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A B S T R A C T

In a typical body armour system, a hard armour plate is often used in conjunction with a soft ballistic panel. The
main purpose of the armour plate is to erode and fragment an impacting projectile, such as 7.62mm armour
piercing (AP) projectiles with a very hard material core. This is made possible by employing a single ceramic tile
as the strike face. This tile is covered by a sheet material. The sheet cover may improve the ballistic performance
by partly maintaining the integrity of the ceramic. In this study, the effect of adding a composite cover has been
investigated experimentally by ballistic testing of different types of composite-covered targets. The targets were
totally perforated by a 7.62mm AP hard steel core projectile at near-muzzle velocities (around 800m/s). The
post-impact process was monitored by high speed video, and the resulting core fragments were collected and
analysed. This allowed the core fragmentation, residual velocity and kinetic energy-loss to be quantified. The
results showed that the core fragmentation and the kinetic energy-loss of the projectile were most significant for
the targets with the composite-cover on the back of the alumina. For targets with four composite back-layers,
and an increased areal density of 9.5%, the mass of the projectile core was reduced by 61%, while the kinetic
energy was reduced by 84%. The residual velocity did not vary to the same extent between the different target
configurations. The mechanism behind the positive effect of a back cover is believed to be delayed opening of
tensile cracks that originate from the back of the ceramic, which gives more time for interaction with the
penetrator.

1. Introduction

Ceramics are commonly used in combination with other materials
for ballistic protection of civilian and military equipment where low
weight is a key requirement [1–3]. This may be vehicles, aircraft,
personnel, or any other application where mobility is important.
Ceramics are attractive materials because they offer low density and
high hardness. This promotes their use in light-weight ballistic pro-
tection systems, where their role is to erode, blunt and shatter the
projectile. Tiles of various size and thickness are employed, depending
on the application. However, one inherent property of ceramics is their
brittleness, and they will fracture in a brittle manner when subjected to
high stress loads (particularly tensile loads). When impacted by a pro-
jectile, the ceramic can fail by different modes depending on the pro-
jectile material, size and shape, and the ceramic properties and size/
thickness. In front of the penetrator, micro-cracking and lattice plasti-
city can occur in the ceramic, while radial and cone cracking extend
further out in the ceramic tile [4–9]. Upon formation of cone and radial
cracks in the ceramic, the tile breaks in pieces and the comminuted/

crushed ceramic in front of the penetrator becomes less confined in the
projectile path, which results in lower penetration resistance. This is an
important issue that needs to be considered when designing an armour
system, and it is usually solved by combining the ceramic with other
materials.

One important application of ceramics is found for body armour.
The introduction of body armour has resulted in a reduction of the
thoracic injuries for military combatants [10], i.e. the number of ca-
sualties in recent military conflicts has been reduced by the use of body
armour. A typical body armour system consists of a soft ballistic panel
and a hard armour plate. In a military context, the main purpose of the
soft panel, usually made from aramid and/or ultra-high molecular
weight polyethylene (UHMWPE), is to protect against fragments from
various types of explosions, while the main purpose of the armour plate
is to protect against rifle threats, such as hard core armour piercing
(AP) projectiles.

In hard armour plates, the strike face is made up of a single ceramic
tile which is typically alumina, silicon carbide or boron carbide, and
backed with several layers of ballistic fibres. The ceramic tile is often
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covered by a sheet material to improve the ballistic performance,
usually a fibre composite material [11]. When the ceramic is covered by
a sheet material, the ceramic will be partly held together both during
and after a projectile impact. The fractured ceramic is then prevented
from moving and held in place in the path of the penetrator. This gives
more time for erosion and fragmentation of the projectile. It was also
pointed out by Horsfall and Buckley [12] that a single laminate polymer
composite spall shield on the front of the ceramic will act to confine the
ceramic tile. This contributes to improved multi-hit performance, since
the spall shield introduces radial constraint on the ceramic surface,
which then prevents through-thickness cracks from opening and con-
fines larger ceramic fragments that are formed during impact. The ef-
fect of through-thickness cracks on multiple hits is then reduced.

Many hard armour plates are designed to protect against AP pro-
jectiles with caliber up to 7.62mm. These AP projectiles contain a core
that is made of a hard material, either a steel with high carbon and/or
high alloy element content, or a non-ferrous, high density material (e.g.
tungsten heavy allow (WHA), tungsten carbide) [13]. When the pro-
jectile impacts on the armour at a given velocity it is desirable, from a
protection point of view, that the core material of the projectile is
eroded and fragmented as much as possible, and that the core fragments
are slowed down considerably, thus reducing the kinetic energy. In this
respect, it is the largest projectile fragment that is the most critical,
since it will have the highest kinetic energy and, hence, the highest
probability of perforation.

