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Abstract
Incorporation of ceramics in hybrid armor systems has resulted in signiﬁcant weight reductions. They are
an excellent prospect for the next-generation energy absorbing systems for vehicular protection. In this
paper, it is demonstrated that the ballistic efﬁciency of ceramic tiles can be vastly improved by judiciously
restraining them with membranes of polymeric composites or metal sheets. Experiments have been
conducted to study the ballistic performance and failure of armor grade Al2 O3 and SiC tiles. The
comparative effects of restraint by materials such as E-glass/epoxy, carbon-ﬁber/epoxy and Ti-3%Al2.5%V alloy and their varying thicknesses have been studied. WHA (tungsten heavy alloy) was used as the
penetrator material at an impact velocity of 900 ms1 . It was observed that by restraining the impact-face of
ceramic tiles with a membrane of suitable tensile strength, the ballistic efﬁciency can be improved by nearly
25% for a mere 2.5% increase in areal density. High-speed photography, ﬂash radiography and microscopy
provide insight into the failure mechanisms that underpin this improvement.
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1. Introduction and background
Over the past two decades, a substantial insight has been gained into the dynamic mechanical
response of ceramics such as Al2 O3 , SiC, AlN, Si3 N4 and TiB2 . The mechanical properties of
ceramics have been continuously improved by developing better processing methods and
achieving desired microstructures. Further enhancement of properties is possible with the use
of materials in more novel geometries and conﬁgurations. The optimal design and implementation of energy-absorbing materials and structural systems require a fundamental understanding
of dynamic events and failure mechanisms under extreme conditions. This understanding
will have a major impact on the ability of designers to tailor their protective systems for reliable
performance.
Depth-of-penetration tests are often performed to study the characteristics of ballistic
penetration in thick ceramic tiles [1–3]. Small scale and reverse ballistic conﬁgurations are also
used to conduct such tests [4]. Orphal and Franzen [5] and Orphal et al. [6] studied SiC, AlN and
B4 C and observed that long rod penetration is initially steady state, followed by unsteady state
penetration. The difference between the primary steady-state penetration and the total
penetration has been attributed to the secondary penetration of the eroded penetrator material.
It is known that conﬁnement of ceramics improves the mechanical properties by inhibiting the
failure mechanisms [7]. Shockey et al. [8] studied the failure phenomenology of conﬁned ceramics
under rod impact and concluded that the key processes are crushing of the ceramic and the
subsequent ﬂow of ﬁne fragments lateral to and opposite to the direction of impact. Woodward et
al. [9] studied the perforation and fragmentation of conﬁned and unconﬁned ceramic targets by
pointed and blunt projectiles. They relate the formation of very ﬁne fragments to the crushing
ahead of the projectile and the coarser fragments to the stress wave interaction. Following studies
of Al2 O3 tiles with lateral and rear conﬁnement, Anderson et al. [10,11] report that for constantmass projectiles, longer rods erode more than shorter rods. Cunniff noticed that when Al2 O3 tiles
were backed by Kevlar plies through adhesive bonding, the post-impact integrity and multi-hit
capability were improved with no decrease in the ballistic performance [12].
The performance of ceramic armor is heavily dependent on the conﬁguration of the system.
Increased efﬁciency is possible by lengthening the duration of the initial shattering phase of the
