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Abstract Structural transparent material systems are critical
for many military and civilian applications. Transparent armor
systems can consist of a wide variety of glass laminate assem-
blies with polymeric bonding interfaces and backing as well as
the inclusion of polycrystalline ceramic (AION, spinel) and
single crystals (sapphire) as front facing materials. Over the last
20 years as the threats have escalated and become more varied,
the challenges for rapidly developing optimized threat specific
transparent armor packages have become extremely complex.
Ultimate failure of structural ceramics in impact events is a
function of the temporal and spatial interaction of the macro-
stresses at the macro-, micro- and nano-structural scale, includ-
ing elastic and inelastic (plastic) deformation, crack nucleation,
damage evolution and resulting failure from the macro-scale
(top down) and/or from the nano-scale (bottom up). In order to
accelerate the development of validated design and predictive
performance models, a systematic series of experimental inves-
tigations have been carried out on various non-crystalline
ceramics (glass), single crystal (sapphire) and polycrystalline
ceramics (AION). The Edge-on Impact (EOI) test coupled with
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a high-speed Cranz-Schardin film camera has been extensively
used on a variety of monolithic and laminated glasses, AION
and crystallographically controlled sapphire single crystals to
visualize and quantify stress wave, crack and damage propaga-
tion. A modified Kolsky bar technique instrumented with a
high speed digital camera has been utilized in an unconfined
and confined test sample mode to examine the dynamic defor-
mation and failure of AION undergoing uniaxial, high strain
rate compression. Real time photography has clearly demon-
strated the critical influence of defects and post mortem char-
acterization of fragments resulting from these tests have
revealed the influence of micro-deformational twining and
cleavage down to the nano-scale. Finally, a brief summary of
work using ultra-high-speed photography of the impact of
conventional projectiles on glass and AION will be presented.
These experimental results will be absolutely critical to help
evolve and validate existing models used in computer codes to
simulate the impact performance of brittle materials.

Keywords Dynamic mechanical tests - Glasses - AION -
Sapphire - High speed photography

Introduction

Structural transparent material systems are critical for many
military and civilian applications. They span the range from
the use of transparent armor systems for military personnel,
ground vehicles and aircraft, dignitary protection, automo-
bile windows to special architectural windows. Also, these
same or similar materials are used for missile domes, IR
windows, hyper-hemispherical domes, laser windows, semi-
conductor processing applications, and scanner windows
(Point of Sale (POS) windows). The challenge for transpar-
ent armor materials is to provide protection, some structural
integrity and visible light transparency at the same time, all
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for an affordable cost. They have to provide protection, not
only against a variety of projectiles, but also against frag-
ments, road and other debris and blast waves from detona-
tions. These systems (Fig. 1) typically consist of several
layers of glass with polymer interlayers and backing, which
is still mainly an empirical process [1]. Their performance is
influenced by many parameters, including number, thick-
ness and type of the glass layers, thickness and type of the
bonding layers and the polymer backing; a variety of differ-
ent techniques are required for systematic optimization. In
addition, the use of single crystals (sapphire) or transparent
polycrystalline ceramics (AION, spinel) front faces adds an
additional level of complexity, but provides less weight and
thickness and protection against more severe threats.
Experiences over the last 20 years have clearly demon-
strated the criticality of transparent armor in many military
systems [1-3]. As the threats have escalated and become
more varied, the challenges for rapidly developing opti-
mized, threat specific transparent armor packages have be-
come extremely complex. Ultimate failure/penctration of
structural ceramics and glass in impact events is a function
of the temporal and spatial interaction of the macro-stresses
at the macro-, micro- and nano-structural scale. This
includes determining the mechanisms involved in elastic
and inelastic (plastic) deformation, damage nucleation and
evolution and resulting failure from the macro-scale (top
down) and from the nano-scale (bottom up) for the various
materials. The impact event can be divided into two main
parts: projectile deformation and erosion and target material
damage and failure. Simplistically, the target material fail-
ure/penetration is comprised of the initiation of penetration,
followed by projectile penetration through fragmented strik-
ing ply material. Subsequent layers in the line of sight may
not be fractured, but the stress state has changed from the

e

Ceramicplys defeat
projectile. Multiple plys
improve multi- hit
performance.

AION

Interlayer between
ceramic plys can be
soft or hard, thick or
thin. It must
accommodate the
thermal expansion .
The optimal bond
may vary depending
on the properties of
the ceramic plys.

pre-impact condition. The relationship between the projec-
tile/target interaction coupled with intermediate and backing
materials is complex. Various computational models and
codes have been developed to simulate various impact
events, but many of these are extrapolations from metal
behavior and involve material specific adjustable parameters
which are not physics based [4]. Many exclude defects,
micro-cracking/cleavage, deformational twinning, ceramic-
specific plasticity and failure mechanisms, among other
physics based phenomena. Inelastic deformation mecha-
nisms of polycrystalline structural ceramics in impact
events, although seemingly important as energy absorption
mechanisms, have not been sufficiently characterized. In
addition, the velocities of cracks and the damage zone are
very important. The experimental determination of many of
these associated phenomena is critical for the validation of
the various computational models and codes. For the highly
complex laminate systems, validated models can expedite
the design optimization much more rapidly than empirical
techniques alone.

This review will briefly summarize experimental work
carried out over the past several years in collaborations with
the Fraunhofer-Institut fiir Kurzzeitdynamik, Ernst-Mach-
Institut (EMI), Efringen-Kirchen, Germany, Johns Hopkins,
Rutgers, The Pennsylvania State and Tohoku Universities
(Sendai, Japan) on AION, sapphire, and various glasses/
laminates.

Background
It will be important to have a basic understanding of some

simple aspects of a dynamic impact event to appreciate the
various results presented in this review article. Table 1

Interlayer between
polycarbonate and
ceramics is a thick
layer of polyurethane.
It allows for thermal
expansion mismatch
and stops cracks from
propagating from
ceramic into
polycarbonate.

| Polycarbonate
backing acts as a
spall shield and
holds fractured
armor in place.

Fig. 1 Schematic of a laminated transparent armor system, modified from [1]
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Table 1 Simplified differences between quasi-static and dynamic
stress environments

Ballistic stress
environment

Quasi-static
bend bar stress
environment

Stressed Volume Typically Small Huge 15-20,000 mm?®
~12 mm®

Rate and defects Largest Defect Many Defects

Tail of Distribution
Cracks Single crack Many cracks
Massive failure

Rate and micro- e« Partial * Deformational twinning

mechanisms dislocations
« Slip * Amorphization
« Toughness * Bulk Plasticity
* Others * Micro-cleavage, others
Stress ¢ Gradual rise  * Mixed stress states: compression, tension
Characteristics  to failure (spall), shear (Shear increasing)

* Hertzian
* Shock wave “conditions” material

* Super stress condition

summarizes some key differences between conventional
quasi-static mechanical testing and a dynamic impact event
on a large sample. In the context of this manuscript the strain
rate assumed for quasi-static mechanical testing is on the order
of 10 to 107%™ and “dynamic” testing is in the range of 10*
to 10* s'. Basically, the stressed volume in most impact
events can be much larger than conventional quasi-static
testing resulting in the activation of a much larger distribution
of defects, microstructural inhomogeneities, and other stress
concentration regions. Sequences of shock waves are gener-
ated consisting of a surface wave (Rayleigh wave), compres-
sion/longitudinal wave (dilatational, push or p wave) and a
shear (transverse, shake or s wave) wave. Assuming an har-
monic normal load in the impact event, the total energy in the
shock waves is roughly partitioned as follows: 67 % in the
Rayleigh (R) wave, 26 % in the shear (S) wave and 7 % in the
compression (C) wave [5]. This is schematically represented
in Fig. 2. The relative velocities are as follows: V> Vg > Vi.
Excluding major surface imperfections, the key waves for the
bulk material are the compression and shear waves. The
compression wave can densify the material in both a revers-
ible and irreversible way and begin to “activate” defects and
condition the microstructure. The shear wave, with signifi-
cantly more energy, can then begin to grow, propagate and
coalesce cracks into a damage front. The impact event can
result in an impact stress/pressure that is significantly larger
than the compressive strength of the material, thus “over-
stressing” the material. The impact pressure (P) can be ap-
proximated using the following formula:

P = (V) ((Z9) (Zaws)/ (Zo + Zu)

where V|, = impactor velocity; Z,, = projectile impedance; Zq,
= target impedance

7 = acoustic impedance = pcp - (pE)%

where p is density, ¢ is longitudinal sound wave velocity and
E is the elastic modulus.