New designs of composite-covered ceramics are continuously sought
to improve penetration resistance and to ultimately enhance personal
protection. Several studies have looked into how the failure of the
ceramic tiles is affected by a composite cover (or other sheet materials)
[14–20]. Some of the studies were performed using regular and AP
projectiles, but also other projectile geometries, such as spherical and
cylindrical, have been employed. The impact velocities in the refer-
enced studies ranged from around 200m/s to 900m/s. In all the stu-
dies, the target design (e.g. the ceramic, sheet material, number of
layers, etc.) and the experimental conditions (e.g. type of projectile,
impact velocity, ballistic test procedure, etc.) were different. Hence, the
studies do not fully agree on how the ballistic performance changes
with addition of a composite cover to a ceramic tile. Few studies have
tried to isolate the effects of front and back covers, since the composite
layer was usually present on both sides, or the composite was wrapped
around the tile. Nevertheless, Sarva et al. [14] found significant effects
from adding a front cover to the ceramic, but little extra effect from an
additional back cover. One proposed mechanism which contributed to
the increased performance of the front-covered ceramic is the con-
straining effect on the ceramic debris on the front. This constraint in-
creases the flow of ceramic debris towards the penetrator, gives more
time for penetrator-ceramic interaction, since the ceramic is kept in
front of the penetrator for a longer period of time, and slows down
propagation of cracks in the ceramic [14–16]. If these effects can be
utilized, hard armour plates with a lower areal density can be produced.

It is clear from the references in the previous paragraph, that adding
a front composite cover-layer of high-strength fibres to the ceramic, in
the form of unidirectional sheets or woven fabrics, can improve the
ballistic performance. This is investigated further in the present paper,
where ballistic experiments on bare and composite-covered (on front
and/or back) alumina tiles are described. A glass fibre-reinforced
composite was used for covering the tiles. Different target configura-
tions where the composite cover was placed on the front and/or the
backside of the alumina tiles were tested. To our knowledge, this is the
first study that in a systematic way tries to isolate the effects of front
and back covers. The main goal of the experiments was to investigate
whether the composite cover contributes to higher erosion and frag-
mentation of the projectile. Therefore, in the ballistic experiments, the
free-standing targets were totally perforated by a 7.62mm AP hard steel
core projectile at near-muzzle velocities (around 800m/s). High speed
filming was used to measure the residual velocity of the fragmented

projectile core, and the core fragments were collected and analysed.
This allowed the size distribution of core fragments, and thereby the
erosion and fragmentation of the core, to be quantified.

2. Experiments

2.1. Materials

The alumina (aluminium oxide, Al2O3) employed was Alotec 98 SB
from CeramTec (Plochingen, Germany). The alumina content of the
ceramic was 98%, with density 3.8 g/cm3, porosity <2%, medium
grain size 6 µm, Vickers hardness 13.5 GPa, and Young‘s modulus
335 GPa. The size of the alumina ceramic tiles was
100.1 mm × 100.1 mm × 8.2mm, the mass 318 g, and the areal
density 31.7 kg/m2.

The composite employed was glass fibre in a thermoplastic polye-
ster (polyethylene terephthalate, PET) matrix, delivered by Comfil
(Gjern, Denmark). A woven fabric of commingled glass fibres and PET
fibres was employed. The fabric is a balanced twill 2/2. In this fabric,
the crosswise yarns are carried over and under two lenghtwise yarns in
the weaving process, and each row of crosswise yarns is offset to create
the twill 2/2 pattern. The thermoplastic polymer fibres form a con-
solidated matrix with low porosity content upon melting and cooling.
For the consolidated composite material, the nominal fibre content was
57% by weight and 42% by volume, and the density was 1.87 g/cm3.
The thickness and areal density of one composite layer were 0.4mm
and 0.75 kg/m2, respectively.

2.2. Target configurations

Targets for ballistic testing, where the alumina was covered with the
composite material, were produced. In addition to the bare alumina
tile, alumina/composite target configurations where two or four layers
of the composite material covered the front and/or backside of the
alumina were employed. Details about the different configurations that
were produced and tested are given in Table 1. The increase in areal
density when adding two and four composite layers to the alumina was
4.7% and 9.5%, respectively.

