic test methods is presented by Normandia and
Gooch [160]. Full scale tests, however effective, are expensive and difficult. As a result
scaled down test methods are continually sought in order to assess ballistic
performances of materials. Since ballistic impact is inherently a highly dynamic event,
simple tests which assess static material properties such as static indentation and static
bending do not provide adequate insight into the true material behaviors during impact.
Other dynamic tests such as flyer plate, split-Hopkinson’s pressure bar (SHPB) and
dynamic indentation methods provide a look at the strain rate sensitivity of various
materials yet they do not provide a conclusive look at the damage morphology germane
to the understanding of ballistic resistance. Planar impact experiments using long rod
penetrators have also been devised [161, 162]. While these tests provide critical insight
into ceramic behavior they are not suited to provide damage evolution during and after
impact due to the configuration of the test plates.
Edge-on-Impact (EOI) tests coupled with high speed photography techniques, on
the other hand, have been shown to provide insight into damage phenomenology. In
this method a projectile, usually a planar cylindrical rod impacts the edge of a target. A
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high speed camera positioned orthogonal to the impact plane then captures the damage
evolution.
The origin of EOI testing can be traced back to a German researcher, Schardin,
who conducted similar tests in the 1930’s on glass [163]. Schardin later founded the
Ernst Mach Institute (EMI) where several materials have been analyzed using this
technique. To date, varieties of glasses, glass ceramics and ceramics have been
analyzed using this technique [164-181]. Other than an investigation on sapphire by
Senf and Winkler [168] and aluminum oxynitride (ALON) by Straßburger et al. [177181], this technique has not been utilized on advanced transparent ceramics. As newer
transparent ceramics are developed, this technique can prove to be a useful test in
generating a knowledge-base on damage evolution during impact events.
While some significant efforts have been made to characterize the strain rate
sensitivity of magnesium spinel, published efforts characterizing the damage evolution
during impact are still unavailable. The intent of Chapter 5 is to report the results of EOI
tests on coarse grained magnesium spinel and a prism plane sapphire rods utilizing
steel alloy balls as projectiles. The damage front evolution upon impact is captured
using high speed digital camera while further insight into fracture behavior will be
provided by post mortem analysis of recovered fragments for each material
investigated. Finally, energy balance equations are used to account for the fractional
energy absorbed by various deformation and fracture modes during ball impact based
on the observed phenomena.
Experimental Methods
Magnesium spinel rods (12.5mm x 12.5mm x 76mm) were supplied by Technology
Assessment and Transfer, Annapolis, MD. The material was supplied in a polished
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condition requiring no further surface preparation. The spinel rods were confirmed to
have the same grain size (~250 µm) as the samples described in Chapter 3. Sapphire
rods (16.7mm x 7.62mm x 76.2mm) were cut from tiles supplied by Saint Gobain
Crystals, Milford, NH. Assessment of the damage phenomenology of the tiles impacted
on the a-plane is ultimately the objective but bars of sufficient length could not be cut
with the impact axis oriented along the a-axis. As such the bars were cut such that the
impact axis is the m-axis. The m-axis results should provide some look at the behavior
of sapphire impacted on a prism plane.
Edge-On-Impact (EOI) tests were conducted using a pneumatic pressure gun able
to launch foam sabots preloaded with 4.76mm (.1875 inch) diameter S2 steel alloy
balls. A slight variation to the original EOI test is evident in that the use of a spherical
ball yields a Hertzian contact rather than a planar impact. Once launched from the
pressure gun, the loaded sabot flight is obstructed by a rigid steel block. A clearance
hole in the block allows the ball to separate from the sabot and propel toward the test
sample at approximately 280 m/s. The impact event and ensuing damage evolution is
recorded at 250,000 frames per second using a high speed camera (Vision Research®
Phantom v710®). The full test assembly is schematically depicted in Figure 5-1. Post
mortem analysis of the fragments and projectile were conducted using a high
magnification optical microscope in order to identify the level and type of damage. Two
separate impact tests were conducted on each material in order to verify the
repeatability and consistency of the observed phenomena.
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Results
Impact Damage Evolution
The damage evolution for each material was distinctly different in appearance.
This is not surprising given the prominent differences between the materials.
Sequences of photographs capture a time scale history of damage evolution upon
impact.
Figure 5-2 shows a sequence of photographs taken during initial impact of a steel
alloy ball onto a spinel bar. Time ‘T=0’ is taken as the last frame before initial impact
and is approximated to be 2 µs before impact. Each successive frame then represents
4 µs of elapsed time. The speed of the ball directly preceding impact was calculated by
tracking the motion of the ball (i.e. distance and time between two successive frames)
and determined to be approximately 280 m/s. Immediately upon impact the ball is
observed to dwell at the contact surface for 15-20 µs. For the first 8 µs of the dwell
period the ball center approaches the impact surface presumably creating the
comminuted zone of material. From 8 to ~20 µs the ball remains stationary at the
impact surface while fragments are witnessed to be ejected from the impact site at a
velocity approaching 235 m/s. Also witnessed during the initial moments of impact is a
rapidly expanding damage front propagating from the impact surface traveling at
approximately the shear wave speed of spinel (5620 m/s [103]).
During the dwell phase it is conjectured that severe plastic deformation and
erosion of the projectile (ball) occurs. Figure 5-3 provides high resolution pictures of the
recovered ball. Figure 5-3A shows the ball with the fragments in place while Figure 53B shows the fragments apart. Depicted in Figure 5-3A is a circular contact surface
with a measured contact radius ‘a’ of 1.71 mm. Figure 5-3C reveals the contact surface
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under high magnification. Evident from this image is the presence of pits and fissures
as well as partially embedded spinel fragments that are magnitudes of scale smaller
than the grain size of the spinel material. These features confirm the creation of a
comminuted zone consisting of sub grain size fragments. The presence of these
fissures verifies that significant erosion of the ball by the comminuted material is
occurring during the dwell period. Beyond the dwell period and timed with the reflected
tensile wave, the ball elastically unloads and is deflected backward in two fragments at
an approximate rebound velocity of 45 m/s.
As mentioned briefly above, a rapidly expanding network of fractures originating
from the impact site are seen to propagate into the spinel rod. In Figure 5-2, two distinct
damage zones can be seen to emerge from the impact site. The first zone, or zone 1,
extends from the impact surface into the material approximately 18 mm. Analysis of
recovered fragments from zone 1 confirms that the majority of damage is mixed mode
(transgranular and intergranular) fracture with the average recovered fragment size
approximately half that of the average grain size of this spinel sample. Examples of the
fracture surfaces created in zone 1 are shown in Figures 5-4A and B. Eventual
complete dissociation of the grain network in zone 1 is observed as the entire damage
zone dilates in all directions after impact. The second zone, or zone 2, extends an
additional 18mm into the material beyond zone 1. The fracture mode in this zone shifts
from transgranular to predominantly intergranular cracking and retains its structural
cohesion. An example of the intergranular cracking typical of zone 2 is shown in Figure
5-4C while the surface between zone 1 and zone 2 is shown in Figure 5-4C where a
mixed mode fracture shown to dominate. The transition from zone 1 and zone 2 is
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taken as the point where dilation of the spinel bar is zero indicating the point where
structural cohesion is maintained. The depth of zone 1 is also evidenced by a slight
color contrast from zone 2. Zone 1 is visibly brighter perhaps due to a greater amount
of reflected light due to dilation occuring as a consequence of extensive cracking. To
better illustrate the different damage zones and their locations relative to the impact site
a magnified image is provided in Figure 5-5A. The ejecta emanating from beneath the
ball as well as significant dilation of zone 1 are clearly evident. The comminuted zone
immediately ahead of the ball is not to be confused with zone1. Although zone 1 is
shown to contain predominately transgranular fracture, the comminuted zone is an area
of material pulverization and fragmentation. As such, Figure 5-5B is provided as a
schematic showing the locations of each separate damage zone. The energy
dissipation associated with the creation of these zones as well as other energy
dissipation mechanisms will be discussed in the next section. It is acknowledged that
the relative size of each zone is likely to be impact velocity dependant. However, due to
the limited number of test samples available, experiments at varied impact speed could
not be performed. Future tests could confirm the relation of the size of each zone to
impact speed.
The rate of damage front evolution upon impact is shown in terms of the depth of
penetration of the damage front ‘S’ as a function of time ‘t’ is plotted in Figure 5-6A.
Overlaid on the same plot is the estimated damage velocity ‘VD’. The velocity is
estimated by measured damage front movement over successive segments of time. It
is evident from this plot that the damage velocity VD varies as the damage front
propagates into the material. The damage front initiates a high velocity close to 5700
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m/s but rapidly falls to 3200 m/s and remains at that level for another 3 µs. The damage
front then linearly decays to zero approximately 11 µs after impact. The first abrupt
velocity shift occurs at the time that the damage front reaches the limit of zone 1 and
transitions to zone 2. The damage velocity of zone 1 (5700 m/s) correlates well with the
reported shear wave velocity of spinel (5620 m/s) [103] while the damage front velocity
of zone 2 slows to approximately 60% of the shear wave velocity. This observed
behavior can be rationalized as further evidence of a shift from transgranular to
intergranular fracture from zone 1 to zone 2 as described in the following.
In order to simplify the network of grains in the material, each individual grain is
assumed to take the shape of an equal edge length (l) tetrakaidecahedron (truncated
octahedron) with six square and six hexagonal faces. A schematic of this shape is
