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a b s t r a c t

This paper concerns absorption of the kinetic energy of a projectile in multi-layer protection systems,
with particular focus on the role of inter-layer bonding. Two-layer samples have been produced,
composed of a 2 mm thick alumina front plate and a carbon fibre composite back plate with a thickness
of about 0.8 mm. These were manufactured under two sets of conditions. The fracture energy of the
inter-layer interface was measured for these two types of sample to be 170 and 620 J m�2. Such samples
were subjected to impact by spherical projectiles of hardened steel, with a diameter of 8 mm and an
impact speed of about 220 m s�1, corresponding to a kinetic energy of about 50 J. Samples composed of
the alumina plate alone and of unbonded alumina and composite layers were also tested. It was found
that significantly more projectile energy was absorbed by the strongly bonded samples, and that this
difference was greater than could be explained solely in terms of the interfacial debonding energy. This is
investigated by estimating the magnitudes of all of the identifiable sources of energy absorption,
including that of plastic deformation of the projectile. It is concluded that strong inter-layer bonding can
promote greater energy absorption in the composite back-plate.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

There has been extensive work [1e8] on the development of
systems offering protection against damage from projectile impact.
Most of these are based onmulti-layer structures, with a front plate
made of a hard material (designed to resist the initial impact of the
projectile) and a layer, or layers, behind this, in which the energy of
the projectile becomes dissipated. In combination, such systems are
designed to impede penetration of the projectile and also to ensure
that there is minimal transmission of energy andmomentum to the
region being protected. Low weight is often desirable and it's
become common to use ceramic (often alumina) front plates and
tough, polymer-based composite layers in the energy-absorbing
role.

Sometimes a layer (usually quite thin and often termed a
confinement layer) is incorporated immediately behind the front
plate, with a primary function of ensuring that, after impact, the
front plate remains in place, even if it becomes fragmented. It is
often made of a relatively tough material that is likely to remain
intact after impact and there is usually a strong bond with the front
plate. The main role of the confinement layer is to confer a good
“second strike” resistance [9] on the structure e ie to ensure that
the front plate remains sufficiently integral to prevent easy passage
of a second projectile that might arrive close to the site of the initial
impact.

Attempts are usually made to ensure that the confinement layer
is well bonded to the front plate, since this is logical in terms of its
primary function. In general, however, it's not very clear whether
the overall performance of the system is enhanced by making all
interfacial bonding as strong (or tough) as possible. In fact, there is
probably an argument to be made along the lines that weak
bonding, and hence extensive delamination on impact, could assist
in spreading the energy dissipation over a greater area. In practice,
while there have been a number of studies [10e15] focussed on
energy absorption during ballistic impact of layered structures,
there has been only rather limited (experimental or theoretical)
examination of this issue [16,17], mainly because there is inevitably
a complex interplay between the various phenomena that occur
during ballistic impact of a multi-layer protection system, with a
substantial number of experimental variables and potential com-
plications. Also, it is relatively uncommon to control and quantify
the inter-layer strength (toughness) in a systematic way. The pre-
sent paper is aimed in this direction, focussing on a simple two-
layer system with two (significantly) different levels of inter-layer
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bond strength and making an attempt to measure and understand
the various contributions to the absorbed energy for the two
different cases.
Fig. 2. Optical micrograph of the free surface of C-PET twill woven ply, before
consolidation.
2. Experimental procedures

2.1. Material

The alumina plates, supplied by Hybrid Laser, were 2 mm thick
and had a density of 3.84 g cm�3 e measured using helium-
pycnometry (Micrometrics Accupyc 1330). X-ray diffraction
revealed that they were composed mainly (~96%) of a-alumina,
with the remainder being a spinel. The surface roughness was
measured (using a Dektak 32 stylus profilometer) to have an Ra
value of ~1 mm. A fracture surface is shown in Fig.1, where it can be
seen that fracture is inter-granular and the grain size varies be-
tween about 3 and 10 mm.