The alumina/composite targets were produced via a vacuum-as-
sisted moulding process. A vacuum oven with a heated aluminium plate
and a covering silicon bag was employed. The alumina was first cleaned
by acetone degreasing. The correct number of fabric layers was then
added to the front and/or the back of the alumina tile. Heating under
vacuum was thereafter conducted at 215 °C for 75min, which led to
melting of the polymer, infiltration of the glass fibres, and the forma-
tion of a consolidated matrix upon cooling. The consolidated polyester
matrix gave good adhesion between the alumina and the composite
[21].

2.3. Ballistic testing

The projectile used for testing was a standard 7.62 × 63mm M2 AP
[24], shown in Fig. 1. The projectile has a 5.19 g armour piercing (AP)
hardened steel core, a 0.7 g lead filler in front of the steel core, a 0.4 g
copper cup, and a 4.4 g copper jacket [22]. The total mass of the pro-
jectiles used for the tests was on average 10.56 ± 0.01 g (± standard
deviation).

A test barrel (1:12 twist, 562mm bore length from Prototypa) was
used to accelerate the projectile using cartridges loaded with gun
powder. The test set-up is shown in Fig. 2. A laser velocity screen (VFR-
2 from Prototypa) was used to measure the projectile velocity. The
velocity screen was located 5.5m from the from the gun barrel, while
the target strike face was positioned at a distance of 11.5 m. The impact
velocity at the target position was corrected for the effect of drag be-
tween the velocity screen and the target, and a correction factor of
0.73m/s/m was employed [23,24]. The average impact velocity was
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801 ± 6m/s (± standard deviation). Projectile yaw and pitch was
estimated by placing a yaw card 1.0 m in front of the target. Prior to
conducting the testing of the targets, the measurements from the ve-
locity screens, the yaw and pitch of the projectile, and subsequently the
hole in the yaw card, were controlled by high speed filming. During the
testing, the projectiles totally perforated the targets, and a cloud of
debris, containing projectile and ceramic fragments, was formed at the
backside of the targets.

Two sets of ballistic tests were performed; one with the aim of
measuring the velocity of the core fragments after target perforation,
and one with the aim of quantifying the fragmentation of the projectile
core. The two slightly different experimental set-ups were employed
since the fragments at the back of the target are best collected when the
block of gelatine is positioned quite close to the backside of the target.
First, for post-impact measurements to determine the residual velocity,

a high speed camera (FASTCAM SA-Z type 2100K, Photron) was used to
measure the velocity of the largest fragment of the steel core. The frame
rate was 80,000 fps and the resolution was 896 × 240 pixels. The
camera was positioned orthogonally to the region behind the target.
The region was lit by two sets of lamps (DS-3, Digital Sputnik). Also, a
ruler was placed in this region below the path of the fragments. The
ruler was used as a fixed point of reference for the distance travelled
between consecutive frames. The recorded high speed videos were
analysed using the software ImageJ [25] together with the software
plugin MTrackJ [26] to find the velocity of the largest steel core frag-
ment, the largest projectile jacket fragment and the front of the cloud of
debris. The core and jacket velocity was measured roughly 0.4 m be-
hind the ceramic tile where they were both clearly distinguished from
the ceramic debris. The velocity of the ceramic cloud was measured
approximately 0.1m behind the ceramic tile. The number of tested
targets of each type was four. In these tests, the block of gelatine shown
in Fig. 2 was not employed. Second, for quantification of the frag-
mentation of the projectile steel core, blocks of ballistic gelatine were
used as fragment catcher. The gelatine block was placed 0.2 m behind
the target, and the area of the gelatine was then large enough to catch
fragments from the cloud of debris coming from the target. Between
eight and ten of these tests were conducted on each target type. This
setup did not allow for an accurate measurement of the residual velo-
city from the high speed videos, since the target-gelatine distance was
too short.

The ballistic test method employed here, broadly follows the
method used by Carton and Roebroeks [27], and later employed by
Burkins et al. [28]. Both studies employed the same 7.62 × 63 M2 AP
projectile. However, those studies included all collected core fragments
in the analysis of the kinetic energy-loss, while in the present study the
mass of individual fragments are considered.

2.4. Fragment analysis

For fragment analysis after the ballistic testing, the gelatine that
contained all the ceramic debris and the projectile fragments from the
test was first dissolved in hot water. All fragments in the solution were
then collected by filtering and drying. The fragments from the steel core
are magnetic and they were separated from the other debris with the
aid of a magnet.