For example, for a steel projectile impacting an AION
plate these would be the calculated approximate pressures:

AION: paion=3.67 g/em?, ¢; =10.250 km/s,
Steel: Pyeei=7.85 g/em’, ¢p = 5.1 km/s
Impact pressures:

¢V, 0f 200 m/s in AION=3.88 GPa.
* 'V, 0f 900 m/s in AION=17.44 GPa

Typical impact pressure in impact events like the Edge-
on Impact test can be on the order of 4-30 GPa depending
on the impactor material, its velocity and the target material.
The typical quasi-static and dynamic compressive strength
for AION can be between 2 and 4 GPa, so for most EOI
impacts the compressive strength is exceeded.

Mechanical Testing
Edge-On Impact (EOI) Tests

The EOI test method coupled with a high-speed Cranz-
Schardin camera, with frame rates up to 107 fps, developed
at the Fraunhofer Institute for High-Speed Dynamics, Ernst-
Mach-Institute (EMI) has been used to visualize damage
propagation and dynamic fracture in glass and many opaque
structural ceramics in a back reflection technique [6—8]. The
transparency of AION has allowed for observations in a
transmission, shadowgraph mode. Two different optical
configurations were employed. A regular transmitted light
shadowgraph set-up was used to observe damage nucleation
and propagation and a modified configuration, where the
sample plates were placed between crossed polarizers and
the photoelastic effect (polariscope technique) was utilized
to visualize the stress waves. Pairs of impact tests at approx-
imately equivalent velocities were carried out in transmitted
unpolarized (shadowgraphs) and crossed polarized light.
Figure 3(a) illustrates a schematic of the EOI test with the
added crossed polarizers and Fig. 3(b) is a photo of the
actual set up with some of the authors. Figure 4 illustrates
an exploded view of the impactor/sample interaction. In
some tests, both horizontal (perpendicular to plate) and
vertical (perpendicular to long edge) photographs were
obtained. This method allows for the real time observation
of various phenomena including: nucleation of cracks, num-
ber, density, influence of defects and monitoring and

SEM
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3

Fig. 2 Hypothetical dynamic
shock stress waves/energy pro-
files in an Edge-on Impact (EOI)
test

Transverse/
Shear wave

Longitudinal
Compression Wave

Defects activating
First wave front

Energy «— Damage nucleation St
Stress
Birefringence— Indices
A tworefractive
Primary indices Density
Demage increasing
(fracture) Frontof stress wave

Here?

Front/Failure
Wave Starts

Densification
(Reversible to
irreversible)

Distance into EOI Plate m—p

velocity determination of damage fronts and stress waves
using the photoelastic effect in crossed polarizers.

Both steel cylinders and saboted spherical impactors
(Fig. 5(a, b)) have been used at velocities from
125 m/s—950 m/s on 100x100x10 mm plates, which
roughly corresponds to strain rates of 10? to 10° s

Steel Cylinder (7.85 g/cc)

Diameter 30 mm
Length 23 mm
Total Mass 54 g

Spherical Steel Impactor
Steel ball

Diameter 15.87 mm
Mass 16.2 g

Multiple sparks
unit

., Lens

Gas gun

v, measurement
Lasers

Barrel

W=

n

Compressed air chambers

Receivers
Cranz-Schardin
camera

(a) Schematic of EOI

Fig. 3 EOI test set-up with Cranz-Schardin camera

SEM

_Target |

Sheet
polarizer

" Plane mirror

Sabot: (polycarbonate)

Diameter 30 mm

Length 27.5 mm (sabot plus steel sphere)
Mass 229 g

Total Mass=39.1 g

The data collected from the EOI test consists of a series
of 20 photographs as a function of time, typically at 0.25—
2 ps intervals. Detailed graphs are then created plotting
crack, damage, and compression and shear stress wave
velocities.

Nomenclature for EOI tests
Since two different methods (shadowgraphs, crossed polar-

izers) were employed for the visualization of wave and
damage propagation, where not only the stress waves appear

Jaquieys 3abae)

(b) Photograph of experimental setup
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Fig. 4 EOI transmitted light
(shadowgraph) and reflected

light configurations ;i
Projectile

Towards Camera

in different forms, but also different types of fracture can be
distinguished, it is necessary to clarify the designations of
the various phenomena [8].

Cracks, Fracture and Damage Figure 6(a) illustrates typical
damage patterns observed using the shadowgraph technique
with soda-lime (float) glass at ~200 m/s impact velocity, while
Fig. 6(b) illustrates the typical damage pattern in Starphire™
(PPG Industires), a high-purity soda-lime glass, at an impact
velocity of=400 m/s. Figure 6(c) shows the damage pattern in
AION, a transparent, polycrystalline ceramic at about the
same impact velocity. Based on our conceptual understanding
of the progression of the shock waves in the EOI plate as
shown in Fig. 2, it is our conclusion that the crack centers
ahead of the primary fracture front in Fig. 6(a) are nucleated
either by the interaction of the compression wave or the shear
wave with the defects in the material, depending on the
amplitude of the waves. In the examples of Fig. 6(a, b) crack
nucleation and growth was initiated by the shear waves main-
ly, whereas in case of Figure 6(c) nucleation by the longitudi-
nal wave was dominant. These isolated cracks centers can
have a significant influence on the morphology and progres-
sion of the primary fracture fronts. In these figures the primary
fracture zone/front is the best approximation of the coherent
area of undifferentiated, massive cracking. The damage front

Fig. 5 Cylindrical and saboted +
spherical impactors +

15 mm

23 mm

(a) Schematic of cylindrical
steel projectile

100X100X10mm

Reflected light,
Towards camera

is a similar circular approximation of the cracks/crack fingers
ahead of the primary fracture front. In the following sections,
damage velocity refers to the velocity of the primary, coherent
fracture zone when no isolated crack centers can be distin-
guished. When the time and position of the appearance of
isolated crack centers can be observed, the damage velocity is
defined as the slope of the regression straight line through the
leading nucleation points. The dashed straight line through the
nucleation sites in Fig. 11, which represents the distance-time
plot for the test depicted in Fig. 6(c), shows an example. Crack
velocity refers to the velocity of the expanding isolated cracks.
The coherent fracture front in Fig. 6(c) is a circular approxi-
mation of the cracks/crack fingers at the head of the damage
zone. In Fig. 6(b) the damage front is a circular approximation
of the tips of the cracks from the primary fracture front. The
distinction of these different fracture/damage zones/fronts is
not clear in some cases, especially if there are many isolated
cracks initiated in front of the main damage zone. In the
following sections, damage velocity refers to the velocity of
the primary fracture zone, whereas the crack velocity refers to
the velocity of the expanding isolated cracks, unless otherwise
noted.

Waves The two different optical techniques employed ex-
hibit different sensitivities with respect to the stress level

30 mm 30 mm

(b) Photograph of spherical
steel projectile with sabot.

