Measuring the strength of brittle materials by
depth-of-penetration testing
P. J. Hazell*
Based on an energy conservation model, the strength offered by a number of brittle materials has
been calculated from depth-of-penetration (DOP) test results. Each material was completely
penetrated by a tungsten carbide cored projectile of known kinetic energy and the residual
penetration into a ductile aluminium alloy backing material was measured. The energy transferred
to the tile by the projectile has been calculated and has been shown to vary linearly with the tile
thickness. From the energy transferred to the armour tile, the mean resisting stress that was
offered to the penetrator was calculated and for the materials tested, scaled with the material
hardness. This work shows that for DOP testing, where the projectile remains intact, the measured
DOP is merely a facet of the ceramic’s hardness and not its true ballistic performance. The
possibility of using this method to measure the strength of damaged ceramic is also discussed.
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Introduction
Depth of penetration (DOP) testing is achieved by
attaching an armour tile to a ductile backing material
and firing at the target, recording the resulting DOP and
comparing that value to a value of penetration depth
achieved without the armour tile in place.1,2 The DOP
technique was originally developed by Rosenberg and his
colleagues1 as a method to suppress the tensile stresses in
the ceramic tile that would otherwise be present when a
thin backing was used. Over the past 20 years, there have
been numerous studies that have used this technique in
the study of the response of the target materials that have
been subjected to impact by small-arms bullets3–8 and
rods.9–12 The advantage of this method is that it is
relatively cheap to establish performance criteria for the
armour tile in question; however, its disadvantage is that
the semi-infinite backing is not representative of an
armour system and therefore its value is in assessing
comparative tile performance. These performance criteria
are derived from the measured reduction in penetration
and the mass of material required to reduce the
penetration depth. Good reviews of the various
approaches are provided by James,13 Normandia and
Gooch14 and Walley.15
Using this technique, Rosenberg et al.1 observed a
linear correlation between the ballistic efficiency of a
ceramic and a normalised strength parameter. This
strength parameter was defined as the average of the
dynamic and static yield strengths of the ceramic divided
by the density of the tile. In this work, two calibres of
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similar steel cored projectiles were used and it was noted
that the ballistic efficiency was not sensitive to the
projectile’s dimensions. Work by Woodward and
Baxter3 included the study of the penetration of high
quality 99?5% alumina tiles backed with semi-infinite
metal plates by both sharp and blunt tungsten alloy and
hard steel projectiles. Using three different backing plate
materials they showed that merit ratings which quantify
the performance of the ceramic against the impacting
projectile are a function of the projectile type and of the
backing material. They pointed out that this test method
is a measure of two parameters: the ability of the
ceramic to destroy the projectile tip and the ability to
defeat the penetrator by velocity reduction and erosive
mass loss. Their results were also in keeping with the
observations of Rosenberg et al.16 who showed that the
measured ballistic efficiencies were affected by the test
conditions. Further work by Woodward et al.17 showed
that during DOP testing of a confined ceramic-faced
target (AD85), the calculated mean resisting stress could
not be reconciled with the hardness of the material. In
this case the mean resisting stress was calculated from a
consideration of the conservation of energy during
penetration. Nevertheless, they also found that for a
confined glass target, their value of mean resisting stress
was similar to the hardness of the material. However,
both of these targets were tested with the impact side
confined by a 6?35 mm 2024 T351 aluminium alloy plate
bolted to a steel surround and it is well known that
confinement can significantly enhance the performance
of a ceramic armour due to a ceramic’s propensity to
pressure harden (e.g. Ref. 18).
A quantifiable measure of the mean resistance during
penetration of a target tile is important as it provides a
measure of the ballistic performance of the material. In
particular for a ceramic material, this value will include
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a without target sample in place; b with target sample
in place
1 Depth of penetration technique for assessing each
sample’s ballistic performance

a contribution of the strength offered by the comminuted/damaged materials as well as the strength of the
intact material offered to the projectile during penetration. This value is important for the validation of
analytical models where the measurement of the strength
of the damaged material is difficult.
In this work, a model has been developed based on
Ref. 17 to calculate the mean resisting stress offered by a
brittle tile to a penetrating projectile. Furthermore, the
performance of several unconfined materials subjected
to complete penetration by a hard tungsten carbide
cored projectile has been evaluated in an attempt to
quantify the resistance offered by each material.