A commercial woven fibre composite (Comfil®) was employed
as a backing (confinement) layer. It has a 2� 2 twill weave structure
with 0.33 tows mm�1, as shown in Fig. 2. The tows consist of 12 K
Tenax HTS carbon fibres (6e8 mm diameter) and (low density)
polyethylene terephthalate (PET) fibres (~30 mm diameter), inter-
twined in each of the yarns. The PET fibres soften when heated. At
sufficiently high temperatures, and under the action of applied
pressure, the PET flows and infiltrates the open spaces, forming a
thermoplastic matrix. The consolidated thickness of a single com-
posite ply was ~0.78 mm, with a density of 1.54 g cm�3.
2.2. Production of layered specimens by hot pressing

Layered specimensweremanufactured by hot pressing, using an
applied pressure of 30 bar. Two hot pressing temperatures were
employed e 200 �C and 230 �C. Prior to hot pressing, the alumina
was cleaned with detergent and ethanol, before being submerged
in an ultrasonic bath for 20 min.
Fig. 1. SEM micrograph of a fracture surface from an alumina plate.
2.3. Alumina fracture energy measurement

The fracture energy of the alumina plates was measured using
the Charpy impact test. The specimen sizes were 15 � 5 � 50 mm.
The samples were pre-notched, with a notch depth of 1.5 mm. To
calibrate the apparatus, the pendulum was allowed to swing
without the sample present, and the energy loss due to friction
alonewas measured at 0.01 J. Compared to typical measured values
of the fracture energy, this was found to be negligible and could be
ignored. Cases in which fracture did not take place from the notch
were excluded.

2.4. Inter-layer fracture energy measurement by 4-point bend
delamination

To measure the inter-layer fracture energy (between the
alumina and the C-PET layer) the 4-point bend delamination test, as
developed by Charalmbides et al. [18] and Howard and Clyne [19],
was employed. This test tends to produce strongly “mixed mode”
fracture conditions. The stiffness of the C-PET layer was enhanced
by the addition of a Tie6Ale4V layer, with a thickness of 1 mm.
(Without this, the energy released by inter-layer debonding would
have been insufficient to drive an inter-layer crack, particularly
with a relatively tough interface: the effect of the stiffening element
is incorporated in the analysis.) The titanium alloy sheets were
sand-blasted, in order to create rough surfaces that allowed the
bond between the titanium and the C-PET to be tough enough to
ensure that delamination occurred (only) between the alumina
layer and the C-PET layer. The measured Ra value for the sand-
blasted titanium alloy was ~3.6 mm, which is ~3.5 times greater
than that obtained for the alumina. The yield stress of the titanium
alloy sheet (~1 GPa) is high enough to ensure that it did not undergo
any plastic deformation during the testing.

Any excess polymer, visible around the edges of the specimens
after hot pressing, was removed prior to testing, in order to prevent
residual polymer ligaments from forming across the de-bonding
interfaces. A pre-crack along the interface between the alumina
and the C-PET ply was introduced by adding thin kapton sheets
(7 mm in length on either side of the notch in the alumina) before
hot pressing. In all cases, it was found that the inter-layer crack did
indeed propagate between the alumina and C-PET layers, and the Ti
alloy sheets remained bonded to the C-PET layers throughout.
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The specimens were tested using a motor-controlled set-up,
under displacement control. Displacements were measured using a
scanning laser extensometer with a resolution of ~1 mm. Specimen
lengths were typically about 160 mm. The distance between the
outer rollers was fixed at ~140 mm, while that between the inner
rollers was ~70 mm. Load and displacement histories were
continuously monitored. A specimen, after testing, is shown in
Fig. 3(a). Visible in this micrograph are: i) the three layers
(including the Ti alloy sheet added to stiffen the C-PET layer), ii) the
notch in the alumina and iii) a de-bonded region between the
alumina and the C-PET. A close-up of an inter-layer region that
remained bonded during testing is shown in Fig. 3(b). It can be seen
that the polymer became sufficiently soft during hot pressing to
penetrate the depressions in the rough alumina surface, creating a
well-bonded interface.
2.5. Ballistic impact testing

Ballistic impact tests were conducted using a gas gun. The
projectile was made of a 52100 type steel, containing ~1.3e1.6 wt%
Cr, 0.95e1.1 wt%C and small amounts of Mn and Si. The micro-
structure is martensitic, with cementite spheres, typical of
quenched and tempered chrome steel for ball bearings. The high C
content ensures that this steel has a relatively high hardness.
Spherical projectiles were used, with 8 mm diameter, mass of ~2 g
and an impact velocity of about 220e230 m s�1, giving an incident
projectile kinetic energy of about 50 J. Incident and emergent
projectile velocities were measured (with a precision of about ±1%)
using two pairs of light gates. Specimens were clamped inside a
steel frame, confined along their edges, leaving a free (exposed)
surface measuring 64 � 64 mm. Specimen in-plane dimensions
were 70� 70 mm. The alumina plates were 2 mm thick in all cases,
while all of the C-PET layers were about 0.8 mm in thickness.