penetration process and by increasing the efﬁciency of the erosion process by pulverized/
comminuted ceramic material. Hauver et al. [13] examined geometries that delayed the generation
of damage in ceramic tiles conﬁned with shrunk-ﬁt metal cases. This phenomenon of delay is
described as ‘dwell’ and is observed in heavily conﬁned targets. Dwell is susceptible to subtle
changes in conﬁguration, resulting in huge variations in performance. The lateral conﬁnement
allows constraint of broken ceramic fragments, thereby enhancing the erosion phase. Lundberg et
al. [14] and Westerling at al. [15] also studied the phenomenon of dwell and the effect of
penetration velocity on the transition between dwell and inception of penetration.
When projectiles impact ceramic targets, a pulverized zone is formed ahead of the projectile
head due to the wave interactions that produce intense shear stresses. Understanding of the failure
mechanisms that result in this pulverization is important for developing improved models and
designing better armor systems. Curran et al. [16] present a micromechanical model for
comminution and granular ﬂow of ceramics under impact. Cortés et al. [17] numerically modeled
the impact of ceramic-composite armor, in which they present a constitutive model for ﬁnely
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pulverized ceramic taking into account internal friction and volumetric expansion. Grace and
Rupert [18] have incorporated models of Curran et al. [16] and Cortés et al. [17] to analyze long
rods penetrating ceramic targets at high velocities. Some researchers have tried to correlate the
mechanical properties such as compressive strength and fracture toughness with the ballistic
performance through empirical relations [19,20]. La Salvia [21] has proposed a model to describe
the dwell-to-penetration transition by combining the wing-crack model [22,23] with Hertz’s theory
for frictionless contact. Rajendran and Grove [24] and Johnson and Holmquist [25] have
developed ceramic failure models which have been incorporated into EPIC code. Anderson and
Walker [26] have implemented a computational ceramic model that reproduces various
experimental results of impact into thin ceramic tiles.
Microscopy provides insight into the micro-mechanisms of failure and helps the development of
constitutive models. McGinn et al. [27] have microscopically examined the deformation and
comminution of shock-loaded Al2 O3 to understand the failure mechanisms that produce this
pulverized zone, also referred to as the ‘Mescall zone’. Shih et al. [28,29] have studied the dynamic
damage mechanisms in SiC. For the projectile to advance, it is required that the ﬁne ceramic
fragments in front of the penetrator move away from its path. Material properties, such as
dynamic compressive failure energy, friction and ﬂow and abrasive properties of the ﬁnely
fragmented material govern the penetration resistance of ceramics [16].
Previously at UCSD, it was observed that the defeat capability of ceramic tiles can be
signiﬁcantly improved by wrapping the tiles in a thin ﬂexible membrane such as glass ﬁber tape.
Following these experiments, a systematic series of tests have been performed to study the ballistic
failure of bare and membrane restrained Al2 O3 and SiC tiles. A comparative study of restraint by
E-glass/epoxy, carbon-ﬁber/epoxy and Ti-3%Al-2.5%V alloy has been performed. Also the
effects of varying the thickness of the restraining membrane and different conﬁgurations were
studied. Experiments were devised with an emphasis on the observations of the failure
mechanisms during penetration. Well controlled experiments and direct observation through
high-speed photography and ﬂash radiography were used to characterize the essential processes
involved in the interaction between high velocity penetrators and ceramic tiles.