shown in Figure 5-6B. Although in reality the grain structure contains a distribution of
complex polyhedral, this simplified shape has been used previously to simulate grain
structure [182, 183]. Analyzing the proposed shape, Mendelson [182] discovered that
the distance across flats ‘D’ was approximately equal to three times the edge length ‘l’.
The transgranular fracture path is assumed to travel the cross section of each of these
tetrakaidecahedron grains (distance D) depicted by the short dashed arrow in Figure 56C. It is proposed that as the crack mode shifts to intergranular fracture, the crack path
alters its course and follows along the grain boundary (assumed to be the half perimeter
of a grain) depicted by the long dashed arrow in Figure 5-6C. Since the half perimeter
length of the octagon is roughly 1.57D or ~60% longer than the cross sectional distance
it is logical that the damage front velocity would reduce proportionally concurrent with
the shift to intergranular fracture. Thus, during the early phase of impact where the ball
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velocity is high, the available energy is quickly dissipated by creation of extensive
fragmentation (or pulverization) in the form of transgranular fracture. This forms zone 1
as described earlier. Once the available energy is diminished to below certain level,
intergranular fracture dominates as it is the preferred mode of cracking in spinel.
Furthermore the abrupt transition in damage velocity in Figure 5-6A can be rationalized
as an indication of a shift occurring from transgranular to intergranular fracture. This
would signify that the energy imparted onto the material has declined to a level
insufficient to create transgranular fractures yet still high enough to continue creating
intergranular fractures. This transition of damage mode is consistent with the fracture
patterns observed during indentation discussed in Chapter 3. When indentations were
performed close to the grain boundary, the crack prefers to travel along the grain
boundary rather than the grain interior. However, when the energy imparted is high
enough as in the case of dynamic indentations (or static indentations at large loads),
even an indentation placed close to the grain boundary causes both intergranular and
transgranular cracking. Thus there is a direct correlation to the fracture patterns
observed during the indentation and impact experiments. Once the energy level
diminished below a critical level a visible damage front ceases to advance. Yet the
stress wave continues to travel to the end of the rod and reflect back as a tensile wave.
Because ceramics are weaker in tension than in compression, tensile cracking
perpendicular to the tensile wave are witnessed.
The impact response of m-axis sapphire is distinctly different than that of spinel.
Due to the single crystal structure of sapphire, grain boundaries do not exist and hence
all fracture occurring is intragranular. Similar to the fracture response due to single and
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sequential indentations (Chapters 3 and 4), which has been shown to be heavily
influenced by crystal orientation, the fracture response of sapphire due to impact is
equally dependant on crystal orientation. This leads to the development of distinct
crystallographically oriented fracture planes as the damage front propagates into the
target.
Figure 5-7 shows a sequence of photographs taken during initial impact of a steel
alloy ball onto a m-axis sapphire bar. Time ‘T=0’ is taken as the last frame before initial
impact and is approximated to be 1 µs before impact. Each successive frame then
represents 3.56 µs of elapsed time. The speed of the ball directly preceding impact was
calculated by tracking the motion of the ball (i.e. distance and time between two
successive frames) and determined to be approximately 268 m/s. Immediately upon
impact the ball is observed to dwell at the contact surface. For the first 7 µs following
impact the ball center approaches the impact. The ball remains intact and stationary at
the impact surface for up to ~18 µs until a ball fragment is noticed to be ejected at
approximately 105m/s. Timed with the ejected ball fragment the ball is witnessed to
drop vertically at the impact plane with no appreciable rebound velocity. Figure 5-8
provides a high resolution picture of the recovered ball. Notice in Figure 5-8 is a circular
contact surface with a measured contact radius ‘a’ of 1.34 mm. It is interesting to note
that the ball contact surface lacks the same amount of pits and fissures that were clearly
present on the recovered ball from spinel impact tests. This could be explained by the
lack of ejecta surrounding the ball during impact which was a distinctly different
response than that seen during impact on spinel. This combined evidence would
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suggest that the same amount of erosion between the ball and the target is not
occurring during sapphire impacts as that of spinel.
As mentioned the crack response in sapphire due to impact seems to follow
known crystallographic planes. Immediately upon impact a zone of microcracking can
be witnessed expanding from the impact plane at approximately the shear wave speed
of sapphire. At first look, the crack formation seems to be forming cone cracks which
have been widely reported to occur during impact onto ceramic. However with closer
inspection, the cracks follow angles that are consistent with the orientation of R1 and R2
cracks reported to exist during indentation of a-plane sapphire and discussed in Chapter
3. Also noticed is the emergence of a crack propagating outward away from the impact
site and orthogonal to the impact plane. This crack system is consistent in orientation
with the reported B-cracks from the Chapters 3 and 4. While the B-crack continues to
propagate orthogonal to the impact plane for nearly 14 µs, the R1 and R2 cracks form a
criss-cross pattern of intersecting cracks. After this time the B-crack transitions to an
R2 crack which was consistent with earlier findings of crack transition in indentation of
sapphire presented in Chapter 3. It is also evident that the while the R2 crack plane is
orthogonal to the viewing plane resulting in a relatively thin crack feature the R1 crack is
seen as a wide band. This is due to the fact that the R2 crack plane is inclined 43° to
the viewing plane consistent with the indentation behaviors discussed in Chapters 3 and
4. Another consistency with the findings of indentation experiments on sapphire is the
indication of heavy damage accumulating between the R1 and R2 cracks only when
aligned along the c-axis. This was explained to occur due to the divergent R1 and R2
crack planes. This unique crack behavior supports the observations of increased
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damage along the c-axis for sequential indentations described in Chapter 4. This
oriented damage results in a sequence of equally spaced c-axis aligned damage bands
that contain higher levels of damage with areas of less damage oriented between the
damage bands. A high magnification image depicting the oriented damage bands is
provided in Figure 5-9A while a schematic depicting the criss-crossing R1 and R2
cracks is given in Figure 5-9B. The area containing the first two damage bands is found
to dilate similar to the reported zone 1 in spinel. Rather than fracturing and disbursing
in micron sized grain fragments as was evident with spinel, the sapphire fragments were
one the order of several millimeters in size. Figure 5-10 shows the recovered sapphire
rod illustrating the size of ejected fragments. This size discrepancy of would indicate
that the amount of cracking per unit volume of material is lower with sapphire than
spinel resulting in less fracture energy dissipation during impact events. During later
stages of impact response the orthogonally extended B-crack effectively splits the spinel
bar in two halves. These halves are found to separate at approximately 600 µs after
impact resulting in a larger amount of material separation from the parent material.
Whereas the spinel sample retained structural cohesion beyond 18mm from the impact
site, sapphire retained cohesion only beginning at 34 mm from the impact site. This
could lead to an understanding as to the rationale for improved second hit performance
of spinel.
The depth of penetration of the damage front ‘S’ as a function of time ‘t’ is plotted
for the sapphire impact in Figure 5-11. Overlaid on the same plot is the estimated
damage velocity ‘VD’ for sapphire. The velocity is estimated by measured damage front
movement over successive segments of time. It is evident from this plot that the
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damage velocity VD varies as the damage front propagates into the material. The
damage front initiates a high velocity close to 6950 m/s but rapidly falls to 2500 m/s and
remains at that level for another 12 µs. The damage front then linearly decays to zero
approximately 20 µs after impact. The initial damage velocity (6950 m/s) correlates well
with the reported shear wave velocity of sapphire (7000 m/s) [184]. The reduced
damage velocity is consistent with earlier reports of EOI experiments on sapphire by
Senf and Winkler [168]. While they reported similar damage front velocities, they
provided no explanation as to the origin of the reduced velocity. It is postulated that the
reduced velocity is resultant to cracks propagating along the angled rhombohedral
planes rather than perpendicular to the impact plane thereby significantly slowing the
damage front motion.
Once the energy level diminished below a critical level a visible damage front ceases to
advance. Yet the stress wave continues to travel to the end of the rod and reflect back
as a tensile wave. Because sapphire like many ceramic is weaker in tension than in
compression, additional R1 and R2 cracks are seen to develop due to the reflected
tensile wave.
Impact Energy Balance
Another step at characterizing the behavior of these materials during dynamic
impact is to estimate the energy dissipated through each mechanism discussed so far.
Upon impact of the ball on to the test samples, the kinetic energy (KE) of the ball is
proportioned between the target and the ball. The energy imparted onto each body is
both elastic and inelastic. Elastic wave energy (UEW) is proportioned through the
propagation of pressure or longitudinal waves, shear waves and surface or Rayleigh
waves [185]. Work of fracture (WOF) is a major component of inelastic energy
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dissipation that occurs as new fracture surfaces are created by either intergranular or
transgranular fracture modes as well as spalling/fragmentation/comminution [116, 186].
Energy dissipation due to kinetic energy of the debris fragments (UKE-F) also occurs as
the fragments are dislodged and ejected upon impact. Frictional energy (UFE) is also
considered as fragments of the target come in contact with and pass by the ball during
impact. Energy is also dissipated through deformation and fracture of the ball i.e. work
of deformation of the ball (WODB) as well as the kinetic energy of the ball (UKE-B) as it is
deflected away from the impact surface.
Thus, an energy balance equation is proposed as,
KE I = U EW + WOF + U KE − F + U KE − B + WODB + U FE ,