Four different types of specimen were employed. These were:

(i) Alumina plate alone
Fig. 3. Micrographs from a 4-point bend delamination specimen (with high bond
strength), taken from the side after testing: (a) an optical micrograph showing most of
the specimen and (b) an SEMmicrograph of the interfacial region between the alumina
plate and the bonded C-PET layer, beyond the interfacial crack.
(ii) Alumina plate and (consolidated) C-PET layer, clamped
together around the frame, but not bonded together

(iii) Bonded alumina plate plus C-PET layer, produced by hot
pressing at 200 �C

(iv) Bonded alumina plate plus C-PET layer, produced by hot
pressing at 230 �C

3. Alumina and inter-layer fracture energies

3.1. Alumina fracture energy

Measured fracture energy values, obtained by Charpy testing,
are shown in Fig. 4. It can be seen that typical values were
~2e3 kJ m�2. This is a little higher than might have been expected
for alumina under ideal plane strain, mode I conditions, but they
are similar to values obtained previously [20] for alumina by Charpy
testing. Of course, fracture propagation during ballistic testing
probably does not occur under plane strain, mode I conditions
either, and the cracking stimulated during the Charpy test does at
least occur as a result of an impact event.

3.2. Inter-layer fracture energy

Typical loadedisplacement curves obtained during 4-point
bend testing are shown in Fig. 5(a). Two types of specimen were
tested, having been produced by hot pressing at either 200 �C or
230 �C. It's clear that, in all cases, there is a distinct plateau in the
plot, corresponding to regimes of at least approximately steady
state crack propagation. These are expected to yield valid fracture
energy values. There is also evidence for short periods of “crack-
bursting”, indicating that there were some variations in the local
toughness of the inter-layer interface. Derived values of the inter-
layer fracture energy are shown in Fig. 5(b). For the specimens
processed at 200 �C, an average Gic value of ~170 J m�2 was ob-
tained, whereas the corresponding figure for samples pressed at
230 �C is ~620 J m�2. It's thus clear that inter-layer interfaces
created under the latter conditions were appreciably tougher. Of
course, interfacial debonding during projectile impact may absorb
rather different amounts of energy, due to the higher speed of crack
Fig. 4. Fracture energy of alumina, as measured with the Charpy impact test.



Fig. 5. Data from 4-point bend delamination testing, in the form of (a) typical loadedisplacement plots and (b) deduced inter-layer fracture energy values, for specimens produced
using two different hot pressing temperatures.

Table 1
Values of the JohnsoneCook formulation parameters used for the 52100 steel.

Parameter Value

Density, r 7800 kg m�3

Young's modulus, E 200 GPa
Poisson's ratio, n 0.3
Static yield stress, A 1400 MPa
Work hardening rate, B 1500 MPa
Work hardening exponent, n 0.19
Temperature dependence exponent, m 0.66
Strain rate sensitivity parameter, C 0.027
Transition temperature, Ttrans 293 K
Melting temperature, Tm 1673 K
Reference strain rate, (dε/dt)0 0.001 s�1

Specific heat, Cp 475 J kg�1 K�1
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propagation, but the change is unlikely to be massive and it's still
expected that the interface created at the higher processing tem-
perature will be tougher.

4. Work of plastic deformation of the projectile

The energy absorbed within a metallic projectile (such as this
steel) is likely to be dominated by plastic deformation, and thus
determined largely by its yielding and flow characteristics. These
parameters are usually quite sensitive to strain rate. This sensitivity
is difficult to measure using conventional mechanical testing pro-
cedures and the difficulties are compounded by the complex nature
of the evolving strain and strain rate fields in spherical test
specimens.

Nevertheless, it is possible to estimate the plastic work done
within a projectile, taking account of its strain rate sensitivity, from
its deformed shape, by using numerical modelling and assuming a
functional form for the strain rate dependence of the plastic
deformation. This is a reasonably tractable problem, particularly if
there is radial symmetry, such as for a spherical projectile at normal
incidence to a flat surface (as in the present case). Projectiles of
52100 steel were fired at an alumina rod, striking it normal to one
of its flat ends with an impact velocity of 110m s�1. The alumina rod
was 150 mm in length and 46 mm in diameter, and thus large in
comparison with the projectile. This ensured that the absorbed
energy was predominantly dissipated through plastic deformation
of the projectile, and not through other mechanisms (such as
fracture of the alumina). Indeed, after impact, there was little
noticeable damage to the alumina at the point of impact. (This was
not the casewhen significantly higher impact velocities were used.)