2. Experimental techniques
2.1. Gas gun
The perforation tests on Al2 O3 and SiC tiles were performed at UCSD’s Center of Excellence
for Advanced Materials’ gas gun facilities laboratory. A single-stage gas gun was used to launch
the projectile. The barrel diameter was 100 (2.54 cm) and its length was 160 (5 m). Two velocity
sensors at the muzzle were used to measure the initial velocity of the projectile. They also triggered
the high-speed camera and X-ray heads (see Section 2.4). When pressurized to 2400 psi by helium,
the gas gun launched a 17 gm sabot-projectile assembly at 900 ms1 . Fig. 1 shows the schematic of
the gas gun setup. Fig. 2 shows the muzzle end of the gas gun and the mounted target. The four
corners of the impact side of the target rested on four brass pins emanating from a stanchion. An
opening was incorporated in the stanchion to allow for the projectile ﬂight. The target was secured
against the pins by means of VitonTM rubber bands which encompassed the stanchion and the
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Fig. 1. Schematic of the gas gun setup.

Fig. 2. Muzzle end of the barrel and target mount.

target, as shown in the ﬁgure. High speed photography was used to verify that the target remained
secure during the impact event.

2.2. High-speed photography
The Hadland Imacon 200 image acquisition system was used to study the ultra high-speed
phenomenon of ballistic penetration. The sixteen-channel camera was programmed to record a
sequence of separate images at prescribed time intervals. Images were acquired from a point of
view normal to the path of the projectile. The camera was geometrically calibrated for parallax
and alignment to achieve the most accurate results. The camera was indirectly triggered by the
velocity sensors, through a digital delay generator. The camera in turn triggered the ﬂash strobes.
The high-speed camera was housed in a metal enclosure to prevent damage due to ﬂying debris.
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2.3. Various test configurations
2.3.1. The stripped sabot configuration
Ballistic efﬁciency tests are based on the quantiﬁcation of the kinetic energy (K.E.) that is
absorbed by the armor and/or the extent to which the projectile is defeated. Perforation tests were
conducted on ceramic tiles and the absorbed kinetic energy was used as a measure of penetration
resistance. An aluminum sabot carried the projectile through the barrel. Prior to impact, the sabot
was stripped by means of a maraging steel stripper. High-speed photographs showed that the
stripping process was very consistent and the projectiles did not carry any signiﬁcant amounts of
parasitic sabot mass. After penetration, the projectile erodes and its velocity reduces. The residual
velocity was measured by means of two magnetic coil residual velocity sensors, which are
comprised of conducting coils wound along annular magnets. The projectile was slightly magnetic
due to the iron content in its composition. The passing of the residual projectile induced an
electromagnetic disturbance in the coils which was captured by a digital oscilloscope. Fig. 3 shows
the time resolved signal outputs from the velocity sensors. The mean of the separation between
various identical features of the signals was used to calculate the time lag. The physical separation
of the coils was measured and used to calculate the residual velocity. The projectile was recovered
from paper stacks, which act as a momentum dump, and the residual mass was measured. Flatended projectiles were used and hence yaw could lead to large variations in performance and
failure modes. High-speed photography was used to verify that the yaw did not exceed 5 and the
results were discarded for instances in which yaw was greater than 5 . Flash radiography also
provided valuable assistance in verifying that the projectile deformation was axi-symmetric, thus
indicating that the impact was normal. Ejecta traps, made of wax mold, were used to trap ﬁne
ceramic debris for microscopic examination.

Fig. 3. Residual velocity sensor output.
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2.3.2. The un-stripped sabot configuration
The stripping process resulted in the melting of most of the aluminum sabot and its deposition
on the stripper. However, at times, minute amounts of sabot debris passed through the stripper
along with the projectile and interfered with the high-speed photography. Hence, tests were also
conducted without the stripper and the residual velocity sensors. This conﬁguration provides
immaculate imagery of the initial stages of the impact phenomenon and helps the study of ejecta
characteristics. However, the time window of data acquisition was limited to the time interval
before the sabot interferes with the penetration process.
2.4. Flash radiography procedures
During ceramic penetration, ﬁne pulverized ceramic powder is ejected from the front and the
rear surface of the tile. This ejecta obscures the view of the projectile-target interaction and the
ﬂow of eroded rod particles. X-rays help to understand the projectile-target interaction. An
experimental setup for ﬂash radiography provides dynamic, real time images of the projectile
penetrating the ceramic tile. Two 150 kV X-ray heads were used. Cassettes containing ﬁlm, backed
by a scintillating screen were placed opposite to the heads. The X-ray heads were triggered
indirectly by the velocity sensors, through a digital time delay generator. Edge-on and inclined Xray conﬁgurations were used. See Figs. 4 and 5.
2.5. Material and membrane restraining techniques
Alumina (Coors Al2 O3 AD995 CAP3) and SiC (Cercom Grade B) were used as the target
material. AD995 is 99.5% purity alumina. The tile dimensions were 0:500 (12.7 mm) thickness
400 ð10 cmÞ  400 ð10 cmÞ; Mass 510 gm and density ¼ 3:92 g=cm3 ðareal density ¼ 4:98 g=cm2 Þ.
SiC tiles were of the same dimensions; density ¼ 3:17 g=cm3 (areal density ¼ 4.03 g=cm2 ).
The penetrator material was tungsten heavy alloy (WHA), manufactured by Hogen industries,
which had iron and nickel as its predominant alloying elements (93%W, 5%Ni, 2%Fe).
Cylindrical ﬂat-ended projectiles were chosen. Flat-ended projectiles were chosen, since they
reduce the scatter in the data and the geometric considerations are simpliﬁed for analysis. The

Fig. 4. Edge on X-ray set up (schematic and actual).
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Fig. 5. Inclined X-ray set up (schematic and actual).

Fig. 6. The projectile and sabot.