(8)

where KEI is the kinetic energy of the ball immediately preceding impact. Other
energy loss mechanisms such as sound and heat energy are considered negligible and
will not be considered. All material properties for both materials and the ball that were
used in the following calculations are provided in Table 5-1.
For both impact tests (spinel and sapphire) the speed of the ball was estimated by
motion tracking of the ball over successive frames. In the case of the spinel impact test
the speed was estimated to be ~280 m/s delivering an estimated 17.4 J of impact
energy, while the sapphire impact ball speed was estimated at 268 m/s delivering 15.9 J
of impact energy. The fractional energy absorbed in the form of elastic waves is given
by the following equation presented by Reed [187]:
λ = 7.267
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where ρ1, ν1, ρ2 and ν2 are the densities and Poisson’s ratio of the ball and target
respectively, δ is a dimensionless quantity dependant only on Poisson’s ratio [188]. C0
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is the longitudinal elastic wave speed in the target and K is a constant given,
respectively, by the following equations.
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Using published material data for spinel, sapphire and S2 steel alloy (Provided in
Table 5-1) the fractional energy due to elastic waves was found to be 0.43 for spinel
and 0.36 for sapphire. Multiplying the fractional energy with the impact energy yields an
approximation for the energy consumed by elastic wave motion (UEW) of 7.4 J for spinel
and 5.7J for sapphire. It is clear that sapphire does not consume as much elastic
energy as spinel due to the much higher modulus. The remaining sources of energy
dissipation are rationalized to be through kinetic energy associated with penetrator and
fragment motion as well as inelastic mechanisms such as fracture surface creation and
frictional effects.
The fracture surface energy (γf) is directly related to the fracture toughness,
Young’s modulus and the Poisson’s ratio of the material [116] as per,