The fragment size distribution of the retrieved core fragments was
quantified by separating the fragments by size, employing a sieve
shaker system (Vibratory Sieve Shaker ANALYSETTE 3, FRITSCH). Four
sieve sizes were used; 4mm, 2mm, 1mm and 0.5mm. The sieve shaker
was operating for a minimum of 6 min. The mass of the different
fractions was then measured on a laboratory scale. The number of
fragments in the size fractions >4mm and 2–4mm were also counted.

Imaging of core fragments was performed using scanning electron
microscopy (SEM) (SU6600 Schottky Field Emission Analytical SEM,
Hitachi). The acceleration voltage was typically 3 kV, and the sec-
ondary electrons detector was employed to obtain the images.

3. Results

3.1. Ballistic testing

The target perforation process was filmed with a high speed camera,
see Fig. 3, and the residual fragment velocity was measured from the
video. It was observed that the projectile impact and perforation pro-
cess results in significant fragmentation, not only of the projectile itself,
but also of the ceramic in the targets. The high speed videos reveal that
a cloud of fragments and other debris is formed at the backside of the
target, as shown in the images in Fig. 3. The high hardness of the
7.62mmM2 AP steel core means that fragmentation is expected for this
projectile [29]. Close to the backside, the cloud is quite dense. How-
ever, at a distance of approximately 0.25m, the individual fragments

Table 1
List of tested targets. 2F designates a target with two layers of composite ma-
terial on the front of the ceramic tile, 2B a target with two layers on the back of
the ceramic tile, and 2F2B a target with two layers on each side of the ceramic
tile.

Target type Configuration Areal density (kg/
m3)

Change in areal
density

Bare 31.7

2F 33.2 +4.7%

4F 34.7 +9.5%

2B 33.2 +4.7%

4B 34.7 +9.5%

2F2B 34.7 +9.5%

Fig. 1. Cross-section of the 7.62 × 63 M2 AP projectile used for the ballistic
testing.
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(of some size) become clearly visible, see Fig. 3(c). The main reason for
this is that the velocity of smaller and lighter fragments, particularly
dust-like particles, are slowed down much faster that the larger frag-
ments. In all the videos, the velocity of the largest fragment of the steel
core could then be determined. This large fragment was almost ex-
clusively in front of other smaller fragments inside the cloud, and in the
cases where the residual velocity of the smaller core fragments could be
measured, these travelled at a slightly lower velocity. There was no
indication, however, that the velocity of the largest residual core
fragment was decreased considerably within the length-range con-
sidered in these experiments. After recovery of the debris from the
gelatine fragment catcher pieces of the projectile, i.e. core fragments
and pieces of the copper jacket, as well as pieces from the target, were
visible, see Fig. 4(a).

One observation from the high-speed videos was that the copper
jacket of the projectile was always in front of the largest core fragment,
as can be seen in Fig. 3(c–e). The experiments performed by Gooch
et al. [30] may give some insight into these observations. By using X-ray
imaging of the impact process between 7.62mm M2 AP and boron
carbide backed by polyethylene, they observed that the core started to
decelerate before the jacket when the projectile impacted the ceramic.
The jacket moved into the comminuted ceramic material while the core
was still in the process of eroding. In the experiments by Gooch et al.
[30], the projectile did not perforate the target. It is likely, however,
that the observed behaviour, when combined with perforation, would
have caused the jacket to perforate before the core and hence give a
higher velocity after perforation, as was observed in the current study.
It should be noted, however, that Burkins et al. [28] did not observe
stripping of the jacket from the core in experiments where the projectile
did actually perforate the target.

The ballistic impact had a similar effect on the fracture of the
ceramic for the different types of targets. However, the amount of
alumina that was still attached to the cover material after testing was
very different, as shown in Fig. 4(b–c). For the back-covered targets,
there was practically no alumina attached to the cover, i.e. there was
complete delamination between the alumina and the composite cover.
For the front-covered targets, however, approximately 150 g of alumina
(of the original 318 g of alumina) was still attached to the cover, al-
though with a very high scatter in alumina mass between the targets.
Even more alumina, approximately 250 g, was left on the targets that
were covered on both sides. Here, the scatter between the targets was
very low, and on some targets both the front and back covers were still
attached (this is not shown in Fig. 4). Also, the formation of radial
cracks and cone cracks in the alumina in these targets, were observed.

3.2. Residual velocities

The measured velocities of the largest steel core fragment, the lar-
gest projectile jacket fragment, as well as the front of the debris cloud,
are given in Table 2. The impact velocity was 801 ± 6m/s (± stan-
dard deviation). For the largest core fragment, the residual velocity was
between 513 ± 51m/s and 571 ± 27m/s (± 95% confidence limit),
for target type 4B and target type 4F, respectively. However, none of
these measurements clearly indicate that the target design, i.e. front
and/or back composite cover on the alumina, has any effect on the
residual velocity. Nevertheless, the velocity reduction of the steel core
is high for each target type, and in the range 29–36%.