mass of the projectile was the same as an APM2 round (10.74 gm). The projectile dimensions were
0:2400 (6 mm) diameter and 0:7800 (19.8 mm) length; mass ¼ 10:68 gm. Tungsten heavy alloy is
continuously consumed by the penetration and hence the scatter in the data is much less than for
projectiles that shatter or break during impact/penetration. The sabot was made of aluminum;
diameter ¼ 25:4 mm, mass 7 gm. The projectile and the sabot are shown in Fig. 6.
2.5.1. Membrane restraining techniques
– Scotch 893 glass ﬁber tape
Commercially available Scotch 893 glass ﬁber tape was used to hand-wrap the ceramic tiles.
Scotch ﬁber tape has a tensile strength of 525 N/cm. It is 0.15 mm thick. Elongation is
approximately 4.5%. Eight layers of ﬁber tape were hand-wrapped on the tiles and then the
back-face tape was cut out such that only the front-face and edges of the ceramic tiles were
taped. The glass ﬁbers on the cellophane tape run uni-directionally. Hence, the orientation of
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the tape was alternated after every two layers 02 =902 =02 =902 . Taping the ceramic tile increased
its areal density from 4.98 to 5:31 g=cm2 .
– Ti-3%Al-2.5%V sheets
Ti-3/2.5 alloy sheets of 5 mil (0.127 mm), 10 mil (0.254 mm), 20 mil (0.508 mm) and 30 mil
(0.762 mm) were used. The sheets were bonded to the front-face of the ceramic tiles using
Loctite 312 glue. The tensile strength of Ti-3/2.5 is approximately 620 MPa. Elongation is
approximately 15%. The areal densities of the ceramic tiles with 0.127 mm, 0.254 mm,
0.508 mm and 0.762 mm Ti-3/2.5 sheets on the front face were 5:036 g=cm2 , 5:093 g=cm2 ,
5:207 g=cm2 and 5:321 g=cm2 , respectively.
– E-glass/epoxy
E-glass/epoxy pre-preg (BT-250E-1) manufactured by Bryte technologies Inc. was used. The Eglass reinforcement has a cross weave and the overall tensile strength is 434 MPa (layer
thickness 0:30 mm). The pre-preg was pressed onto the front surface of the ceramic tiles and
cured at 250  F ð121  CÞ, in a hot press. Samples with one, three, six and nine layers of E-glass/
epoxy on the front face were prepared. The areal densities were 5:019 g=cm2 , 5:099 g=cm2 ,
5:218 g=cm2 and 5:337 g=cm2 , respectively.
These techniques were also used to prepare samples with E-glass/epoxy on both the front and
00
00
back face of 12 ceramic tiles and in sandwich conﬁguration with 14 tiles (The tile thicknesses are
henceforth referred to in Imperial units).
– Carbon-ﬁber/epoxy
Carbon-ﬁber/epoxy pre-preg (BT-250E-1), also manufactured by Bryte technologies was used.
The carbon (graphite) reinforcement also has a cross weave and the overall tensile strength is
669 MPa (layer thickness 0:25 mm). Samples were prepared using techniques similar to those
used for E-glass/epoxy pre-preg. Samples with one, three, six and nine layers of carbon-ﬁber/
epoxy had areal densities of 5:017 g=cm2 , 5:083 g=cm2 , 5:186 g=cm2 and 5:289 g=cm2 ,
respectively.

3. The effect of front-face restraint on ballistic performance
00

The WHA projectiles were impacted onto 12 Al2 O3 tiles at 900 ms1 . The velocity was well
above the ballistic limit of the Al2 O3 tiles and was maintained for most of the tests. Bare tiles and
tiles with front-face restrained with ﬁberglass tape, Ti-3/2.5, carbon-ﬁber/epoxy, or E-glass/epoxy
membrane of varying thickness, were studied. Also, various other conﬁgurations such as front
00
and back-face restrained by E-glass/epoxy, two 14 tiles in a E-glass/epoxy sandwich structure
00
00
and two bare 14 tiles with an airgap separation were studied. Tests were also performed on 12 SiC
tiles. More than a 100 shots were made and coupled with high-speed photography and ﬂash
radiography.
3.1. High-speed photography results
3.1.1. Bare tiles
Fig. 7 shows pictures obtained by the high-speed camera during the impact of a bare Al2 O3 tile.
Ceramic ejecta is observed emerging from the front surface of a bare sample. The pictures are 4 ms
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Fig. 7. Closeup image of impact of projectile on a bare Al2 O3 tile (Each frame is 4 ms apart).

apart. As a sabot stripper was not used, clear photographs of the early stages of the impact
phenomenon were obtained. Impact occurs in frame 2. Soon after impact, a pulverized zone is
formed ahead of the projectile due to intense stress conditions. The ejection process clears the
pulverized ceramic away to accommodate the penetration of the projectile. Initially the ceramic
powder is ejected from the impact face and during the later stages of the penetration event it is
predominantly ejected from the rear face. A considerable amount of the energy transferred to the
target is converted to the kinetic energy of the ejecta. The ejecta ﬂow is radially disperse. A cone of
pulverized ceramic plume is formed, surrounding the projectile.
Ejecta profile: The displacement measurement tools of the Imacon software were used to plot
proﬁles of successive displacement of the ejecta. Fig. 8 shows the ejecta proﬁle for a bare ceramic
tile as viewed after 4, 8 and 12 ms, after impact. The vertical dotted lines indicate the projectile
position. The cone of ejecta formed, makes an angle of about 50o with the tile surface.
3.1.2. Restrained tiles
Fig. 9 shows the closeup of ejecta emerging from a sample that was restrained with ﬁber-tape on
its impact surface. The restraint acts as a nozzle channelling the ejecta. The ﬂow of ejecta particles
is much more acute as compared to the bare tile. The pictures are again 4 ms apart.
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Fig. 8. Ejecta proﬁle for a bare Al2 O3 tile.