SEM
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Crack centers
due to nucleation

= Primary fracture zone
TR
-

Damage front
({forefront of
crack centers)

Crack centers

Primary fracture front

Fracture front
(Coherent)

(@)

Fig. 6 Damage patterns obtained using the shadowgraph technique without crossed polarizers. (a) Typical damage pattern in float glass at vp=200 m/s,
(b) Typical damage pattern with Starphire™ glass at vp=400 m/s; see Fig. 7 for the crossed polarizers image of the stress wave, (¢) Typical damage
pattern in AION at vp=400 m/s; the coherent fracture front is a circular approximation of the cracks/crack fingers at the head of the damage zone

that can be visualized. In a shadowgraph image, the light
intensity depends on the second spatial derivative 6*n/éx” of
the refractive index, whereas in the crossed polarizers set-
up, the intensity of the transmitted light depends on the
photo-elastic properties of the material. Therefore, it is pos-
sible that the first visible wave front in the shadowgraph
configuration appears at a different position than the fore-
front of the stress wave, visible in the crossed polarizers set-
up. Both techniques can visualize different parts of the same
stress wave. This is illustrated in Fig. 7, which shows the
shadowgraph and the corresponding crossed polarizers pho-
tograph of a Starphire™ sample at 8.7 ps after impact.

The width of the compression stress wave can be esti-
mated from the length of the impactor and the longitudinal
wave speed in the impactor and target material. When the
impactor hits the target, a wave is generated not only in the
target, but also in the impactor. The maximum length of the
stress pulse is given by the time the wave needs to travel
once through the impactor and back. The thickness of the
solid cylindrical part of the impactor was 8 mm. With a
longitudinal wave speed of 5,100 m/s in steel, this yields the
following stress pulse length:

8mm
mm
5 s

Atgiress = 2 - =3.1us (1)

Release waves from the edges of the projectile are
neglected in this estimate. The longitudinal wave velocity
in Starphire™ glass is~5,800 m/s. Therefore, the maximum
spatial width of the stress wave in the target can be calcu-
lated as follows:

Asgress ~ 315 - 5.8 22 ~ 18mm

(2)

The formation of the second wave front is caused by the
geometry of the specimens and is due to the initiation and
superposition of waves, generated at the side surfaces of the
specimens. The distance to the first wave front depends on
the thickness and Poisson’s ratio. In Fig. 7 the forefront of

SEM

(b)

the stress wave is that front part of the wave that initiates
photoelastic birefringence and the 1st wave front is approx-
imately the stress wave maximum.

1st wave front

2nd wave front

Forefront of
stress wave
(stress field)

1st wave front

Fig. 7 Shadowgraph (fop) and corresponding crossed polarizers photo-
graph (bottom) of Starphire™ specimen, 8.7 us after impact at=400 m/s
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Kolsky Bar Tests (Split Hopkinson Pressure Bar)

Ultra-high-speed photography with an inter-frame time of
1 ps and an exposure time of 100 ns, has been used to
observe the dynamic failure of transparent AION undergo-
ing uniaxial, high strain rate compression (10°> s™') in a
Johns Hopkins University modified Kolsky bar with con-
finement of about 400 MPa (Fig. 8(a, b)); unconfined sam-
ples do not have the anvil arrangement. The high-speed
photographs are correlated in time with direct measurements
of the stresses in the sample. Prismatic sample sizes were on
the order of 2x4x5 mm. Numerical simulations of the
confinement test arrangements were performed using ABA-
QUS / STANDARD. In order to determine the level of
confinement applied to the specimen, it was necessary to
calibrate the torque applied to the bolts against the compres-
sive force that is transmitted through the specimen. A cu-
boidal calibration specimen made from Ti — 6Al — 4V alloy
was used for this purpose. References 9 and 10 describe the
details of these tests.

Results on Crystalline Ceramic Materials
AION EOI Tests

AION is isostructural with magnesium aluminate spinel
(MgAl,04) having a cubic crystal structure (Fd3m) that
can be processed to transparency in a polycrystalline micro-
structure [9]. The atomic structures/crystal chemistry of
AION and spinel are slightly different as follows (stoichi-
ometry of full unit cell):

Al"™ ALY oY 0,7 Ns

O = a cation vacancy at the six-fold (octahedral) site;
Al in both four-fold (tetrahedral) and six-fold
coordination;

Mgsw A116VIO32

Mg in four-fold coordination and Al in six-fold
coordination.

2

e

3

Specimen
Projectile
—

(I B —

Cushion
Strain gage 1

SLram gage 2 Stra.m gage 3

Flash 2 . Flash 1
High-speed camera

(a)

Incident bar  P1EN ﬁ/ Transmission bar S

The grain size of the AION (ALON™ from Surmet
Corporation, Burlington, MA) material varies from 150 to
250 um on average (Fig. 9). The density is typically 3.67 g/
cm®, but will vary slightly depending on the composition
and porosity. The range of grain sizes for available spinel
materials is much greater, varying from about 0.5 pm of the
IKTS (Fraunhofer- Institut fiir Keramische Technologien
und Systeme, Dresden, Germany) [10,11] to bi-modal mate-
rials of large grains in a fine grain matrix. Results from
quasi-static and dynamic mechanical tests on polycrystalline
spinel can be found in references [12,13]. A report detailing
a comprehensive characterization and evaluation of the
IKTS transparent fine-grained spinels is currently in prepa-
ration [14]. In addition, a major investigation of the frag-
mentation of the various spinels and AION in a ballistic
impact test arrangement has been carried out with prelimi-
nary results already published [15] and more comprehensive
results to be presented at the 27th International Symposium
on Ballistics [16].

For the first time the EOI test was used to visualize
internal damage evolution in a polycrystalline structural
ceramic. Recently, a version of an Edge-on Impact test has
been carried out on a polycrystalline spinel by Haney and
Subhash [17]. Transparent polycrystalline AION specimens
measuring 100x100x10 mm were impacted using steel
solid cylinder and saboted sphere impactors with velocities
ranging from 270 to 925 m/s. Pairs of impact tests at
approximately equivalent velocities were carried out in
transmitted unpolarized (shadowgraphs) and crossed polar-
ized light. A typical series of shadowgraphs and crossed
polarized light photographs are illustrated in Fig. 10; the
impactor is visible on the left. Figure 10(a) is a series
conducted at about 380 m/s and Fig. 10b illustrates two
series at about 820 and 925 m/s. Most of the EOI tests were
carried out at velocities of about 400 m/s or lower using a
more controllable gas gun arrangement; velocities greater
than about 400 m/s required a powder gun, where the
velocities were more difficult to control. Stress wave and
damage velocities were determined as well as the nucleation
of crack centers ahead of the apparent fracture front [18,19].

Transmitted Bar

2

200 pm clearance T_”

Specimen

Annealed Steel

(b)

Fig. 8 Johns Hopkins Kolsky Bar schematics [7,8]: (a) Kolsky bar and sample; (b) confinement arrangement
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Fig. 9 Typical microstructure of AION

There are several features visible on these photographs. On
the shadowgraphs distinct growing darkened regions can be
seen in rows 1 and 3 that probably reflect a massively
fractured damage zone that could be referred to as a failure
wave. In addition, the shadowgraphs at 6.7, 7.7 and 8.7 us,
show the nucleation of clearly visible crack centers ahead of
the damage front, probably from bulk defects, which are
similar to those seen in Fig. 6(a) on glass. The observation
of nucleation of crack centers ahead of the damage front is
an important observation for both glasses and polycrystal-
line ceramics. Though the materials are transparent, this
does not mean that they do not have any bulk defects. There
are defects (stress concentration/intensity regions) that can
nucleate and grow cracks that have been observed in both
EOI tests and the Kolsky tests. In the crossed polarized light
photographs, in rows 2 and 4, a band of visible light is
apparent. This is the result of stress induced birefringence
(photoelasticity) due to the passing of the compression stress
wave; the velocity of this wave should be very close to the
longitudinal acoustic wave velocity (c;) in AION.