γf =

(

2
K IC
1 −ν 2
2E

)

(12)

For spinel we will assume that the zone 1 described above consists of entirely
mixed mode fracture where all grains are fractured into halves and all available grain
boundaries are fractured, while zone 2 consists of purely intergranular fracture where no
grain fracture occurs. This assumption is based on observations of fracture modes
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present in recovered fragments in Figure 5-4. As mentioned in the preceding section, a
simplification is made by representing the grain structure as a network of equal sized
tetrakaidecahedrons rather than complex irregular polyhedrons (Figures 5-6B and 56C). The volume (V), surface area (AS) and cross sectional area (AC) of the assumed
grain shape is given by the following equations [182].
D
V = 8 2 
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where D is the average grain size as described in Figures 5-6B and 5-6C.
An approximation for the number of grains contained within each zone is then
given by the total estimated volume of each zone divided by the grain volume given in
Equation 13. The total intergranular fracture surface area would then be estimated by
the surface area of each grain (Equation 14) multiplied by the estimated number of
grains in zones 1 and 2 while the total intragranular surface area would be
approximated by the average cross sectional area of each grain (Equation 15) multiplied
by the number of grains estimated to reside in zone 1.
The assessment of fracture energy for sapphire is distinctly different. Since
sapphire is a single crystal all fracture surfaces created are intragranular. However
fractures are found to preferentially follow defined crystallographic planes during
indentation tests described in Chapter 3. This behavior was also noticed during impact
tests on sapphire. Estimating the amount of fracture surface created in the sapphire rod
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upon impact was attempted by visually identifying and measuring developed cracks. As
described above, three distinct crack systems were seen to develop. A long B-crack
parallel to the basal plane extended 24mm from the impact site. Additionally a crisscrossing pattern of rhombohedral (R1 and R2) cracks were witnessed totaling a length
of 23.6mm.
Using reported fracture toughness values for sapphire and spinel, (given in Table
5-1) the energy due to intergranular and intragranular fracture surface creation in spinel
is found to be 2.8 J (16%) and 0.8 J (5%) respectively. The energy for fracture surface
creation in sapphire along specified crystal planes is 0.67J (4%).
During dynamic impact it has been established that a comminuted region
consisting of finely fragmented material is created just ahead of the penetrator tip [189].
Furthermore, it has been asserted that the comminuted zone extends from the point of
maximum elastic shear stress and grows towards the loaded surface following the
deviatoric elastic stress distribution [190, 191]. Applying Hertzian contact mechanics
theory [192], the depth of maximum elastic shear stress was estimated to be on the
order of 1 mm. The shape of comminuted material zone beneath a ball impact site has
been described as a circular or tear-drop shape following the shape of contact stress
contours [193-195]. Yet it is observed that the comminuted zone extends to the edges
of the contact region allowing material flow. For this reason, the comminuted region is
idealized as an elliptical cone originating at the point of maximum shear stress and
extending to the contact surface. Thus, the volume of the comminuted region is then
given by,
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VCOMM = 
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(16)

where ZO is the depth of maximum shear stress due to Hertzian contact and is
approximated by its relation to the contact radius ‘a’ by [192],
Z O = 0.78a