Ejecta profiles: Fig. 10 shows the ejecta proﬁle for a restrained tile (8 layers ﬁber tape). Similarly
to the bare tile, the ejecta particles move in a direction opposite to that of the projectile. However,
the ﬂow is much more acute. The ejecta proﬁle is cylindrical in shape. The ﬁgure indicates that the
ejecta has traversed about 9 mm during 8 ms. That is nearly the same distance the ejecta for the
bare sample has traversed in 12 ms (measurements were made along the bold lines in the ﬁgures
since the proﬁles are a 2-D projection). The dotted vertical lines again indicate the projectile
position. Also a greater ejecta displacement is observed during the ﬁrst 4 ms due to aerodynamic
factors inﬂuencing the ejecta ﬂow. The measurements made in relation to ejecta velocity can be
used for qualitative comparison only.
3.2. Back face
Back face displacement: The projectile’s travel velocity and the rate of its erosion govern its
penetration rate. The back-face displacement gives a good indication of the penetration rate. Figs.
11 and 12 show the back-face displacement of a bare and a front-face restrained sample,
respectively. In both cases, the sabot was stripped prior to impact. It is observed that the initiation
of the back face displacement for a bare tile occurs 10 ms after impact. For a tile restrained in 3
layers of E-glass/epoxy, the initiation of back-face displacement occurs 25 ms after impact. This
indicates that the restraint delays the back-face displacement by nearly 15 ms after impact. This
implies increased erosion and/or reduction in the velocity of the projectile.
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Fig. 9. Closeup image of impact of projectile on a bare Al2 O3 tile (Each frame is 4 ms apart).

3.3. Flash radiography
3.3.1. Edge-on X-ray results
Fig. 13 shows the X-ray images of a bare ceramic tile captured using the edge-on conﬁguration
of the X-ray heads. Fig. 14 shows the X-ray images of a restrained ceramic tile. Since the ceramic
tiles used were about 400 in length, they were opaque to the 150 kV X-ray heads in an edge-on
conﬁguration. The eroded projectile particles can be observed emerging from the front face of the
Al2 O3 tile. As can be seen, the eroded projectile particles for the restrained samples, unlike the
ceramic ejecta, exhibit a more oblique ﬂow, as compared to the bare samples.
3.3.2. Inclined X-ray results
The inclined X-rays provide an interior view of the projectile-target interaction. Fig. 15 is a
closeup of the mushrooming of the projectile for the bare and the restrained samples. The
projectile deforms by mushrooming and shearing of its tip, indicating the ductile nature of its
failure. As can be seen, the projectile in the restrained sample exhibits a larger mushroom head.
This conﬁrms the increased penetration resistance to the projectile. The larger mushrooming also
resulted in a more oblique ﬂow of the eroded projectile particles seen in Fig. 14.
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Fig. 10. Ejecta proﬁle for an Al2 O3 tile restrained with glass ﬁber tape.

3.4. Comparison of rod erosion
The projectiles were recovered from the paper stacks, acting as momentum dumps. Fig. 16
compares the residual projectile geometries for sample tests performed on the bare and restrained
(8 layers ﬁber-tape) tiles. The restrained tiles were substantially more successful in eroding the
projectiles. Sometimes, the recovered projectiles did not manifest a mushroom head. The
increased penetration resistance resulted in greater erosion of the rod. A more detailed
microstructural analysis of the rod erosion has been performed by Gerlach [30] and Lankford
et al. [31].
3.5. Effect of restraint by carbon/epoxy on ballistic performance
Tests conducted with the stripped sabot conﬁguration help to understand the effect of an
impact-face restraint on the ballistic performance.
As can be seen in Fig. 17, the f K:E: for bare tiles is approximately 0.35. From the test results for
the carbon-ﬁber/epoxy, it is observed that f K:E: tends to diminish with increasing thickness of the
membrane layer. The f K:E: is shown for ceramic tiles restrained with 1 layer, 3 layers, 6 layers and
9 layers of carbon-ﬁber/epoxy, respectively. The f K:E: for a three layered carbon-ﬁber/epoxy
sample is approximately 0.16, less than half of that for the bare tiles. This is a nearly 20%
improvement in the ballistic efﬁciency for a mere 2% increase in the areal density. Beyond a
certain critical thickness for the front-face membrane, there is a gradual reduction in the resulting
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Fig. 11. High-speed 16 frame image of back-face displacement of a bare Al2 O3 tile (Each frame is 5 ms apart).