Figure 11 exhibits distance-time plots of compression
wave and damage/fracture and isolated crack propagation
for AION at a nominal impact velocity of 380 m/s. Wave
propagation could only be observed through crossed polar-
izers. A wave front velocity of 9,367 m/s was determined,
which is consistent with the sound velocity of AION (cp) at
10.1-10.3 km/s. The coherent damage/fracture front initiat-
ed at the impacted edge of the specimen propagated at an
average velocity of 8,381 m/s. Ahead of this front several
crack centers (see Fig. 6(c)) could be observed and plotted
on Fig. 11. The nucleation sites were extrapolated and linear
regression of this data (black diamonds, dashed line)
resulted in a velocity of 9,156 m/s. The wave and fracture
velocities were determined by linear regression of the
distance-time data (y=ag+a;t). The standard deviations s,
of the slopes of the straight lines are given as error intervals

SEM

for the damage velocities and wave velocities and were
determined according to the following equation:

Xjf(yz—ao —alt)z

al — n—2

n

ny 2= (21

(2)

For example, for the velocity data in Fig. 11, using
(equation (2)), the following standard deviations can be
calculated:

* Nucleation site velocity = 9,156 m/s with a standard
deviation of 886 m/s (~10 %)

e Fracture front velocity = 8,381 m/s with a standard
deviation of 182 m/s (~2.2 %)

*  Wave velocity = 9,367 m/s with a standard deviation of
113 m/s (~1.2 %)

In other sections of this review the same methodology
can be used to calculate the velocities and the related stan-
dard deviations, however, in general the percent standard
deviations will be very close to these values for the respec-
tive velocities.

The damage velocities of AION and other ceramics as a
function of impactor velocity are plotted in Fig. 12 [19].
First, it should be noted that other than AION, all of the
other velocities were determined in reflection on opaque
ceramics. It appears that the damage velocities of AION,
Al,O3 and WC do not increase significantly from about
200-900 m/s. On the other hand, the damage velocities of
TiB, and SiC-B seem to increase continuously for these
same impactor velocities. In the velocity range of the AION
tests there was no indication of a change in slope reflective
of a deformation or damage mechanism change. As can be
seen on Fig. 10(a, b), there does not appear to be any clear
damage morphology differences between the low and high
impactor velocities; of course only very careful post mortem
characterization of the resulting fragments would verify this
conclusion. One possible explanation of the velocity differ-
ences between the two sets of data could be the role of
inelastic or plastic deformation mechanisms operative in
AION, Al,0O5; and WC that slow the crack/damage propaga-
tion, whereas the SiC-B and TiB, material may behave in a
brittle, primarily elastic way. B4C, however, showed a
change in slope at about 600 m/s which could be the result
of stress induced nano-amorphization, but this would have
to be confirmed by post mortem high resolution transmis-
sion electron microscopy [20]. The change in slope at about
200 m/s may be due to a combination of experimental issues
and a dwell penetration transition. Finally, one must proceed
with caution in trying to relate these damage velocities to the
compression or the shear waves exclusively. Even though
the relative energies (ratio) in the two waves remain fairly
constant, the energy in the compression and shear waves



Exp Mech (2013) 53:3-29 11

(b)

Fig. 10 (a) Series of alternating shadowgraphs (row 1(fop) and 3) and crossed ploarized light photographs (rows 2 and 4) of AION impacted by a
solid steel cylinder at a velocity~380 m/s. (b) Series of shadowgraphs (fop row) and crossed ploarized light photographs of AION impacted at 820
(top) and 925 m/s (bottom)

increase significantly with impactor velocity, to the point that Since previous work at EMI on opaque ceramics [7] was
the compression wave has enough energy to increase the  done in a reflected light mode, an additional test was carried
damage velocity in purely or predominantly elastic materials. ~ out at 380 m/s nominal impact velocity in a reflected light

SEM
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set-up with an AION specimen that was coated with silver
on one surface. These tests allowed us to distinguish be-
tween surface damage and damage in the interior of the
specimens. Photographs at 5.2 and 8.7 ps of coated AION
tested at an impact velocity of 397 m/s in the reflected light
test configuration are shown in Fig. 13(b); shadowgraphs
and a crossed polarized light photograph are shown in
Fig. 13(a) for ease of comparison. The damage front detail
and observation of the cracks nucleating from internal
defects are obvious improvements and highlight the use of
transparent ceramics as model materials to understand be-
havior of polycrystalline opaque ceramics.

Figure 14 illustrates the differences between the morphol-
ogy of the damage fronts from impacting with a spherical
versus a solid cylinder impactor [21]. This could be due to
the difference in weight between the sphere at 39.1 g com-
pared to the cylinder at 54 g and the resulting deposited
energy at the same velocity or the stress distribution below
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Fig. 12 Damage velocities (vp) of ceramics at various EOI (cylinder)
impact velocities (vp,) [19]
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the two impactors. Grinfield, et al. [22] used a thermody-
namic based hypothesis to explain the sphere impact results.

Figures 15(b, c) and 16 illustrate fracture surfaces of the
fragment shown in Fig. 15(a) that came from a confined EOI
test. It is clear that besides intergranular fracture, there is a
significant intragranular microcleavage mechanism opera-
tive down to the nano-scale, as illustrated in Fig. 16. Wheth-
er the cleavage is preceded by micro-deformational
twinning is still unknown, but, in any case, this may be
considered as a plasticity mechanism prior to catastrophic
macro-cracking/failure. LaSalvia and McCauley [23] have
previously discussed concepts of inelastic deformation
mechanisms and damage in structural ceramics subjected
to high-velocity impact. Capturing these mechanisms in
existing dynamic brittle ceramic computer codes is a signif-
icant modeling challenge.

Computational simulations have been carried out [24] of
the elastic wave propagation within the AION EOI as shown
in Fig. 17. A computational model was constructed using
ABAQUS Explicit to simulate the elastic wave propagation
within the experiment. Since the experiment provides snap-
shots of the deformation and the stress state at specific
times, the simulation results provide snapshots at identical
times for comparison. The computational model was fully 3-
dimensional, so that longitudinal and shear waves, surface
waves and plate waves could all be captured. The computa-
tional results show that the observed propagation of the
longitudinal wave in the specimen is a result of the impact,
as well as the subsequent edge unloading. The simulations
also show that the damaged region observed in the experi-
ments corresponds essentially to the region that has ob-
served shear as a result of the wave propagation (Fig. 17).
The character of the damage itself, and its kinetics, cannot,
of course, be captured with this elastic simulation. However,
the correlation of the damage propagation speed with
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Fig. 13 Shadowgraphs and reflected light, coated photograph of AION at v,=397 m/s

the shear information is an interesting observation. As
implied in Fig. 2 the compression wave can begin to
“activate/nucleate” cracks from existing defects (stress
intensity/concentration regions) which will intensify the
passing stress to critical levels, which will then begin to
grow extensively with the passage of the shear wave as
can be seen in Fig. 6 in both glass and AION. The
passing stress has exceeded the failure stress of the
defect free material causing the massive fracture zone/
damage front to form and propagate. As mentioned
previously, however, there is the possibility of

&

inelastic/plastic deformation mechanisms operative in
the crack process zone, such as those shown in Figs. 15
and 16, that could significantly affect the propagation
velocity of the various cracks and failed damage zone
material, which is not captured in this simulation.

AION Kolsky Tests
High-speed photography has been used to observe the

dynamic failure of transparent polycrystalline AION un-
dergoing uniaxial, high strain rate compression with a

Fig. 14 Photographs of AION impacted with spheres and cylinders. (a) and (b): Sphere impactor in shadowgraphs; (¢) and (d): in crossed polarized
light; 3.7 and 8.2 us, (e) and (f): Cylinder impactor in shadowgraphs; (g) and (h): crossed polarized light.; 3.7 and 8.2 us

SEM
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Fig. 15 (a) AION fragment from an EOI test, (b) and (¢) SEM photographs of fragment in Fig 15(a)

modified compression Kolsky bar technique, as described
above. The high-speed photographs are correlated in time
with direct measurements of the stresses in the specimen.
The dynamic activation, growth and coalescence of
cracks and resulting damage zones from spatially sepa-
rated internal defects has been directly observed and
correlated to the macroscopic loss of load-carrying ca-
pacity and ultimate catastrophic failure.