(17)

An assumption for the radius of the contact region ‘a’ is taken as the radius of the
flattened surface of the recovered ball shown in Figure 5-3A for spinel and Figure 5-8
for sapphire. This yields an estimated comminuted material zone volume of 12 mm3
and 9 mm3 for spinel and sapphire respectively.
In order to assess the energy consumed by fracture surface creation within
comminuted zones, Grady [186] proposed a fracture surface energy per unit volume (γf)
due to dynamic fracture given by,
,

γf =

2
3K IC
ρC O2 s

(18)

where ‘s’ is the average fragment size estimated by the following equation [186].
 3K IC 

s = 2
 ρC ε 
O



2/3

(19)

Depending on the strain rates assumed (ė=104-106 s-1) the fragment sizes will
vary. Based on the sizes of erosion pits seen in Figure 5-3A an assumption of fragment
size is on the order of 50 µm. However due to the small volume of fully comminuted
material that is actually created in spinel the fracture energy due to dynamic fracture
and comminution of material is miniscule. Therefore this recognized fragmentation
mode is neglected in the following energy balance study. Assuming the same level of
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fragmentation of sapphire an equally miniscule amount of energy is estimated to be
consumed through comminution of sapphire in the zone below the ball. Sapphire
however exhibits highly damaged and fragmented zones due to fracture between the
criss-crossing R1 and R2 cracks. These fragmented zones show up as damage bands
(Figure 5-9A) with a width of approximately 4mm oriented along the c-axis. The
formation of the c-axis oriented damage zones were described in detail in Chapter 4.
Using the measured width of these damage bands and the cross sectional geometry of
the sapphire rod a damage volume of 1022 mm3. Assuming the same fragment size as
described above and employing equation 18 yields an estimate of the energy due to
damage band creation of 1.04 J or 7% fractional energy.
Kinetic energy due to grain ejection and frictional effects associated with the
movement of the fragments along the surface of the ball are also modes of energy
dissipation associated with the dynamic fragmentation and comminution process that
must also be considered. Tracking the motion of comminuted spinel fragments over
successive frames yielded an estimated velocity of the ejected fragments of 235 m/s,
almost the same as the ball impact velocity!
Using the calculating volume of comminuted material (Equation 16) and
multiplying with the density of spinel yields an estimation of the mass of comminuted
material. Using the approximations for mass and velocity of the fragments yields a KE
of ejected fragments at 1.2 J or nearly a 7% fractional energy.
Sapphire however resulted in a much slower ejection of fragments (~50 m/s). This
combined with the smaller comminuted zone estimated above yielded 0.05J of energy
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related to the ejecta. This proves to be significantly less of a factor in dissipation of
energy than in the case of spinel.
As previously discussed, Figure 5-3C provides conclusive evidence of pitting and
erosion mechanisms occurring during the impact event. This erosion can only occur
due to extreme frictional contact between the ball and the comminuted materials.
Energy associated with friction between the ball and the ejecta is difficult to accurately
predict as an estimate of the normal load between the ball and the fragments as well as
the relative coefficient of friction would be needed for such an estimate; both of which
are unable to be directly measured using this experimental technique. The impact load,
however, can be estimated by the mass of the ball multiplied by the observed rate of
deceleration.
For the spinel tests it was observed that the ball was decelerated from its velocity
just prior to impact of 280 m/s to 0 m/s during the first 8 µs following impact. This
results in a peak normal force (FN) of 8300N. In the case of the sapphire test, the ball
decelerated from 268 m/s to 0 m/s in approximately 5 µs. This results in an estimated
peak normal force (FN) of 7945N. Although the exact coefficient of friction between
steel and spinel or sapphire is unavailable, the sliding coefficient of friction between
several ceramics and steel was studied by Miller [196]. In this study most oxide
ceramics including alumina yielded a sliding coefficient of friction against steel of 0.1
providing our only reasonable assumption for coefficient of friction between the ball and
target materials. Assuming that the material is flowing from the point of greatest stress
outward, thus traveling the distance of the contact radius ‘a’, the energy dissipated due
to friction can then be estimated by,
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FE = µFN a

(20)

where ‘a’ is the radius of contact measured from the recovered ball and FN is the
estimated impact load. With these assumptions the energy dissipated by friction
between the ball and comminuted spinel fragments is estimated to be 1.5 J or 9%
fractional energy. Sapphire resulted in a similar amount of energy dissipated through
frictional mechanisms. Using similar calculations the energy due to friction between
sapphire fragments and the ball resulted in 1.4 J (9%).
In the case of spinel, the kinetic energy due to the dilation of zone 1 is another
possible mechanism for energy dissipation. As shown in Figure 5-5 the outer perimeter
of zone 1 visibly dilates upon impact, indicating dissociation and motion of the grain
network. Tracking the amount of dilation between successive image frames provides
an estimate of the velocity of dilation. The fragments at the impact surface were
estimated to be ejected at approximately 25 m/s with a linear decay of velocity to 0 m/s
at the boundary between zone 1 and zone 2 also indicated in Figure 5-5. The kinetic
energy due to grain ejection is then found according to the following equation.
KE grain ejection =