improvement due to the restraint effect. The fractional residual mass and residual velocity are also
plotted. The residual velocity decreases by more than 100 ms1 for the front-face restrained
samples. The residual velocity does not decrease much when the number of front-layers is
increased from 3 to 6 and 9. Results indicate that the improvement in ballistic efﬁciency due to the
restraint effect is largest on the addition of the ﬁrst 3 layers. With additional layers, it is expected
that the efﬁciency further improves due to the increase in mass. However, no strong correlation
has been observed due to the scatter in the data.
Fig. 18 shows the front and back view of a failed bare tile. Radial and circumferential cracks are
observed. Glass ﬁber tape was used to wrap around the edges to help recover the failed ceramic
tile. It has been veriﬁed that the use of small amounts of glass ﬁber tape on the edges has no effect
on the ballistic performance. Fig. 19 shows the front and back view of a failed ceramic tile
restrained in 9 layers of carbon-ﬁber/epoxy. As is observed from the images, the restrained tile
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Fig. 12. High-speed 16 frame image of back-face displacement of an Al2 O3 tile restrained with 3 layers E-glass/epoxy
(Each frame is 5 ms apart).

shows larger amounts of damage and radial crack formation compared to a bare tile. This can be
attributed to the increased duration of the interaction between the projectile and the ceramic.
3.6. Effect of restraint by E-glass/epoxy
Fig. 20 shows the effect of front-face membrane restraint by E-glass/epoxy on the ballistic
efﬁciency of Al2 O3 tiles. It is observed that E-glass/epoxy results in a higher ballistic efﬁciency
than carbon-ﬁber/epoxy. For a sample restrained by 3 layers of E-glass/epoxy, the ballistic
efﬁciency is improved by 23%. The areal density is increased by a mere 2.5%, when the sample is
restrained by 3 layers of E-glass/epoxy.
Fig. 20 also shows the effect of front-face restraint on the residual velocity and residual mass of
the projectile. The results are similar to those observed for restraint by carbon-ﬁber/epoxy. Again,
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Fig. 13. Edge-on X-rays for a bare Al2 O3 tile.

Fig. 14. Edge-on X-rays for a restrained Al2 O3 tile.

Fig. 15. Comparison of the projectile mushrooming. Both images were taken 8 ms after impact. (A) bare tile; (B)
restrained tile.
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Fig. 16. Comparison of rod erosion.
The effect of front-face restraint by Carbonfiber/Epoxy on the ballistic efficiency
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Fig. 17. Effect of carbon-ﬁber/epoxy on the ballistic efﬁciency of Al2 O3 tiles; 1 layer ¼ 0.25 mm thickness.

the ballistic efﬁciency shows no signiﬁcant improvement, when the membrane restraint is
increased above 3 layers.
3.7. Effect of restraint by Ti-3/2.5
Fig. 21 shows the effect of Ti-3/2.5 sheets on the ballistic efﬁciency of Al2 O3 tiles. The ballistic
efﬁciency resulting due to the restraint by Ti-3/2.5 was comparable to that observed for restraint
by E-glass/epoxy. The plot also includes the effect on residual mass and velocity of the projectile.
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Fig. 18. Front and back view of a failed bare Al2 O3 tile.

Fig. 19. Front and back view of a failed Al2 O3 tile restrained with 9 layers of carbon-ﬁber/epoxy.