Figure 18 illustrates an example of a modified Kolsky bar
test presented in a series of high-speed photographs, togeth-
er with the corresponding stress history, indicating the times
at which each exposure was made; a loading rate of
155 MPa/us was used. [25] The numbered points on the
stress history correspond to the times at which the eight
photographs were taken. Since the flashes are on the same
side of the specimen as the camera, only reflected light
enters the camera, and the transparent specimen is initially
dark. The stress-time curve shows that the peak stress
achieved is 3.76 GPa. A total of eight photographs were
taken. In frame 4 there are no observable cracks. However,
in frame 5 a small cluster of cracks can be seen. As the stress
increases in the next frames (6—8), new spatially separated

Fig. 16 SEM photograph of an AION fragment showing microcleav-
age down to the nano-scale

SEM

cracks are formed and the original cracks begin to coalesce,
which will lead to ultimate failure. Careful characterization
of the fragments revealed the presence of carbonaceous
defects (Fig. 19) in the rubble, possibly the stress concen-
tration sources for the formation of the cracks that were
observed.

Another series of tests were carried out using a uniax-
ial confinement technique described above [26]. Figure 20
illustrates one other example of an unconfined test along
with a confined test. The differences are readily apparent.
The maximum stress increases from about 3.5 to 4.5 GPa
and a noticeable change in slope in the confined test
appears. It is our conclusion that this is indicative of the
initiation of a plasticity mechanism in the AION material.
High resolution TEM, shown in Fig. 20, revealed the
presence of microcleavge similar to what was observed
in the EOI fragment analysis. The confinement seems to
suppress crack formation, increase the maximum load
carrying stress, allowing the nano/micro cleavage to be
activated. The series of photographs from the confined
test do not exhibit the formation of noticeable cracks, but
a “mist like” zone that propagates smoothly through the
material.

As discussed previously, the ultimate failure of struc-
tural ceramics in impact events is a function of the
temporal and spatial interaction of the macro-stresses at
the macro-, micro- and nano-structural scale, including
elastic and inelastic (plastic) deformation, crack nucle-
ation, damage evolution and resulting failure from the
macro-scale (top down) and/or from the nano-scale (bot-
tom up). So it is very important to identify the operative
deformation and failure mechanisms. From the EOI and
Kolsky bar mechanical tests it is clear that the presence
of inclusions (defects) in AION can nucleate cracks, but
that the suppression of crack growth from these defects
by the imposition of a confining stress will result in the
activation of apparent inelastic deformation mechanisms.
In related quasi-static nanoindentation and Hertzian in-
dentation investigations on AION, a variety of deforma-
tion mechanisms have been identified that could lead to
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Fig. 17 Comparison of FEA
Analysis with Eol Experimental
Results on AION at 8.7 us and
about 400 m/s; a. top is a shad-
owgraph and bottom is the fully
3-D ABAQUS Explicit simula-
tion of the shear dominant von
Mises stress and b. top is the
crossed polarized light photo and
bottom is the fully 3-D ABA-
QUS Explicit simulation of the
S11 principal axis stress com-
pression wave

inelastic deformation prior to catastrophic failure in dy-
namic impact events [27-29].

Sapphire Single Crystal EOI Tests

In previous work with controlled plate impact tests on poly-
crystalline alumina (Al,O5), it was determined that the

(b)

response below the Hugoniot Elastic Limit (HEL) is dominated
by intergranular failure, while above it by predominantly
microdeformational twinning plasticity [30-32]. In addition,
recent elegant work using quasi-static and dynamic indentation
on sapphire single crystals by Haney and Subhash [33,34]
clearly demonstrated the importance of cleavage. As a result
of the plate impact work [30-32] it was decided that more
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Fig. 19 SEM photo of fragments from a typical unconfined test
highlighting a carbonaceous defect

controlled dynamic EOI tests on crystallographically controlled
single crystal sapphire impacts might shed additional light on
the operative mechanisms in the individual alumina grains.

Monolithic single crystal sapphire plates (100x 100 x
10 mm), from GT Crystal Systems, Inc., Salem, MA, in
crystallographically controlled directions, have been im-
pacted at about 400 m/s with both steel solid cylinders and
spheres. The plates were impacted as follows:

* Orientation #1: impact direction parallel to a-axis; 100 %
100 mm surface is (0001)

* Orientation #2: impact direction parallel to a-axis; 100 x
100 mm surface is r-plane

* Orientation #3: impact direction parallel to c-axis; 100 %
100 mm surface is a-plane

» Orientation #4: impact direction is perpendicular to c-
axis; 100x 100 mm surface is a-plane

» Orientation #5: impact direction is perpendicular to r-
plane; r-plane parallel to impact edge

Winkler and then Senf and Winkler [35,36] were the first
to use the EOI test to study sapphire. Recent investigations
expanded on this work by impacting the sapphire in con-
trolled crystallographic directions [37].

A selection of eight high-speed photographs from the
impact of a steel sphere on the edge of a sapphire specimen
at 453 m/s, in orientation #1, where the impact was parallel
to the a-axis (100 x 100 mm surface is (0001)), is presented
in Fig. 21. Also, illustrated in this composite figure is a
photograph of the actual plate before impact, with the crys-
tallographic directions indicated and a conoscopic (viewed
in crossed polarizers) interference figure photograph; note
that the optical figure is not quite centered, meaning that the
c-axis is not quite perpendicular to the large surface. The
first cracks, possibly along prismatic (m-plane) cleavage
planes, appeared immediately after impact, cutting a cone
with an angle of about 120° into the specimen (fractures A,
B). After 2.7 us a third main fracture was visible, propagat-
ing straight in the impact direction (C). About eight micro-
seconds later cracks branched off the cone cracks at an angle
of about 60°, growing in the impact direction. C cracks also
branched off from the central fracture at an angle of about
55°. The distance-time histories of the different fractures are
shown in Fig. 22. All fractures propagated at average veloc-
ities of between 4,590 m/s and 4,934 m/s; assuming a 2 %

Confined, Inter-frame time = 2 ys

..

Compmssive Stress (GFa)

Initiation of non-linear
— deformation in confined
sample (o)

Unconfined, Inter-frame time = 1 ps

Fig. 20 Ultra-high-speed photographs of the dynamic (10° s™') failure of AION with (top) & without confinement (400 MPa); dynamic
compression along the horizontal axis. Exposure times are 100 ns. TEM photograph courtesy of Professor Mingwei Chen, Tohoku University

SEM
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Fig. 21 Sphere impact on sapphire: c-axis perpendicular to plate, impact parallel to a-axis; orientation #1. (a) Selection of 8 high-speed
shadowgraphs; (b) Plane light photograph of specimen before impact, illustrating the impact configuration (fop) and conoscopic (viewed in
crossed polars) interference figure photograph — note that the optical figure is not quite centered, meaning that the c-axis is not quite perpendicular

to the a-axis plane

standard deviation, cracks B, C, and D were basically the
same velocity. The error for fracture E was on the order of
about 10 %, which would also mean that all of the cracks
traveled at approximately the same velocity. For the sake of
clarity in the distance-time plots, arbitrary offsets were
added to the coordinates of different fractures.