1
ρxy
2

0.018

∫V

2

dz

(21)

0

where ρ is the material density (given in Table 5-1), x and y are cross sectional
dimensions of the material, z is the depth into zone 1 and V is the velocity of grain
ejection approximated by the following linear relation.
25 

V =  25 −
z
0.018 


(22)

Substituting equation (22) into equation (21) and integrating gives an estimate of
the kinetic energy due to dilation of zone 1 of 1.1 J or a fractional energy of 6%.
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Sapphire also exhibits a zone ahead of the penetrator that loses structural
adhesion. Evidence from the sapphire rod after impact (Figure 5-10) suggests that the
zone that loses structural cohesion and is ejected as fragments is two opposing
triangular sections. The leg lengths of the triangular zones are measured to be12mm x
6.8mm. Through motion tracking of the ejected fragments from these zones the velocity
of fragment motion is estimated to be 50 m/s. Taking into account the mass of the
triangular zones and the velocity of ejection an approximation of the energy dissipated
through fragmentation is derived to be 4.3J or 27% of the fractional energy. This seems
to be a significant mechanism for energy dissipation. However effective in dissipating
energy it leads to massive structural degradation possibly indicating a rationale for
reduced multiple hit capacity.
The portion of energy dissipated by the ball is consumed through plastic
deformation and fracture processes as well as through the KE associated with the
rebound velocity of the ball away from the impact surface. In the case of spinel, the ball
rebound velocity was estimated to be 45 m/s corresponding to a KE of 0.6 J (3%). The
rebound velocity of the ball due to impact on sapphire was witnessed to be negligible.
However a large fragment of nearly a third of the total mass of the ball was seen to be
ejected from the ball. This fragment velocity was estimated to be approximately 105
m/s resulting in a kinetic energy of 0.82J (5%). Additionally the energy to deform and
ultimately fracture the ball is estimated by the following equations:
WODBall = FN δ

(23)

WOFBall = γπr 2

(24)
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where FN is the normal load, γ is the fracture surface energy of steel, r is the ball radius
and δ is the approach of the two bodies approximated by the following equation.

δ =r−

(r

2

− a2

)

(25)

Combining both the plastic and brittle deformation modes provides an estimate for
the energy due to deformation and fracture of the ball. The ball deformation energy due
to impact on spinel was approximately 1.4 J (8%) while the deformation energy of the
ball due to impact on sapphire was 1.2 J (8%). The remaining fractional energy (0.6 J
(3 %) and 0.7J (4%) for spinel and sapphire, respectively) is estimated to be consumed
by heat generation and other mechanisms that were unaccounted for in this study.
Figure 5-12 illustrates a pie chart with the summary of the contributions of energy
dissipation for each mechanism considered in the analysis of spinel while Figure 5-13
depicts the same summary for m-axis sapphire. It is interesting to note the much higher
influence of intergranular fracture (16%) than that of transgranular fracture (8%) on the
dissipation of impact energy as well as the negligible amount of energy consumed in the
creation of a comminuted zone directly beneath the indenter. Both the transgranular
fracture of zone 1 and the creation of a comminuted region however are critical
processes for energy dissipation as it is these mechanisms that allow for dissipation by
KE of fragments (7%) and dilation of the grain network (6%). Additionally the creation
of comminuted fragments facilitates energy loss through frictional mechanisms (9%).
Closing Remarks
Ball impact tests were conducted on a course grained magnesium spinel rod and
an m-axis sapphire rod in order to observe fracture morphology following impact. The
impact on spinel resulted in the formation of two distinct damage zones beneath the
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impact surface. Zone 1 extends from the impact plane into the target a distance of
18mm and consists of mixed mode fracture. Zone 2 extends an additional 18mm into
the bar and was found to primarily contain intergranular fractures but remains intact.
This shift in fracture mode was also evidenced by a transition in damage velocity during
damage penetration. Upon impact the damage initiates at a velocity close to the shear
wave velocity of the target material but quickly drops to approximately 60% of the shear
wave speed indicating a shift to a longer fracture path consistent with a shift from
transgranular to intergranular fracture. The energy consumed by various deformation
and fracture mechanisms was calculated to quantify the contributions of each observed
mechanism to the dissipation of total impact energy. Elastic wave propagation, fracture
surface creation, kinetic energy of ejected fragments as well as frictional effects was
shown to be the most dominant mechanisms of energy dissipation. Creation of
comminuted material had a marginal direct effect on the dissipation of impact energy
through fracture energy, however the kinetic energy associated with ejected fragments
and friction between the fragments and the ball were found to be significant dissipation
mechanisms.
The impact on sapphire resulted in a network of criss-crossing cracks confirmed to
be oriented with the rhombohedral planes. Additionally a long basal plane crack was
witnessed to extend perpendicular from the impact site into the rod. The first 22 mm of
the sapphire rod lost structural cohesion and fragmented into large chunks while the bcrack split the rod in halves resulting loss of cohesion for 34mm. This level of structural
cohesion loss is much more catastrophic than that witness in spinel. Additionally c-axis
oriented damage bands were witnessed which was consistent with observations of
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crack patterns due to sequential indentations. The damage front velocity witnessed in
spinel originated at approximately the shear wave speed of sapphire yet quickly slowed
to 35% of the shear wave velocity. The most dominant energy dissipation mechanisms
in sapphire are elastic wave propagation and kinetic energy associated with large
fragment ejection, friction and fragmentation associated with the damage bands.
Table 5-1. Material properties used for energy calculations
Material
ρ (Kg/m3)
E (GPa) KIC (MPa-m1/2)
S2 Steel Alloy
7870
213
50
Mg-spinel
3580
277
2.0[85]
m-axis sapphire
3970
386
2.4[106]

Figure 5-1. Schematic of the Edge-On-Impact test setup.
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ν
0.3
0.26
0.275