Fig. 22 shows the front and back view of a failed sample which was restrained by a
20 mil (0.508 mm) sheet of Ti-3/2.5. The front Ti-3/2.5 sheet shows failure by ‘petalling’.
However, no petalling was observed during the perforation in the high-speed photographs.
The petalling process is slower, occurs after the event and has little bearing on the ballistic
efﬁciency.
3.8. Front face restraint on SiC samples
Tests were also performed on SiC samples to evaluate the effect of membrane restraint on their
ballistic efﬁciency. Fig. 23 shows that the f K:E: for a bare SiC tile is approximately 0.45. The f K:E:
for a SiC restrained with 3 layers of E-glass/epoxy is approximately 0.20. This indicates an
improvement of 25%. Note that the areal density of a bare SiC tile is 4:03 g=cm2 compared to
4:98 g=cm2 for the Al2 O3 tile. The effect on residual mass and residual velocity has also been
plotted.
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Fig. 20. Effect of E-glass/epoxy on the ballistic efﬁciency of Al2 O3 tiles; 1 layer ¼ 0:30 mm thickness.
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Fig. 21. Effect of Ti-3/2.5 on the ballistic efﬁciency of Al2 O3 tiles.
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Fig. 22. Front and back view of a failed Al2 O3 tile restrained with 20 mil sheet of Ti-3/2.5.
Effect of front face restraint by E-glass/Epoxy
on ballistic efficiency SiC tiles
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Fig. 23. Effect of E-glass/epoxy on the ballistic efﬁciency of SiC tiles.

4. Effect of other conﬁgurations of membrane restraint
4.1. Front and back-face restraint
Fig. 24 shows the effect of various other conﬁgurations of membrane restraint on the ballistic
efﬁciency. It is observed that the f K:E: for samples that were restrained both on the front and back
side by 3 layers of E-glass/epoxy is approximately 0.12. This suggests a very small increase in the
ballistic efﬁciency as compared to a sample that is restrained on the front face only. Back face
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Fig. 24. Effect of other conﬁgurations on the ballistic efﬁciency of Al2 O3 tiles.

Fig. 25. Front and back view of a failed Al2 O3 tile which was restrained on both front and back face.

restraint may improve the efﬁciency modestly, but front-face restraint accounts for most of the
improvement in efﬁciency. Fig. 25 shows the front and back side of a failed sample.
Experiments were also done by wrapping the front face of Al2 O3 in commercially available
Scotch ﬁber tape. It was observed that glass-ﬁber tape also improves the ballistic efﬁciency
substantially. However, the areal density is increased by nearly 7%, mainly as a result of the
cellophane content.
4.2. Two 14-inch tiles in a sandwich configuration
100
4

Experiments were done to study the effect of sandwich structuring on the ballistic efﬁciency. Two
Al2 O3 tiles were hot-pressed with 1 layer of E-glass/epoxy on the front and back and 2 layers
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Fig. 26. Front and back view of a failed sandwich structure Al2 O3 sample.

of E-glass/epoxy in the middle. Very little improvement in ballistic efﬁciency was observed. The
ratio of diameter of the projectile to thickness of ceramic tile has a huge effect on the shape and size
of the pulverized zone that is formed in the ceramic on impact. In the sandwich structure, the middle
E-glass/epoxy layers interfere with the formation of the pulverized zone and the ejection of ﬁne
ceramic powder. The ballistic effect of front-face restraint is heavily dependent on the shape and size
of the pulverized zone which is further dependent on the geometry of the projectile and the ceramic
tile. Fig. 26 shows the front and back view of a failed sample. The E-glass/epoxy layer on the back
00
face shows a smaller area of bulging in comparison to the layer on the back face of the 12 tile
restrained with E-glass on both front and back face. See Fig. 25. This suggests a smaller interaction
volume between the projectile and the target for the sandwich sample.
4.3. Two 14-inch tiles with an air-gap separation
To conﬁrm the effect of the ratio of the projectile diameter to the sample thickness, a test was
00
performed on two 14 Al2 O3 tiles separated by an air-gap. The areal density of ceramic that is
00
perforated by the projectile is the same as a 12 Al2 O3 tile. The formation of a pulverized zone was
limited due to the reduction in the thickness of the ceramic tile during the initial stages of impact.
00
The ballistic efﬁciency in fact decreased compared to a monolithic Al2 O3 tile of 12 thickness. This
conﬁrms the importance of the geometry of the projectile and ceramic tile and the size and the
shape of the pulverized zone that is formed in the improvement in ballistic efﬁciency by membrane
restraint. Fig. 27 shows the front and rear view of the failed sample. Fewer radial cracks were
00
formed on the impact-side tile in comparison to a 12 bare tile. Compare with Fig. 18.
5. Electron microscopy
5.1. Virgin alumina
Fig. 28 shows the microstructure of virgin Al2 O3 of 99.5% purity. The grain size varied from
about 5 mm to 10 mm. Fig. 29 shows a TEM image of the virgin Al2 O3 . The grain boundaries were
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Fig. 27. Front and back view of a failed sample consisting of two

100
4

Al2 O3 tiles separated with an airgap.