Figure 23 shows a selection of 8 high-speed photographs
of sapphire in the same orientation as in Fig. 21, but im-
pacted with a steel cylinder. The distance-time history and
velocities for the test shown in Fig. 23 are shown in Fig. 24.
The photograph in Fig. 23 at 1.2 ps after impact shows that
crack formation starts along the edge of the projectile, where
shear stresses are dominant. After 3 ps, a dense fracture
zone has evolved ahead of the projectile, developing a
nearly semi-circular shape. A velocity of 11,451 m/s was
determined for the longitudinal wave from the shadow-
graphs; this value is very close to the range determined by
Winey and Gupta [38]. The fracture front ahead of the
impactor propagated at an average constant velocity of
8,434 m/s. Cracks A and C grew at average speeds between
5,200 m/s and 5,700 m/s, whereas fracture B in the center
propagated at about the same speed as the fracture front

Fig. 22 Distance-time history of
fracture propagation of various
cracks in Fig. 21

(Viracture=8,137 m/s). In contrast to the impact of a steel
sphere on sapphire, where crack propagation occurred along
apparent crystallographic directions/cleavage planes, the
fracture pattern due to impact of a steel cylinder exhibited
many similarities to the fracture patterns observed with the
polycrystalline transparent ceramic AION.

A comparison between steel sphere impacts on AION
and sapphire is shown in Fig. 25 at about the same impactor
velocity and at comparable times after impact; the differ-
ences are obvious. It is clear that for this set of experimental
conditions the control of fracture by the cleavage planes in
sapphire seems to be apparent.

Figure 26 illustrates SEM photomicrographs of sapphire
fracture surfaces impacted at 457 m/s with a sphere in
orientation #3 with impact parallel to c-axis, and the 100 x
100 mm surface parallel to the a-plane. Cleavage controlled
fractures from the nano- to the micro-scale are apparent.

Figure 27 exhibits shadowgraphs of sapphire impacted
with a saboted steel sphere in the five different orientations.
For these experimental conditions, the available cleavage
planes play a dominant role in controlling the fracture
front when the energy available is not enough to
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Fig. 23 Cylinder impact on sapphire; c-axis perpendicular to plate- impact parallel to a-axis; same orientation #1 as in Fig. 21

propagate an undifferentiated damage zone. Bradt
[39,40] has reviewed the relevant properties, experimen-
tal and theoretical energies for the three cleavage planes
for sapphire; these are presented in Table 2. The pre-
dominant cleavage planes are as follows: the c-plane
(0001) basal plane; the r-plane (10T2) rhombohedral
plane and the m-plane (IOTO) prismatic plane. The
theoretical surface energies (ys)at about 6.5 J/m® are
almost equal for all three cleavage planes. However,
the experimental K;- toughness and cleavage energies
are as follows: (0001)=4.54 MPa m” and 21.54 J/m?;
(1012) = 2.38MPam? and 6.45]/m> and (1010) = 3.14

MPam: and 11.43] /m?. This suggests that the energy to
propagate a cleavage crack is most difficult along the
(0001), followed by the (1010) and (1012) planes. It is
well known that rhombohedral cleavage predominates in
sapphire [41]. Clayton [45] has recently reviewed con-
tinuum modeling theory for sapphire.

It is the author’s view that the morphology of the
damage front will be controlled by a competition
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Fig. 24 Distance-time history of fracture propagation of various
cracks in Fig. 23

SEM

between the available impact energy to create a massive
undifferentiated damage front with the energy to have the
damage controlled by the available properly oriented
cleavage planes. Although the shadowgraphs in Fig. 23
exhibit some cracks at the front of the damage zone, in
the author’s opinion these are not cleavage controlled and
are very similar to those in polycrystalline AION. For
certain levels of energy deposition, the critical resolved
shear stress (Schmid factor), which is a function of the
angle between the loading direction and the cleavage
plane, will control the ease of formation of cleavage
controlled cracks/damage or undifferentiated damage
zones. Therefore, in some sapphire plate orientations
damage will be dominated by cleavage and not in others.

In addition, it should be noted that the mass of the solid
cylinder impactor (54 g) compared to the sphere impactor
(39 g) means that at the same velocity the energy deposited
by the solid cylinder is more than that of the sphere. In the
solid cylinder case, since the available energy is higher than
the sphere deposited energy, the energy to propagate an un-
differentiated massive damage front has been exceeded and
therefore, the available cleavage planes do not dominate the
damage front morphology. Another argument could be made
that the geometries of the stress fields in the EOI plate from the
sphere impact and the solid cylinder impact might also have
significant influence on the dominance of the cleavage con-
trolled compared to the undiferentiatted damage front as sug-
gested for AION in the photographs of Fig. 14, but at this
point, this has not been determined conclusively.

EOI Results on Monolithic Glass and Glass Laminates

Extensive EOI tests were also performed on a series of glass
and glass laminates. Selected results from this work will be
presented here [8,21,24,46-48].
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Fig. 25 Comparison of EOI Impact at about 450 m/s on sapphire and polycrystalline AION

Monolithic Glass

Figure 28(a) illustrates a selection of two shadowgraphs
(top) and corresponding crossed polarizers photographs
(bottom) of a baseline test with Starphire™ glass (PPG
Industries), impacted by a steel sphere impactor at

Fig. 26 SEM photomicrographs
of sapphire fracture surface im-
pacted at 457 m/s with a sphere
in orientation #3; impact parallel
to c-axis, 100x 100 mm surface
parallel to a-plane; courtesy of
Dr. Buyang Cao, Johns Hopkins
University

440 m/s, and Fig. 28(b) shows similar photographs of
Starphire™ impacted by a steel cylinder at 390 m/s. The
shadowgraphs in the former exhibit a crack front growing
from the impacted edge of the plate, whereas only one
crack center is visible close to the upper edge of the
specimen. Both the longitudinal and the transverse stress
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Fig. 27 Shadowgraph analysis

of damage and crack morpholo-
gies from Sphere EOI Impact in
five crystallographic orientations
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waves are visible in the crossed polarizers photographs.
Release waves due to reflections at the upper and lower
edge are also apparent. Recall that damage appears dark
on the shadowgraphs and the zones with stress birefrin-
gence are exhibited as bright zones in the crossed polar-
izers photographs.

Figure 28(b) illustrates a selection of two shadowgraphs
along with the corresponding crossed polarizers photo-
graphs of the baseline tests with the cylindrical impactor.
A coherent damage zone is growing from the impacted
edge, preceded by a zone with separated crack centers,

SEM
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(d) Orientation 4, 454m/s, EMI Test #17077

= | et
14,7y ! 19}}”‘

(e) Orientation #5, 451 m/s; impact edge is r-plane

initiated by the compression stress waves. This seeming
discrepancy can be explained by the different sensitivities
that the different optical techniques employed exhibit with
respect to the stress level that can be visualized. Recall that
in a shadowgraph image the light intensity depends on the
second spatial derivative 8°n/ox> of the refractive index,
whereas in the crossed polarizers set-up the intensity of the
transmitted light depends on the photoelastic/stress birefrin-
gence effect. The distance-time histories of the stress waves
and the damage propagation are depicted in Fig. 29. Differ-
ent types of cracks are generated and different fracture
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Table 2 Sapphire experimental and theoretical cleavage energies

Plane Shappel E Kic Cleavageb L7 VA A VAR A 1
structural ~ cleavability® GPa MPam” J/m? m*T m*M m’H
indices

C(0001) 9.5 465 4.54 21.54 6.5 59 4.8
R (10T2) 124 440 2.38 6.45 6.4 5.6 4.8
M (10T0) 10.2 430 3.14 11.43 6.9 6.5 -

*Higher values represent easier cleavage [41]
® experimental values from Bradt [39] and Iwasa and Bradt [40]

T=Tasker [43], M=Mackrodt [42], H=Hartman [44]; authors initials;
theoretical values from (T), (M), (H)

velocities can be observed at one impact velocity in one
specimen. Therefore, it is necessary to distinguish between
the velocity of single, continuously growing cracks and
crack fronts. The term damage velocity is used here to
denote the velocity of the fastest fracture which was observed
in the material. In order to determine the damage velocity
the distances of fracture tips and/or the fracture front are
measured and plotted versus time. Linear regression of the
data delivers fracture and fracture front velocities. Table 3
shows a compilation of crack and damage velocities of two
types of glass, fused silica, a glass ceramic, a polycrystalline
transparent ceramic (AION) and cleavage cracks in sap-
phire. In each of the ceramics damage velocity is a
function of impact velocity. The damage velocities ap-
proach the longitudinal wave velocity cp at high load-
ings/impact velocities (see Fig. 12). Therefore, damage
velocities are compared for a constant impact velocity
of about 400 m/s in Table 3. The growth of four

arbitrarily chosen crack centers at the front of the dam-
age zone were also analyzed; the slope of a straight line
through the nucleation sites was 3,269 m/s, which means, that
the damage velocity is close to the transverse wave velocity.
This is in agreement with our previous FEA modeling on
AION discussed above.