Figure 5-2. Sequence of high speed photographs revealing damage evolution in spinel
due to a steel ball impact at 280 m/s.
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Figure 5-3. Images of recovered ball fragments from the spinel impact tests. Images
depict A) fragments in situ, B) fragments separated and C) high magnification
image of erosion damage on contact surface.
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Figure 5-4. Images of fracture within recovered spinel after impact test. Images depict
A) and B) extensive transgranular cracking in zone 1 debris and C) and D)
dominant intergranular cracking in zone 2.
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Figure 5-5. A) High magnification image of the spinel bar upon impact showing ejecta
and zone 1 dilation and B) schematic depicting various damage zones.
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Figure 5-6. A) Plot of damage front depth vs. time for spinel and B) schematics of
assumed grain shape showing fracture paths.
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Figure 5-7. Sequence of high speed photographs revealing damage evolution in
sapphire due to a steel ball impact at 268 m/s.

Figure 5-8. Images of recovered ball fragments from the sapphire impact tests showing
a fractured surface and a smoothly deformed contact surface
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Figure 5-9. A) Magnified image of sapphire rod during impact showing c-axis oriented
damage bands and B) a schematic of the criss-crossing B, R1 and R2 cracks

Figure 5-10. Photograph of recovered sapphire rod showing large fragments and
triangular shaped zones of dilation and fragmentation.
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Figure 5-11. Plot of damage front depth vs. time for sapphire.
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Figure 5-12. Summary of the fractional amount of impact energy dissipated by various
deformation and fracture mechanisms in spinel.
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Figure 5-13. Summary of the fractional amount of impact energy dissipated by various
deformation and fracture mechanisms in m-axis sapphire.
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CHAPTER 6
SUMMARY
Research Conclusions
The intent of this research as mentioned in Chapter 1 is to provide a better
explanation as to the rationale of the superior ballistic performance of spinel compared
to sapphire (Figure 1-1). Comparison of properties such as static hardness and
strength do not explain the behavior adequately since sapphire properties are superior
to spinel. Additionally, dynamic properties such as HEL and wave velocities are also
superior for sapphire compared to spinel; consequentially even dynamic properties are
insufficient to explain the difference in ballistic behaviors between the two materials.
Table 6-1 provides a comparison of previously published static and dynamic properties
for Mg-spinel and a-plane sapphire. Novel techniques are being utilized to develop a
better understanding of each material during dynamic events in hopes of uncovering
rationale as to the origins of the discrepancy.
Dynamic indentation techniques were employed in order to compare the rate
sensitivity of indentation hardness, brittleness and fracture character for both sapphire
and Mg-spinel. Sapphire demonstrated a greater level of hardness than spinel for both
static and dynamic hardness. Sapphire also demonstrated a greater rate sensitivity
resulting in more hardness as the indentation loading rate increased. This information,
although interesting, is similarly inadequate in explaining the reason for superior ballistic
performance of spinel as other dynamic measures such as HEL. The ineffectiveness of
hardness as a complete predictor of ballistic performance is also consistent with a
growing knowledge that factors beyond hardness are governing ballistic performance of
ceramics. Additionally the calculated brittleness was calculated based on the static and
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dynamic indentation hardness and fracture toughness. It was discovered that sapphire
brittleness was significantly higher (15% static and 26% dynamic) than spinel. This
indicates a higher propensity for sapphire to undergo fragmentation, spall and
catastrophic failure when dynamically loaded. Table 6-2 provides a direct comparison
of spinel and sapphire static and dynamic hardness and brittleness. This study also
provided a look at the crack behavior of sapphire and spinel due to static and dynamic
indentations [197]. While sapphire indentation cracking was found to propagate along
defined crystallographic plane independent of indentation orientation, indentation of
spinel resulted in more typical corner cracks. Also interesting with spinel is the shift
from predominantly intergranular fracture during static indentations to a more
transgranular fracture behavior due to dynamic indentations. It is unknown if this is
typical of all polycrystalline materials or unique to spinel. It is also unknown if the grain
size is a factor determining the propensity for this behavior. Further research beyond
the scope of this study is needed to answer these questions. Although the crack
behavior between the two materials is starkly different, an attempt to present the half
crack length vs. indentation load for the two materials is presented in Figure 6-1. As
can be seen, spinel consistently produces longer indentation cracks than sapphire. At
first glance this could be interpreted as another inconsistency between material
behavior and ballistic performance, however it is relevant to mention that the shortened
long cracks captured during dynamic indentation of sapphire was also accompanied by
a much greater amount of lateral cracking and spalling. Knowing that the longer cracks
present in spinel can be rationalized as an indication that spinel is dissipating more
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energy in long cracks over a larger area. This is important as it allows more broad
damage accumulation rather than localized catastrophic damage.
Resultant from the observed unique fracture patterns witnessed in a-plane
sapphire, an attempt at analyzing the crack interactions due to closely spaced
indentations was made. This test provided the first real suggestion as to the origin of
sapphire failure due to crack interactivity. This study revealed a unique failure mode
that was dependant on the crystal orientation. Heightened levels of damage were
witnessed along the c-axis that ultimately leads to fragmentation not seen in indentation
of spinel. This observation can provide an additional mechanistic theory as to the
superior performance of spinel as crack systems develop and interact due to a ballistic
impact as follows. As a ballistic projectile impacts a material, a network of crack
systems develop and undoubtedly interact with each other. Given the understanding
that sapphire demonstrates a propensity for greater damage due to interacting cracks, a
theory as to the rationale for increased damage in sapphire as compared to spinel can
be formulated.
The final stage of fully characterizing these two materials involved small scale
impact tests. This test provided conclusive phenomenological rationale for the
improved ballistic performance of spinel. A significant finding was the verification that
spinel maintained a greater amount of structural cohesion while allowing crack systems
to develop and dissipate energy. Spinel underwent a shift from transgranular to
intergranular fracture at a depth of 18mm into the rod. Concurrent with this transition
was the preservation of structural cohesion beyond the 18mm deep transition boundary.
Sapphire however is found to fracture along defined crystal planes. Fracturing in this
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manner resulted in a criss-cross pattern of cracks that ultimately lead to fragmentation,
loss of structure integrity and catastrophic failure. Additionally, damage bands oriented
with the c-axis were noted confirming the importance of the findings from the sequential
indentation tests. These damage bands resulted in further fragmentation and loss of
structure. In all, the sapphire sample only maintained structural cohesion after a depth
of 34mm from the impact plane. This is very interesting since the amount of impact
energy delivered to the sapphire (15.9 J) was 91% of that delivered to the spinel sample
(17.4 J). Comparing the energy dissipation mechanisms between the two materials
reveals further rationale for the inferior ballistic performance of sapphire. Table 6-3
provides a comparison of energy dissipation mechanisms between the two materials.
Initially it can be seen that sapphire dissipates a smaller fraction of energy due to elastic
wave motion. This dissipation is due to a greater speed of sound inherent with a stiffer
material. Also of interest is the high amount of energy dissipated by intergranular
fracture of spinel. Sapphire, being a single crystal, does not have this fracture mode
available; hence cannot dissipate energy in this fashion. Spinel also demonstrates a
greater amount of ejecta emanating from beneath the ball. This ejecta is very important
due to the energy it dissipates through kinetic energy of expulsion as well as the erosion
damage it imparts onto the ball. Lastly of note is the relatively small amount of energy
due to dilation and loss of cohesion of the spinel rod as compared to the sapphire rod.
While the spinel rod only dilated for the first 18mm resulting in a energy dissipation of
1.1 J (6%), sapphire dilation continued into the rod for 22mm and resulted in an energy
dissipation of 4.3 J (27%). While this mode is effective in energy dissipation, it is also
the mode of dissipation that is most catastrophic in nature.
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In conclusion, the following findings can be drawn from this thesis:
1. hardness under dynamic impact is not sufficient in predicting ballistic
behavior
2. Increased brittleness of sapphire, especially under dynamic loading can
provide some indication of increased fragmentation failure ultimately
leading to loss of structural cohesion
3. The discovery of a unique failure mode in sapphire due to sequential
indentions aligned with the c-axis is consistent with observations of damage
evolution during ball impact tests confirming that this failure mode is
instrumental the loss of structural integrity during ballistic impacts
4. Edge-on-impact tests have proven to be a useful test in analyzing fracture
and damage evolution of various materials.
5. Indentation tests on spinel confirm that intergranuar cracking is the
preferred crack mode in this spinel. As such the availability of grain
boundaries for the development of intergranular fracture while maintaining
structural cohesion is a major advantage for magnesium spinel in the defeat
of ballistic projectiles.
Future Research Plans
As mentioned in the introduction, the applications for these new materials are not
limited to transparent armor. Applications such as optical lenses and cell phone
windows can also be improved through the use of these materials (Figure 6-3). Rather
than ballistic performance, applications such as these require superior fracture
resistance and scratch resistance. Additionally optical performance is of heightened
concern for these types of applications. As such, characterization of scratch behavior
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and loss of optical clarity as scratch damage accumulates is of extreme interest.
Techniques able to systematically add quantifiable amounts of scratch damage to a
material and assess loss in optical clarity are needed.
Additionally, as the abrasion resistance of the substrate materials improve, the
concern for abrasion of optical thin film coatings (e.g., anti-reflective coatings) emerges.
Nanoscratch testing of materials that have thin film coatings would provide evidence of
any abrasion resistance concerns surrounding these coatings commonly used in the
optics industry.