The deformed projectile shapes were characterised by tracking a
Dektak profilometer over the flattened surface and for a short
distance around the adjoining (approximately) spherical surface.
The deformed shape was radially symmetric (with the axis of
symmetry being the original flight direction), at least to a good
approximation. The profilometer tracks passed through this axis of
symmetry. Measurements were also made, using callipers, of the
distance between the centre of the flattened surface and the dia-
metrically opposite surface of the sphere e ie along the axis of
radial symmetry. This provided a datum for the centre of the
Dektak profile.

A finite element model was created, comprising the alumina rod
and the spherical projectile. The ceramic was modelled as an elastic
body (free to undergo elastic compression and extension, without
damping) and there was no attempt to model any damage to the
alumina occurring during impact. The Young's modulus of the
ceramic was set to 340 GPa. The projectile, on the other hand, was
modelled as a plastically-deformable body of linear elements, with
plasticity being defined using the strain rate-dependent (empirical)
formulation of Johnson & Cook [21,22]. It was assumed that 95% of
the plastic work done within a volume element during the time
increment concerned was released within the element as heat, the
redistribution of which was modelled using a thermal conductivity
for steel of 46.6Wm�1 K�1. It was also assumed that, while thermal
conduction occurred within the projectile, there was no heat
transfer to the surroundings (air or alumina rod). No fracture cri-
terion was specified for either the projectile or the rod and friction
between themwas ignored. The values of the parameters employed
in the JohnsoneCook formulation for this steel are presented in
Table 1 (obtained from a range of sources).

5. Effect of inter-layer toughness on energy absorbed in
ballistic impact

5.1. Experimental outcomes

Experimental data are presented in Fig. 6(a) for the loss of
projectile kinetic energy as penetration took place through a
number of samples of the four different types ( Section 2.5). It can
be seen that the approximate average energy losses for the 4 types
of sample were as follows: (i) alumina plate alone: ~15 J, (ii)
unbonded alumina þ C-PET: ~29 J, (iii) alumina þ C-PET bonded at
200 �C: ~30 J and (iv) alumina þ C-PET bonded at 230 �C: ~40 J. In
general, these values appear to be fairly reproducible. Their mag-
nitudes are considered in the next section.



Fig. 6. Histogram showing projectile energy loss values for penetration of steel
spheres through specimens of types (i) e (iv).
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5.2. Energy-based analysis

5.2.1. Overview
Of course, the impact and penetration of a projectile on and

through a multi-layered plate involves various complex phenom-
ena. These are not, in general, readily amenable to (energy-based)
analysis, even when, as in the present case, the impact velocity is
sub-sonic, all materials are isotropic, the projectile is spherical, the
projectile does not break up on impact and the sample is a simple
two-layer structure (or a monolithic plate). Nevertheless, by mak-
ing certain assumptions, a straightforward analysis can be carried
Fig. 7. Predicted residual projectile shape and von Mises stress field after striking a
long rod of alumina at 110 m s1.
out. Central to these is the idea that the absorbed energy can be
broken down into several component contributions, which, at least
as a working hypothesis, are independent of each other. The energy
absorbed (loss of kinetic energy of the projectile) may in the pre-
sent case thus be expressed as.

Uabsorbed ¼ Uprojectile þ Ualumina þ UC�PET þ Uinterface (1)

in which the terms on the right hand side respectively represent
the energies absorbed: (a) within the projectile itself (via plastic
deformation), (b) in the alumina front plate, (c) in the C-PET
backing (confinement) plate and (d) within the interface between
these two layers (as debonding occurs). Possibly there would be a
contribution from energy absorption in the frame holding the
sample in place, but this is expected to be small and more or less
independent of the type of sample. These contributions are now
considered in turn, with the clear understanding that the energy
values should not be regarded as doing much more than giving an
order of magnitude for the term concerned.