Experimental
Materials used
For the backing material used in these DOP experiments, a common engineering aluminium alloy Al 6082T651 was chosen (yield strength5240 MPa). The test
backing plates were 1006100 mm pieces cut from a
single 25 mm thick plate. For each tile of specific
thickness ts, a single bullet was fired at the target and the
residual penetration pr into the aluminium alloy was
measured (see Fig. 1). At least three experiments were
conducted for each material.
Eight brittle materials were tested in this study: Sintox
FA (a sintered alumina, 95% content) manufactured by
Morgan Matroc Ltd; ALOTEC-96SB (a sintered alumina, 96% content) manufactured by CeramTec-ETEC
GmbH, AD995 (a sintered alumina, 99?5% content)
manufactured by CoorsTek, a sintered silicon carbide
manufactured by Morgan AM&T (PS-5000), a common
off-the-shelf float glass, Borofloat manufactured by
SCHOTT Technical Glass Solutions GmbH and finally
two glass ceramics (LZ1 and MAS-6). All tiles were
1006100 mm in areal size except for the thinnest Sintox
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2 Key dimensions of WC–Co FFV core: all dimensions
are in millimetre

FA, 96SB and PS-5000 targets. These were 50650 mm
in size but were confined by like material tiles at each
edge to provide an effective 1006100 mm geometry.
The elastic properties of the materials were established
ultrasonically using Panametrics’ 5 MHz longitudinal
and shear wave probes with the pulse echo method. The
hardness values (HV0?5/HV2?0) were calculated from a
series of microhardness tests using an Indentec
HWDM7. The properties of the materials used in this
experimental programme are presented in Table 1. All
of the ceramic materials were tested according to HV2?0;
the two glasses were tested to HV0?5 due to the difficulty
in establishing an impression at higher loads.
Each tile was glued to the aluminium alloy backing
plate using Araldite 2015. This was applied to the
mating surfaces and then the ceramic and aluminium
block were pushed together and twisted/oscillated until a
thin adhesive line had been achieved with no gaps or
obvious air inclusions. This was done to achieve a
consistent contact between the ceramic and the aluminium for all samples tested.

Impact testing
The range set-up was one of a fixed test barrel mounted
10 m from the target. Bullet velocity was measured using
the normal light screen arrangement. The test ammunition was 7?62651 mm NATO FFV ammunition that
generated a mean bullet velocity of 935 m s21. This
bullet consists of a tungsten carbide core [composition:
5?2C–82?6W–10?5Co–0?41Fe
(wt-%);20
hardness:
1550 HV0?3], mounted in a low carbon steel jacket with
gilding metal, on an aluminium cup. The measured
hardness values of the steel jacket were 184 HV0?3 at the
base and 220 HV0?3 at the tip. The masses of the core
and the bullet were 5?90 and 8?23 g respectively. Key
dimensions of the core are shown in Fig. 2.

Table 1 Properties of materials tested (in order of hardness)
Material

r0, g cc21

Cl, mm ms21

Cs, mm ms21

E, GPa

n

Yield strength,
MPa

Hardness,
GPa

Al 6082-T651
Al 1318B (7017)
Floatglass
Borofloat
Glass ceramic 1 (LZ1)
Glass ceramic 2 (MAS-6)
Sintox FA
ALOTEC-96SB
AD995
PS-5000

2.70
2.78
2.44
2.20
2.33
2.68
3.73
3.75
3.90
3.15

6.41
6.27
5.80
5.58
6.58
6.95
10.09
10.15
10.65
12.07

3.19
3.11
3.46
3.41
4.08
3.96
5.93
6.02
6.26
7.63

73
72
72
62
92
106
321
334
378
427

0.34
0.34
0.22
0.20
0.19
0.26
0.24
0.23
0.24
0.16

240 (Ref. 19)
460 (Ref. 12)
…
…
…
…
…
…
…
…

1.1
1.5
5.0
5.1
6.4
6.6
11.0
13.3
14.9
24.3
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After testing the aluminium alloy plates were either
sectioned or X-rayed to establish the residual penetration.

following equation

Results and discussion

where Epsample represents the energy dissipated by the
sample. Again, Esjacket and Eral represent small contributions of the total kinetic energy of the bullet and are
consequently ignored. Therefore, the energy dissipated
by the sample Epsample can be calculated from

Ballistic model
The kinetic energy of the projectile can be broken down
as follows:
KEp ~Ec zEj zEcup

(1)

where Ec, Ej and Ecup represent the kinetic energy of the
three constituent parts of the projectile, namely the core,
jacket and aluminium cup respectively. The kinetic
energy of the cup (mass50?3 g) is a tiny proportion of
the total kinetic energy and therefore is subsequently
ignored.
Figure 3 shows a typical post-mortem X-ray of the
cavity formed during penetration of the aluminium alloy
by the bullet. Here the velocity of impact was
1088 m s21. There are a few things to point out here.
First, during penetration of the first 25 mm of aluminium alloy, the jacket is stripped away, enabling the core
to penetrate into the aluminium alloy; the penetration
channel that is formed is approximately the same
diameter as the core (5?59 mm). Second, radial expansion in the aluminium alloy occurs, probably during the
jacket stripping process. Finally, the core of the
projectile is seen to remain intact.
It is assumed that all the kinetic energy of the
projectile KEp is given up in penetrating aluminium
alloy plate. Consequently, the significant energy contributions required to penetrate the aluminium alloy are
made up of several major parts as given by the following
energy balance consisting of three variables that depend
on the amount of kinetic energy in the projectile KEp
KEp ~Esjacket zEral zEpal