Table 6-1. Various static and dynamic material Properties for a-plane sapphire and Mgspinel
Sapphire
Mg-Spinel
3
Density (g/cm )
3.97
3.58
Young's Modulus (GPa)
386
277
Shear Modulus (GPa)
145
192
Poisson's Ratio
.275
.26
Biaxial Flexural Strength (MPa)
760
172
Compressive Strength (GPa)
2
2.69
Tensile Strength (GPa)
.302
.110
Vickers Hardness (GPa)
18
14.1
KIC (MPa-m1/2)
2.43
2
Hugoniot Elastic Limit (GPa)
23
11.3
Longitudinal Wave Speed (m/s)
11390
9820
Shear Wave Speed (m/s)
7000
5620

Table 6-2. Comparison of static and dynamic hardness and brittleness for spinel and
sapphire
Mg-Spinel
Sapphire
% Difference
Static Hardness (GPa)
14.1
18.0
28%
Dynamic Hardness (GPa)
14.7
20.6
40%
Static Brittleness (µm-1)
1027
1177
15%
Dynamic Brittleness (µm-1)
1071
1347
26%
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Table 6-3. Comparison of energy dissipation mechanisms for sapphire and spinel
Sapphire
Mg-spinel
Energy (J) Fractional Energy (J)
Fractional
Energy
Energy
Elastic Wave Energy
7.4
43%
5.7
36%
Intergranular fracture
2.8
16%
0
0%
Intragranular fracture
0.8
5%
0.67
4%
Fragmentation
0
0%
1.04
7%
KE of Ejecta
1.2
7%
.05
0%
Friction
1.5
9%
1.4
9%
KE of rod dilation
1.1
6%
4.3
27%
KE of deflected ball
0.6
3%
.8
5%
Ball deformation
1.4
8%
1.2
8%
Other
0.6
3%
.7
4%

Figure 6-1. Comparison of half crack lengths for spinel and sapphire due to dynamic
indentation.
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Figure 6-2. Examples of other uses for spinel and sapphire.
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