5.2.2. Work of plastic deformation of the projectile
Predicted contours of residual von Mises stress in the projectile,

after striking an alumina rod at 110 m s�1, are shown in Fig.7.
Predictions of the deformed projectile shape are compared to the
experimental data in Fig. 8. The agreement is quite good, which
suggests that the parameters in Table 1 provide a reasonably ac-
curate description of the material behaviour. The energy absorbed
by the projectile during impact of an alumina-CPET composite can
therefore be estimated by modelling such an event, using the
(validated) parameters in Table 1 to describe the rate-sensitive
behaviour of the 52100 steel (as described in Section 4).

A second finite element model was then created, incorporating
the complete C-PET/alumina system. The (2 mm thick) ceramic was
modelled as an elastic body (free to flex), clamped rigidly around its
(square) perimeter, with E ¼ 340 GPa and n ¼ 0.2. A criterion for
fracture was not included, so the predicted energy absorbed by
projectile deformation should be treated as an upper bound. The C-
PET layer was modelled by creating a lamina layer in ABAQUS,
comprising a single ply (0.8 mm thick) modelled as a shell. The in-
plane Young's modulus values [23] were fixed at E1 ¼ E2 ¼ 45 GPa.
The alumina and C-PET layers were rigidly bonded. The projectile
was modelled as a plastically deformable body, using the John-
soneCook formulation and the (validated) parameter values in
Table 1. Friction between the ceramic and the projectile was
neglected. The predicted vonMises stress field 1 ms after impact are
shown in Fig. 9. The relevant outcome is that, for the velocity of
interest here (~220 m s�1), the (maximum) energy absorbed via
plastic deformation of the projectile was about 6.8 J. Accepting that
this is an order of magnitude analysis, a value of ~5 J is used in the
energy audit.

5.2.3. Work of fracture of the alumina plate
Given the fracture energy of the alumina (~2e3 kJ m�2 e see

Fig. 4), this contribution just requires estimation of the area over
which cracking occurred within the plate. Unfortunately, this is
rather complex, since little is known about what happened inside
the volume of alumina punched out by the projectile. There is,
however, a (crude) way of estimating this, since, in the case of
sample type (i), only the first two terms in Eqn. (1) can contribute. It
therefore follows that the difference between the total energy
absorbed (~15 J) and the energy of plastic deformation of the pro-
jectile (~5 J), ie about 10 J, is attributable to (fracture) processes
taking place within the alumina plate during penetration by the
projectile. Moreover, as can be seen in Fig. 10, the cracking patterns
in the region around the punched hole are rather similar with and



Fig. 8. Predicted and measured projectile profiles after ballistic impact of a 52100 steel at 110 m s�1, showing (a) comparison with experiment for the shape of the plateau region
and (b) predicted overall shape.
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without a backing (confinement) layer. (For the type (i) sample
shown in Fig.10(a), a thin adhesive layer was attached to the back of
the alumina plate, which would have had a negligible effect on the
cracking behaviour, but held the fractured fragments in place e as
the confinement layer did for the other samples.) Estimates of the
aggregate crack length visible in the micrographs shown in Fig. 10
give a value of the order of 500 mm, corresponding (for a plate
thickness of 2 mm) to a crack area of ~10�3 m2. Using a Gc value of
2 kJ m�2 for the alumina, this gives an energy value of about 2 J. It
follows that something like 8 J was absorbed via the fragmentation
and pulverisation processes that occurred in the punched-our re-
gion (and possibly including a contribution from the kinetic energy
of these expelled fragments).

5.2.4. Work of deformation and fracture of the C-PET layer
The energy absorbed during deformation and fracture of the

composite layer is very difficult to deduce from known or
measurable properties. However, it is again possible to infer the
contribution from the measured energies for the cases examined.
The difference between type (ii) and type (i) situations (ie about
14 J) can be assumed to arise solely from the presence of the
composite layer. It has a relatively high toughness (largely associ-
ated with fibre pull-out) and, given that there was a substantial
amount of deformation and fracture in the punched-out region, and
also in the surrounding area, this value seems plausible, despite the
fact that the layer was relatively thin.