Fig. 28. SEM image of virgin Al2 O3 .

clean and no impurities or glassy phase were observed. However, minute pores were observed
occasionally.
5.2. Pulverized alumina
Fig. 30 is a scanning electron micrograph of some of the ﬁnest ejecta particles recovered from the
ejecta traps. It was observed that the pulverized ceramic has fragments that can range up to submicron size. The smallest recovered fragments were nearly 50 nm in size, indicating that pulverization
was the result of a sub-grain level failure mechanism. Fig. 31 shows the TEM image of a pulverized
fragment. Micro-plasticity in the form of dislocation generation and entanglement was observed.

6. Discussion and conclusions
Ceramic tiles when impacted by WHA projectiles fail through a combination of processes that
include fragmentation and formation of radial and circumferential macro-cracks, pulverization of
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Fig. 29. TEM image of virgin Al2 O3 .

Fig. 30. SEM image of pulverized Al2 O3 fragments.

the ceramic into ﬁne powder, and ejection of the ﬁne powder from front and rear surfaces.
The WHA projectile undergoes deformation and erosion. The projectile blunts, forming a
mushroom head and erodes during penetration as the pulverized ceramic ﬂows against and
around the projectile at high velocities. Penetration resistance is closely related to the
pulverization mechanism and the distribution of kinetic energy into various failure mechanisms.
Present studies indicate that thin membrane restraint can help conﬁne and restrict the ﬂow of
pulverized ceramic debris, in a manner that can be utilized to further increase resistance to
penetration. High-speed photographs display that the alteration of the ﬂow of the ejected
pulverized ceramic results mainly from front-face restraint of ceramic tiles. The front-face ejecta
from a bare tile is radially dispersed and conical. For a restrained tile the ejecta ﬂow is more acute
and cylindrical. Also the ejecta velocity for a restrained tile is nearly 40% higher during the initial
stages of impact. Flash radiography exhibits that restraining the ceramic tile results in a much
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Fig. 31. Dislocations in pulverized Al2 O3 fragments.

greater mushrooming and erosion of the projectile. The greater erosion and reduced velocity of
the projectile are also manifested in the form of a signiﬁcant delay in the back-face displacement
of the ceramic tile. Experiments indicate that impact-face restraint by a ﬁber-reinforced polymer
results in a substantial improvement in the ballistic efﬁciency. The comparative effects of restraint
by various materials such as E-glass/epoxy, carbon-ﬁber/epoxy and Ti-3/2.5 have been studied.
The ballistic efﬁciency can be improved by nearly 25% for an increase in areal density of 3%. It is
expected that after a certain critical thickness of the front-face membrane is reached, there will be
minimal further increase in improvement due to the restraint effect. It is observed that this critical
thickness is nominally around 3 layers, providing most of the improvement, with little or no
increase in ballistic efﬁciency with additional layers. No correlation has yet been found between
material properties such as stiffness, elongation/ductility of the membrane and the resulting
improvement in ballistic performance. It is also observed that with increasing layers of the frontface restraint, there is less damage in the composite fabric around the edge of the perforation
caused by the projectile.
The improvement due to the restraint effect is a result of the exploitation of the formation of
the pulverized zone and an effective alteration of failure modes. The characteristics of the
pulverized zone and the interaction volume (portion of ceramic that actively interacts with the
projectile) are dependent on the stress distribution, which is further dependent on the length/
diameter ratio of the projectile. Hence it is essential that the effect of the L/D ratio be studied in
detail to gain a complete understanding of the restraint effect.
Under the extreme states of stress reached during high-velocity impact, pulverization results in
the formation of extremely ﬁne sub-grain sized fragments. The length scale at which the material
heterogeneities interact with each other leading to possible micro-cracking is dependent on the
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magnitude of the shock compression [32]. Under shock impact, ceramics exhibit micro-plasticity.
TEM studies of Al2 O3 fragmented from a perforation test displayed evidence of dislocation
generation, motion and entanglement. Similar results have been reported by Lankford et al. [33].
Penetration resistance is also dependent on the morphology of the pulverized ceramic particles.
The morphology is further dependent on the microscopic failure mechanisms leading to the
pulverization of the ceramics. Hence, the microscopic failure mechanisms need to be examined in
detail with an in-depth TEM analysis to characterize the dislocation generation and pile-up,
twinning, micro-cracking, shear-banding etc., which may lead to more accurate physically-based
models.
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