Glass Laminates

The influence of a polyurethane (PU) bonding layer on
wave and damage propagation in a variety of glass lami-
nates was examined with cylindrical impactors. Four pairs
of tests were conducted on Starphire™ laminates consisting
of two glass plates, 50% 100x%9.5 mm, bonded together with
PU in the following thicknesses: 0.64, 1.27, 2.54 and
5.08 mm. Figure 30 illustrates a comparison of wave and
damage propagation in Starphire™ laminates, with bonding
layers of thickness 0.64, 2.54 and 5.08 mm; the impact
velocity was 380 + 5 m/s in all tests. The upper line of
photographs shows the shadowgraphs, while the
corresponding crossed polarizers photographs are presented
in the lower line of photographs; Fig. 30 illustrates the
laminates at 10.7 us and Fig. 31 at 23.7 us after impact.
The shadowgraphs at 10.7 us exhibit a coherent damage
front in the first glass layer growing from the impacted edge
through the nucleation of crack centers, initiated by the
longitudinal stress wave. At that time, no damage appears
in the second glass layer (right part of specimen). The
crossed polarizers photographs clearly show that the first
longitudinal stress wave has not yet crossed the 5.08 mm PU
interlayer, whereas the stress wave is clearly visible in the
right half of the specimens with the 0.64 mm PU interlayer.

(a) steel sphere at 440 m/s

(b) steel cylinder at 390 m/s

Fig. 28 Selection of two shadowgraphs (fop) and crossed polarizers photographs (bottom) from impact on Starphire™ glass
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Fig. 29 Distance -time history of wave and damage propagation in
Starphire™ glass depicted in Fig. 28(b)

After 23.7 us (Fig. 31) the compressive stress wave has
already reflected as a tensile wave from the rear edge of
the glass plate in all three cases. The shadowgraphs illustrate
that damage in the second glass layer is mainly due to the
tensile wave and starts from the rear edge of the specimen.
For the 5.08 mm PU interlayer only minimal damage was
observed in the second glass layer. The wave and damage
propagation in the glass laminates was analyzed and the
distance-time history for the 5.08 mm PU bonding layer
assembly is shown in Fig. 32.

The influence of two PU interlayers (2.54 mm thick)
was also tested with glass laminate assemblies built
from three plates of the dimensions 30x100%9.5 mm.
These results are shown in Fig. 33. Cylinder impactors
at a velocity of about 400 m/s were used in this case.
Careful examination of these photographs exhibit quite simi-
lar effects as seen for the two glass plate assemblies above.
This figure presents a selection of four shadowgraphs and
corresponding crossed polarizers photographs in the time
interval from 6.7 — 24.7 us after impact. The first layer of glass

Table 3 Crack and damage velocities determined from EOI tests

Material Longitudinal Crack Damage
sound velocity velocity velocity (m/s)
(m/s) (m/s)
Starphire ~5700-5800 1580 3270
(soda-lime glass)
Borofloat (borosilicate ~5500-5600 2034 4150
glass)
Fused Silica ~6000 2400 5121
TRANSARM (glass ~6600 2151 4950
ceramic)
AION (polycrystalline ~10100-10300 4377 8381
ceramic)
Sapphire ~9000-10000 48005400 8434

(cleavage cracks)

SEM

was completely damaged within the first 15 ps. Damage can
be seen in the second layer at 15.7 us, when the first crack
centers became visible which were initiated by the reflection
of the compression wave at the interface between the second
glass and the second bonding layer. No damage was observed
in the third glass layer during the time interval of observation.
When the stress waves impact the interlayer one part is
reflected while the other part is transmitted into the second
glass layer. Due to the low acoustic impedance of the PU
interlayer compared to the glass, the amplitude of the stress
wave is attenuated considerably. The low wave velocity in
the interlayer effects a time delay of 1.7 ps compared to the
unperturbed propagation through the glass. The delay times
measured in all tests were plotted in a delay time versus
bonding layer thickness diagram (Fig. 34). Linear regression
of the data yielded an average delay time of 0.33 pus/mm.
This is in good agreement with the calculated value based
on a longitudinal wave velocity ¢;=5,770 m/s for Star-
phire™ glass and ¢; ~2,000 m/s for the polyurethane [49].

Total Damage Analysis

In addition to determining damage or crack velocity, an
image analysis technique was developed to determine
total evolved 2-D damage in plates as a function of
time. Figure 35 shows the original gray-scale shadow-
graph (left) and converted black and white image
(right), used for damage analysis; the ratio of total
converted black damaged area to the remaining undam-
aged white area was used for the estimation of the
evolving 2-D damage. Although this is not exactly a
representation of the total 3-D damage, in our opinion,
it is a close estimate. This analysis was utilized to study
the total 2-D damage evolution in a series of Star-
phire™ plates as shown in Fig. 36. It is our conclusion
that the difference in damage evolution is the result of
differences in the presence of internal defects. Note also
that there seems to be significant differences in the
damage evolution from the reflection tensile stresses at
the back end of the plates.

Ultra-High Speed Photography of Impact Morphology

A ballistic test configuration (Fig. 37) has been used to
record, with very high-speed photography, the impact
event on a series of glasses and other ceramic
materials[50,51]. The beginning of the projectile target
interaction, crack propagation and the onset of the ejec-
tion of fragments were visualized with an ultra high-
speed Shimadzu HPV camera, which allows recording a
total number of 100 frames at a maximum rate of 10°
frames per second. An armor piercing (AP) 7.62 mmx
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Fig. 30 Starphire™ laminates
with polyurethane interlayers of
different thickness after 10.7 us;
top is unpolarized light, botttom
is crossed polarized light; cylin-
der impactor at about 380 m/s

51 mm projectile, with steel core, and a total mass of
9.5 g was used for the tests. The steel cores had a mass
of 3.7 g and a length of 23.5 mm. The tests were
conducted at two different impact velocities, nominally
850 m/s and 1,100 m/s. The complete interaction of the
projectile with the target should comprise three phases:
dwell, ceramic penetration and backing penetration. An
aluminum based material with a tensile strength
400 MPa and dimensions 200x200x25 mm was used
as the backing material. The dimensions of the sample
plates were approximately 90x90x5.7 mm and were
bonded to the aluminum backing with 0.8 mm thick
polyurethane glue. The sample plates were laterally
surrounded by an aluminum frame with a small air
gap of about 0.1 mm between the plate and the frame.
The aluminum frame was utilized to keep the fragments
in place that were not directly in the interaction zone. It
did not serve as a confinement. The target was integrat-
ed into a target box, which allowed for an almost
complete recovery and analysis of the ceramic

Fig. 31 Starphire™ laminates
with polyurethane interlayers of
different thickness after 23.7 us;
top is unpolarized light, botttom
is crossed polarized light; cylin-
der impactor at about 380 m/s

0.64 mm (0.025%)

0.64 mm (0.025)

2.54 mm (0.100%) 5.08 mm (0.200%)
fragments as well as recording the complete initial stage
of the impact process.

Figure 38 illustrates four selections of high speed photo-
graphs of impacts on AON, fused silica and a soda-lime
glass. It is especially interesting to note that there was a
significant difference in the propagating damage front for
the AP projectile and the solid cylinder. Analysis of these
morphologies and the resulting collected fragment distribu-
tions is currently underway.