The measured residual velocities, Vres, from each experiment are
shown in Fig. 5. In their experiments, Carton and Roebroeks [27] as-
sumed that the residual fragment velocity was identical to the velocity
of the front of the debris cloud measured from the high speed video.
Also, Burkins et al. [28] combined X-ray measurements of the frag-
ments inside the cloud and high speed videos of the front of the debris
cloud. Their experiments confirmed the assumption by Carton and
Roebroeks, since the difference in velocity between the two measure-
ment methods was, in most cases, within 5%. However, when using
high speed video to measure both the velocity of the front of the cloud
and the largest core fragment inside the cloud, we found that the dif-
ference in velocity was in the range 7–14%, with an average of 10%. At
the same time, the velocity of the largest jacket fragment was on
average 5% lower than the initial cloud velocity. The point of mea-
surement (0.1 m behind the target for the cloud velocity and 0.4 m
behind for the jacket and the core velocity), may clearly affect this.
However, these results show that the difference in velocity, despite
differences in the point of measurement, could be significant, and that
the possibility of this occurring is something that should be taken into
account when using this test method. A large discrepancy between the
results could contribute to inaccurate conclusions being made.

3.3. Core fragmentation

3.3.1. Fragments
The projectile steel core fragments were recovered after the ballistic

tests with gelatine, and then separated by size. For all the targets, a few
larger and many smaller fragments were created. The size distribution
of the projectile core fragmentation is illustrated in Fig. 6, and more
detailed images of core fragments are shown in Fig. 7. A similar type of
fragmentation was observed by Savio et al. [31], although a different
7.62mm AP projectile and a different ceramic were employed, with the
tail piece of the steel core making up the largest fragment mass.

Images of core fragments are shown in Fig. 7. The SEM investigation

Fig. 2. Experimental setup for the ballistic testing.
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revealed the presence of micro-cracking close to the zone of projectile/
alumina interaction. This observation, and the formation of the smaller
fragments, is an indication of the high compressive forces that have
been acting on the tip of the projectile core. An in-depth fractographic
analysis has not been conducted as part of this study, but failure me-
chanisms such as inter-granular fracture, formation of adiabatic shear
bands and ductile fracture have been identified for AP 7.62mm hard
steel core projectiles [13,32].

The majority of the small fragments, or particles, were 100 µm or
larger in size, although fragments around 10 µm in size were also

observed. Particles of this small size have also been observed by Madhu
et al. [33], which conducted impact experiments on alumina employing
a 12.7 mm AP hardened steel projectile. They observed both projectile
erosion and fragmentation, and higher impact velocity and higher
ceramic thickness resulted in more erosion of the tip of the projectile,
which was evident from the formation of a fine powder. In the present
study, however, many of the smallest fragments may have been lost in
the recovery process from the gelatine or in the handling of the samples.
This may partly explain why around 10% of the initial core mass is
unaccounted for (see next section) and why most fragments in the

Fig. 3. Still images from the high speed video of target type 2F2B.
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<0.5mm size fraction were larger, not smaller, than 100 µm in size.

3.3.2. Mass of fragments
The results from the mass measurement of the different fragment

sizes, after separation by sieves, are given in Table 2. Most of the re-
sidual mass was found in the largest size fraction, i.e. in the sieve with
size 4mm, including of course the largest core fragment. For the smaller
size fractions, an increasingly lower residual mass is measured. This is
also illustrated in Fig. 8, where the accumulated residual core mass,
mres, is shown (the figure is based on the data in Table 2). When taking
smaller and smaller fragments into account, the accumulated core
masses for the different target configurations become more and more
similar, until around 90% of the initial core was recovered for all target
types. This means that around 10% mass was lost in the impact process,
some of this mass may have been lost on the front face of the target,
and/or during the recovery of the fragments from the gelatine. There is
no indication, however, that fragments of some significant size were
lost, and it is likely that the lost mass is in the form of finer particles. It
was also observed that some remnants of alumina were attached to the
small fragments, but this is not enough to have any effect on the
measured mass.