5.2.5. Work of inter-layer debonding
Consideration of the data for the type (iii) and type (iv) samples

allows focus on the effect of the bonding between the front plate
and the confinement layer. Since the interfacial fracture energy is
known, for the two different processing conditions, an upper bound
Fig. 9. Predicted von Mises stress field 1 ms after a projectile has struck an alumina/C
PET layered system with a velocity of 220 m s�1.
can be placed on the direct contribution from this source, on
multiplying the exposed area (64 � 64 mm ¼ 4096 mm2), minus
the punched-out area (~100 mm2), by the interfacial fracture en-
ergy concerned (170 J m�2 or 620 J m�2). This gives ~0.7 and 2.5 J
respectively for type (iii) and type (iv) cases. It can be seen that
these contributions are relatively small, which is at least consistent
with the absorbed energy values for types (ii) and (iii) being very
similar (~29 and 30 J). However, it's noticeable that there is what
appears to be a significant difference (~10 J) between the type (iii)
and type (iv) cases. This looks too large to be explicable solely in
terms of the (maximum) difference between the direct contribu-
tions from debonding, which is less than 2 J. A possible conclusion
is that strong inter-layer bonding affects other mechanisms of en-
ergy absorption. For example, it might lead to more energy being
absorbed during deformation and fracture of the C-PET layer.
Observed differences in appearance of the layer after projectile
penetration for the two cases, apparent in Fig. 11, might be
consistent with this.

5.2.6. Summary
The energy contributions are summarised graphically in Fig. 12.

The main objective of the current work, apart from exploring the
feasibility of carrying out an energy audit of this type, is to examine
the effect of inter-layer bond toughness on the overall performance
of a ballistic protection system. Of course, the system under study
has been simplified, not only in terms of having a spherical pro-
jectile, but also by removing an important component of a practical
multi-layer system e ie the energy-absorbing layer at the back.
Nevertheless, some interesting observations might be possible. In
particular, it would appear that a tough bond between the front
plate and the confinement layer can affect the overall behaviour,
beyond just absorbingmore energy via debonding. This is plausible,
since improved bond strength is likely to affect the constraint
imposed on other deformation and fracture mechanisms. From the
limited information available here, this has led to enhancement of
the energy absorbed in deformation and fracture of the composite
(confinement) layer, rather than in fracture of the alumina front
plate, although this is somewhat speculative. It's unclear whether
an enhancement would occur in the performance of a more sub-
stantial energy-absorbing back layer, if it were present, although it
seems possible.

6. Conclusions

The following conclusions can be drawn from this work.



Fig. 10. Optical photographs of the front surfaces of alumina plates, after projectile penetration, from typical specimens of (a) type (i) e ie alumina only e (b) type (iii) e ie alumina
weakly bonded to C-PET e and (c) type (iv) e ie alumina strongly bonded to C-PET.
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(a) Bi-layer (alumina-carbon fibre composite) samples have
been produced, using two hot pressing temperatures, and
the corresponding interfacial fracture energy values ob-
tained using the 4-point bend delamination test. These
values were found to be around 170 and 620 J m�2.

(b) Samples were impacted with small (8 mm diameter)
spherical projectiles of hardened steel. Measured incident
and emergent projectile velocities were used to obtain the
energy absorbed with these samples, and also with samples
of alumina alone and a bi-layer having no interfacial bonding.
These energies were about 15 J for the alumina, 30 J for both
the unbonded and the weakly bonded samples and 40 J for
the strongly bonded samples. Using the measured interfacial
fracture energy values, the energy needed to completely
Fig. 11. Optical photographs of the back surface of samples after projectile penetration for (a)
debond the weakly and strongly bonded samples can be
estimated as 0.7 and 2.5 J respectively.

(c) A procedure involving finite element modelling has been
used to estimate the energy absorbed by plastic deformation
of the projectile. This turned out to be ~5 J for all of the
samples. Together with the measured levels of absorbed
energy for the four types of sample, this allowed the energy
from cracking in the alumina plate to be estimated at ~10 J
and that from deformation and damage of the composite
plate (in the absence of strong bonding) to be estimated at
~15 J.

(d) It can thus be inferred that, for the conditions of these tests,
strong inter-layer bonding raises the energy absorbed within
the sample, by an amount that is greater than can be
a type (iii) sample e bonded at 200 �C e and (b) a type (iv) sample e bonded at 230 �C.



Fig. 12. Schematic representation of the energies associated with penetration by the
projectile (with incident kinetic energy of about 50 J) for the 4 different types of
sample, and of the approximate contributions from different energy absorption modes.
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accounted for solely by that required to effect complete
interfacial debonding. It seems likely that this is due to an
increased energy contribution from deformation and dam-
age of the composite plate.
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