Summary, Conclusions and Future Directions

The ultimate failure of structural ceramics in impact events
is a function of the temporal and spatial interaction of the
macro-stresses at the macro-, micro- and nano-structural
scale, including elastic and inelastic (plastic) deformation,
crack nucleation, damage evolution and resulting failure
from the macro-scale (top down) and/or from the nano-
scale (bottom up). In addition, there are important key

2.54 mm (0.100%)

5.08 mm (0.200%)
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differences between typical quasi-static and dynamic stress
environments that must be taken into consideration to inter-
pret the results of dynamic impact events. Included among
these are the volume of the stressed region, the apparent
importance of a distribution of defects, the introduction of
new deformation and failure mechanisms, the roles of the
compression and shear waves and a complex mixed super
stress state.

In order to accelerate the development of validated de-
sign and predictive performance models, a systematic series
of dynamic mechanical testing techniques with real time,
through thickness photography have been carried out on a
series of transparent non-crystalline ceramics (glass), single
crystal (sapphire) and polycrystalline ceramics (AION).
Most brittle material models exclude defects, micro-
cracking/cleavage, deformational twinning, ceramic-
specific plasticity and failure mechanisms, among other

5

15 20 25 30 35

t[ps]

10

physics based phenomena. Inelastic deformation mecha-
nisms of structural ceramics and glass in impact events,
although seemingly important as energy absorption mecha-
nisms, have not been sufficiently characterized. The Edge-
on Impact (EOI) test coupled with a high-speed Cranz-
Schardin film camera has been extensively used on a variety
of monolithic and laminated glasses, AION and crystallo-
graphically controlled sapphire single crystals to visualize
and quantify stress wave, crack and damage propagation.
The influence of defects on glass and AION crack nucle-
ation and damage evolution is apparent. Computational
simulations have been carried out using ABAQUS Explicit
to simulate the elastic wave propagation within the Edge-on
Impact (EOI) experiments on AION. The simulations show
that the major damage zone (failure wave) observed in the
experiments basically tracks the shear stress dominated por-
tion of the shock wave and that the compression wave is

Fig. 33 Three layer Starphire™ target: 2x2.54 mm polyurethane interlayer; top is unpolarized light and botom is polarized light

SEM
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Fig. 34 Interlayer bonding delay time versus bonding layer thickness

parallel to the stress birefringent region and can “activate”
defects. A modified Kolsky bar technique instrumented with
a high speed digital camera has been utilized in an uncon-
fined and confined test sample mode to examine the dynam-
ic deformation and failure of AION undergoing uniaxial,
high strain rate compression. Real time photography has
clearly demonstrated the critical influence of defects and
post mortem characterization of fragments resulting from
these tests have revealed the presence of carbonaceous
defects and of micro-deformational twining and cleavage
down to the nano-scale. In addition, the use of moderate
confinement was shown to mitigate early material failure
due to defects, increase maximum failure stress, and allow-
ing “plasticity” mechanisms to be activated before ultimate
failure.

In order to more clearly determine the mechanisms of
deformation and failure in individual polycrystalline grains
in the dynamic impact event, large single crystal plates of
aluminum oxide (sapphire) in five crystallographically con-
trolled orientations, were impacted in the EOI test configu-
ration at about 400 m/s with both steel solid cylinders and
spheres. Using the sphere impactors it is very clear that the
various sapphire cleavage planes can have significant influ-
ence on the cracking morphologies; with the greater weight
cylinders they are not quite as influential. It is our conclu-
sion that the morphology of the damage front will be con-
trolled by a competition between the available impact
energy to create a massive undifferentiated damage front

Fig. 35 Image analysis of total damage as a function of time. Com-
parison of original gray-scale shadowgraph (/eff) and converted black
and white picture (right), used for damage analysis. In addition to
measuring damage or crack velocity, determined total evolved damage
in plate (2-D) as a function of time

with the energy to have the damage controlled by the avail-
able properly oriented cleavage planes. For certain levels of
energy deposition, the critical resolved shear stress (Schmid
factor), which is a function of the angle between the loading
direction and the cleavage plane, will control the ease of
formation of cleavage controlled cracks/damage or undiffer-
entiated damage zones. Therefore, in some sapphire plate
orientations, damage will be dominated by cleavage and not
in others. Post mortem characterization of fragments from
the EOI sapphire tests clearly demonstrate that the fracture
surfaces exhibit cleavage controlled fracture down to the
nano-scale.

Extensive EOI tests have also been carried out on a series
of monolithic and laminated glass assemblies. It is again
very clear, as in the AION work, that defects have a signif-
icant effect on the nucleation of cracks that preceed and
influence the main damage front. A more detailed damage
analysis technique used on Starphire™ shows that the total
2D damage evolution can be significantly different in a
series of different samples, seemingly controled by the
variability of defects. In this same series of experiments
the damage resulting from the back relection tensile
stress is quite clear and significant. Testing was also
carried out on both two layer and three layer glass
laminates bonded together by a polyurethane glue. From
these tests the major contribution of the tensile stress
nucleated damage resulting from the back face reflection
of the compression wave is apparent. In addition, the
extremely complex nature of the effect of the bonding
layers on the speed and morphology of the transmitted
compression wave is also quite pronounced. In another
series of tests on two layer laminates, the effect of
different thicknesses of the bonding layer was deter-
mined. Using the polyurethane glue, the average time
delay of the compression wave was 0.33 ps/mm of glue.

Important crack and damage front velocity data, that can
be used to validate computer simulations of dynamic impact
events, have been determined on monolithic and glass lam-
inates, polycrystalline AION and single crystal sapphire
materials using the EOI test configuration.

Finally, a brief summary of work using ultra-high-speed
photography of the impact of conventional projectiles on
glass and AION was presented. These experimental results
will be absolutely critical to help evolve and validate exist-
ing models used in computer codes to simulate the impact
performance of brittle materials. Work is currently under-
way to determine the velocities of the radial cracks, damage
zones (failure waves) and the size distributions of the result-
ing fragments.

As discussed above, the experimental research activities,
like the ones described in this paper, will be critical for the
development of validated multi-scale modeling capabilities to
accelerate the ability to design new materials and material

SEM
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systems (protection materials by design) and to predict per- In addition, a new initiative by the U.S. Army Re-
formance. The work described here used real time photo-  search Laboratory to create a Collaborative Research
graphic interrogation techniques of the impact events with ~ Alliance (CRA) on Materials in Extreme Dynamic Envi-
only mechanisms visible with these techniques being ob-  ronments (MEDE) is currently being started. Using a
served. In addition, only post mortem characterization of = “Protection Materials by Design Approach” the overall

resulting damaged material was carried out. Efforts must be ~ program will include both extramural and in-house ac-
initiated to use other real time interrogation/characterization  tivities in a collaborative mode. The program is based
techniques that can determine the operative mechanisms at ~ on a multiscale materials approach and will include
relevant time and dimensional scales. Recently, multi-scale ~ major efforts on metals, ceramics, polymers and compo-
modeling efforts have been initiated on both glass and AION  sites focusing on the following cross cutting thrusts:
at the U.S. Army Research Laboratory [52,53]. multiscale modeling and simulation, methods for
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AION. 1097 m/s,
AP

Fused Silica,
824 m/s, AP

Fused Silica
1107 m/s;
cylinder

Soda-lime glass:
1115 m/s; cylinder

Fig. 38 Selection of a series of ultra-high-speed photographs, at the same times, of impacts into glass and AION plates using 7.62 mm armor

piercing (AP) and solid cylinder projectiles

bridging the computational scales, real time experimen-
tal and interrogation techniques, synthesis and process-
ing and the determination and use of material
characteristics (phase, microstructure and defects) and
property metrics. The overall objective is to evolve the
capability to design, optimize, and fabricate lightweight
protection material systems exhibiting revolutionary per-
formance by advancing the fundamental understanding
of materials in relevant high strain rate and high stress
regimes.
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