In general, the mass of the largest core fragment is on average about
half of the initial core mass, m0, which is 5.19 g. The average residual
mass of the largest core fragment was between 2.03 g and 3.04 g. It is
noteworthy that the targets with the composite cover on the back side
gave a lower residual mass of the largest fragment, compared to the
targets with the composite cover on the front side. The difference be-
tween target type 4B (with back cover) on one hand, and target type 2F

(with front cover) on the other hand, was statistically significant, i.e.
with the 95% confidence limit requirement that was employed, as il-
lustrated in Fig. 9. The bare target, and the target with both back and
front cover, gave a residual fragment mass that was in-between the
mass for the targets with back or front cover. The mass reductions for
target type 4F, the bare target, and target type 4B were 61%, 51%, and
43%, respectively. Taking all these results into account, there was a
clear indication that the targets with the composite cover on the
backside of the alumina gave a lower residual mass, mres, of the largest
core fragment.

The average mass of the largest fragment, and the remaining frag-
ments that are larger than 4mm in size, are shown in Fig. 9. The figure
shows that a low mass of the largest fragment results in a comparatively
high average mass of the smaller fragments, and vice versa. The number
of fragments above 4mm in size is also higher when the largest frag-
ment has a low mass. Thus, these results show that a composite back
cover results in formation of a higher number of smaller fragments
(when considering the fragments above 4mm in size). On average, the
smaller fragments never have a mass that is higher than a typical 1.1 g
fragment simulating projectile (FSP), as defined in STANAG 2920/AEP
2920 [23,24]. For the fragments that are below 4mm in size, there is
little variation between the different targets (see Table 2). However, the
data for the size fraction 2–4mm may also indicate that a back cover
results in more core fragmentation, although the results are less clear
for this size fraction. Overall, the results here show that a composite
back cover on the alumina results in more fragmentation of the initial
core, and ultimately gives a higher number of fragments of lower mass.

Fig. 4. Recovered debris and back face images of tested targets: (a) typical debris after filtering from the dissolved gelatine, (b) target with back cover (target type
2B), (c) target with front cover (target type 2F), and (d) target with front and back cover (target type 2F2B).
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3.4. Kinetic energy of residual core fragments

The kinetic energy of the core at impact is a function of the impact
velocity, V0, and the initial core mass, m0. In the experiments conducted
here, the kinetic energy of the core is then roughly 1665 J. Likewise, the
residual kinetic energy of the largest projectile core fragment, Eres, can
be calculated from the residual mass of the largest fragment, mres, and
the residual velocity, Vres, after target perforation. Here, only the lar-
gest fragment is considered in terms of residual kinetic energy, since it
is by far dominant due to its high mass.

The residual kinetic energy, Eres, of the largest core fragment is
given in Table 2. When comparing target type 4B (with back cover), the
bare target and target type 4F (with front cover), the values of Eres for
the largest core fragment are 267 ± 56 J, 394 ± 77 J and
467 ± 82 J, respectively. The kinetic energy-loss during impact on the
target with a back cover is therefore higher, where the kinetic energy is
reduced by up to 84% for target type 4B. The importance of the frag-
mentation of the core becomes evident when comparing target type 2B
(with back cover) and target type 2F (with front cover). In this case, the
largest fragment of the latter target actually had a slightly lower re-
sidual velocity; i.e. 553 ± 45m/s for target type 2B and 528 ± 18m/
s for target type 2F. Still, due to a higher degree of core fragmentation,
target type 2B with back cover had a lower kinetic energy of
361 ± 73 J, compared to the target with the front-cover, where the
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Fig. 5. The measured velocities of the largest core fragment, the largest jacket
fragment and the front of the debris cloud. The three straight lines (with slopes
of 1.00, 0.95 and 0.90) are visual guidelines for comparing the residual velocity
of the projectile core and the jacket with the cloud velocity.

Fig. 6. Recovered projectile core fragments; example of size distribution.
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kinetic energy was 423 ± 50 J. It should not be neglected, however,
that a fragment cloud will have a higher total kinetic energy, and
therefore potentially represent a higher threat. Still, the contribution
from the largest fragment is by far the dominant in this case.

The relative residual mass, mres/m0, and the relative residual velo-
city, Vres/V0, for the largest core fragment that was recovered from each
target type, is shown in Fig. 10. In this figure, the points closer to the
lower left corner in the figure indicate lower kinetic energy, while the
points that are closer to the upper right corner indicate higher kinetic
energy. As when considering only the mass of the largest fragment, the

figure indicates that the residual kinetic energy, Eres, of the largest core
fragment can be reduced by adding a composite back cover to the
alumina. However, although the results in Fig. 10 indicate that there
the kinetic energy-loss of the projectile steel core is higher when a
composite back cover is added to the alumina, this cannot be con-
fidently concluded. This is due to the large and overlapping confidence
intervals.

Fig. 7. Examples of core fragments: (a) Image of largest core fragment, tail section; and SEM images of (b) the front of a large fragment with a micro-crack on the
side, (c) detail of a micro-crack in a fracture surface, and (d) fragments less than 0.5 mm in size.

Fig. 8. Accumulated mass, mres, of the residual core fragments including 95%
confidence intervals.

Fig. 9. Average mass of the largest core fragment and the average mass of the
remaining fragments larger than 4mm in size. The average number of frag-
ments larger than 4mm in size, including the largest fragment, is also indicated.
The bars indicate the 95% confidence intervals.
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4. Discussion

There are some studies in the literature that look into the effects on
ballistic performance of adding a composite cover to ceramics. An
overview of some of this literature is given in Table 3. Several of the
studies have shown that covering of ceramics may lead to improved
ballistic performance in terms of increased core fragmentation, reduced
residual velocity of the core fragments, and increased kinetic energy-
loss. However, all these studies differ from each other in that the tested
targets, the test methods and the projectiles are different. It is therefore
difficult to directly compare the results. One common observation,
however, is that most studies found a significant effect from a front
cover or from wrapping of the ceramic. That is different from the results
of the current study, which indicate that the greatest improvement in
ballistic performance is found when adding a back cover. No other
studies have, to our knowledge, reported a similar effect, although in-
creased energy absorption from a back cover has been reported for very
thin (2mm) alumina tiles [18].

In one of the studies, Sarva et al. [14] found a significant im-
provement in the ballistic performance from front covers made of dif-
ferent materials. Significantly higher kinetic energy-loss and more
projectile erosion (i.e. damage) were observed. The increase in per-
formance was attributed to an increased flow of ceramic debris towards
the projectile due to constraints from the front cover, and the addition
of an additional back cover had only a very modest effect. However,
Sarva et al. [14] employed a cylindrical flat-ended tungsten heavy alloy
(WHA) penetrator (which was of similar mass as the 7.62mm M2 AP
projectile) in their impact experiments. The WHA penetrator was con-
tinuously consumed by erosion by the penetration, and did not shatter
or break, which reduced the scatter in the data. This is different from
projectiles made of hard steel, such as e.g. the 7.62mm M2 AP, which
have been observed to fragment during impact due to their low ducti-
lity [16,29–33]. It has been shown that the perforation ability of AP
projectiles can be directly correlated with the hardness of the core
material [13]. Less hard projectiles, on the other hand, will result in
other deformation modes, such as e.g. mushrooming or petalling. It has
also been observed that a composite cover did not have a significant
effect on the erosion of a mild steel core projectile [19]. Nevertheless,
the different degradation processes of the penetrator could at least
partly explain the difference observed in the current study and the one

Fig. 10. Relative residual mass, mres/m0, and relative residual velocity, Vres/V0,
for the largest core fragments. The bars indicate the 95% confidence intervals.
The red dashed triangle shows the three targets with no back cover, while the
blue dashed triangle includes the three targets with back cover. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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by Sarva et al. [14].
In addition to the penetrator material, the penetrator shape will also

have an effect, meaning that a different shape of the nose of the pro-
jectile may lead to different penetration mechanisms and perforation
velocities [34,35]. Conical or ogival tipped projectiles may penetrate at
lower velocities than cylindrical/blunt projectiles. This may also ex-
plain some of the observed differences between the current study and
that by Sarva et al. [14]. The increased flow of ceramic debris against
the projectile due to constraints from the front cover may not be as
significant for pointed projectiles. In fact, the front-covered alumina did
not result in lower residual mass than the bare targets which suggests
that this mechanism is negligible for the target/penetrator combination
that was employed here. To complicate things further, the same pro-
jectile core with and without the jacket and lead cap can also have very
different penetration ability [19,30]. Still, noteworthy effects of a
composite front cover or wrapping on ceramic damage, core erosion,
fragmentation, and back-face deformation, have been observed also for
pointed AP 7.62mm projectiles of hardened steel by Nunn et al. [15],
Reddy et al. [16] and Crouch [20]. The suggested mechanisms that
contribute to the improved performance are quite similar to those
proposed by Sarva et al. [14]. The constraint of the ceramic could slow
down the opening of cracks, giving more ceramic damage and ceramic
debris of smaller size in the region in front of the penetrator. The
ceramic then takes part in the loading and erosion of the penetrator for
a longer period of time. These mechanisms do, however, not fully ex-
plain the improvement in ballistic performance from a back cover only.
In the case of a back cover, it is more likely that the composite restraint
contributes to a delayed opening of tensile cracks on the back of the
ceramic. The end result is similar though, since the delay in separation
of larger ceramic pieces created by cone and radial cracks gives more
time for interaction with the penetrator. Hence, in the present study,
increased core fragmentation and higher energy-loss are observed for
the targets with a back cover.

In the targets tested here, the areal density was increased by 4.7%
and 9.5% when two or four layers, respectively, of cover material was
added to the alumina. The increased areal density of the covered targets
will contribute to the increased ballistic performance, and it has been
argued that the dwell time for a ceramic/composite system will increase
with increasing areal density, as long as the ceramic is harder than the
penetrator [36]. However, a small increase in areal density is, on its
own, not able to explain the observed effects on core fragmentation,
residual velocity and kinetic energy-loss. Similar observations were also
made in the other studies discussed above, where an up to 50% change
in energy-loss, residual velocity, fragmentation and V50 (projectile
velocity at which the chance of perforation is 50% with a specified
armour and a specified projectile) were observed for less, sometimes
much less, than a 10% increase in areal density [14–16]. This supports
the presumption that some supplementary mechanisms, as discussed
above, must be acting and contributing to the observed effects.

Improved ballistic performance of the covered or wrapped ceramic
tile in hard armour plates in body armour could have implications on
the overall weight of the soldier protection system. There are several
possible outcomes of increased core fragmentation and perforation re-
sistance. One is that the thickness of the ceramic itself could be reduced,
while still maintaining the required level of protection at a lower areal
density. Another is that the number of sheets of ballistic fibres, either at
the back of the hard armour plate or in the soft ballistic panel, could be
reduced. This is a direct consequence of the lower kinetic energy of the
core fragments. Also, improved multi-hit performance may result, since
the composite restraint can prevent through-thickness cracks from
opening, as well as confine larger ceramic fragments. With an optimised
design of the composite that is surrounding the ceramic tile, seen in
conjunction with the whole protection system, the mobility of the so-
lider could be improved at a reasonable cost. An alternative, however,
is to build systems that exhibit higher performance and protect against
more severe threats.

From the results presented here, it was difficult to draw any firm
conclusions, although some clear trends were observed. One important
factor to consider in this respect is that the data are generated from, in a
statistics point of view, only a limited number of tests for each target
type. In total, 75 tests were performed for the results shown in this
study. The number of tests should have been much higher to achieve
statistically reliable results at a high confidence level. The reason for
the limited number of conducted tests is that the test methods that were
employed, e.g. using gelatine as a fragment catcher, are very time-
consuming and expensive.

5. Conclusions

Ballistic experiments have been performed on bare and composite-
covered alumina tiles. The main aim of the experiments was to isolate
the possible differences in ballistic performance when adding front or
back covers on ceramic tiles. Two or four layers of a glass fibre-re-
inforced composite material were applied to the front and/or backside
of the alumina, which resulted in a maximum increase in areal density
of 9.5%.

In the ballistic experiments, free-standing targets with different
alumina/composite configurations were totally perforated by a
7.62mm AP hard steel core projectile at near-muzzle velocities. The
perforation process was monitored by high speed video, and the re-
sidual core fragments were collected and analysed. This allowed the
effect of the projectile/target interaction to be quantified in terms of the
residual size of the core fragments. It was observed that the target
configuration had a significant influence on the fragmentation of the
projectile core. The targets with the composite cover on the back side
gave higher core fragmentation, i.e. a higher number of fragments
above 4mm in size were formed, and the residual mass of the largest
fragment was lower. A reduction of the core mass by 61% was observed
for the targets with four composite cover-layers on the back of the
alumina.

The position of the composite cover did not have a significant effect
on the residual velocity of the main core fragment after target per-
foration. However, due to the difference in residual mass, the kinetic
energy-loss was higher when a back cover was applied. A reduction in
kinetic energy by 84% (for the largest fragment) was achieved with four
composite cover-layers on the back of the alumina. The observed effects
are somewhat different from several studies in the literature, where an
improvement in ballistic performance has been attributed to composite
covering on the front side of the ceramic, i.e. on the strike face, or by
wrapping of the ceramic by the composite.

The increased areal density alone cannot explain the increased
fragmentation of the projectile core, and some other mechanisms must
also contribute. The most likely mechanism is that the restraint of the
back cover contributes to a time-delay in the opening of tensile cracks
on the back of the ceramic. This delay gives more time for interaction
with the penetrator, hence improving the ballistic performance of the
target.
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