(2)

where Esjacket and Eral are the energy required to separate
the jacket from the core (and bring it to rest) and the
energy required to cause radial expansion of the aluminium alloy during the jacket stripping process respectively.
Epal is the energy required by the remaining core to
penetrate a distance pr into the plate. It is assumed that Eral
represents small contributions of the total kinetic energy of
the bullet due to the small volume of cavity expansion that
follows in the aluminium. The energy required to strip the
jacket is also deemed to be small quantity (see later).
When a target sample is adhered to the face of the
aluminium (see Fig. 1b), the kinetic energy of the
projectile is given up in penetrating both the target
sample and the aluminium alloy according to the

3 Penetration of FFV core into aluminium alloy plates
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KEp ~Epsample zEsjacket zEral zEpal

Epsample ~KEp {Epal

(3)

(4)

For a sample of thickness tc, the mean resisting force Fr
can be calculated by
Fr ~

Epsample
tc

(5)

Therefore, ignoring frictional effects applied to the
periphery of the projectile core and assuming a constant
areal contact, the mean resisting stress can be calculated
by dividing the mean resisting force by the projected
area offered by the core
4Fr
(6)
pd 2
This is analogous to the measurement of hardness using
a conical indentor21 and is assumed to represent the
average value of strength for the tile during penetration.
sr ~

Stripping the bullet’s jacket
In order to get an estimate of the amount of energy
required to strip the jacket from the cores during
penetration Esjacket , the jacket was stripped by pressing
a bullet into a conically shaped die using an Instron 4206
universal testing machine. The die possessed an angle of
45u from the vertical axis and was made from high
strength steel (EN 24). The tip (y5 mm) of the bullet
jacket was removed before the pressing trial to aid in the
stripping process. Figure 4 shows the 7?62 mm bullet
used in these experimental trials showing the jacket
before and after the stripping process (before tip
removal); the core and the aluminium cup are also
shown. The jacket was stripped in an almost symmetrical fashion with the formation of five petals.
Figure 5 shows a typical force–displacement curve
and also a calculation of the cumulative energy
expended during the compression process calculated by
integrating the area under the force–displacement curve.
There are three points to note. First, at A, there is a
rapid rise in the measured load. It is believed that

4 Bullet of 7?62 mm, core, stripped jacket and cup
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pal ~A:KEp zB

(8)

where the measured constants A and B were 0?0147 and
5?0469 respectively.

Penetration of glass and ceramic faced
aluminium targets

5 Compression of bullet into conically shaped die: load–
displacement and cumulative energy–displacement

resistance is offered by the radially expanding neck of
the jacket as it pressed into the die until at B, fracture
occurs and the jacket is torn in five separate locations.
This process occurs for about 6–7 mm; the load
measured at the platens reduces as the tears in the thin
steel jacket allow for the bullet to continue onward.
Eventually at C, the curled up tears are themselves
compressed by the platens indicated by an increase in
measured force. This ordinarily would not occur when a
bullet penetrates a ceramic-faced target and therefore
from this point forward, the data were ignored. From
our tests we would estimate that the energy required to
strip a jacket from the bullet is of the order of 50–100 J.
This represents 1–2% of the bullet’s initial kinetic energy
and therefore is deemed to be negligible. Nevertheless, it
should be noted that this approach can only give a
rough estimate of the energy stripped from the jacket
during penetration as it fails to take into account strain
rate and inertial effects.
Therefore, equation (3) can be rewritten as
KEp ~Epal

(7)

Penetration into aluminium alloy
A series of firings were conducted into the aluminium
alloy used in this experimental programme. No ceramic/
glass targets were adhered to the aluminium in this case.
The purpose of this was to establish a calibration line
from which the energy expended in penetrating a depth
pal could be derived. As can be seen from Fig. 6, the
depth varies linearly with the kinetic energy of the bullet
over the kinetic energy range of interest according to

6 Depth of penetration into aluminium alloy (6082-T651)
plate with varying bullet kinetic energy

Figure 7 shows the calculated transfer of energy from
the projectile to two of the sample materials where the
tile thickness was varied (Sintox FA and Borofloat). For
each sample, a linear increase in energy absorbed is seen.
Here, the gradient of the line approximates the average
resisting force applied by the ceramic/glass and is
constant for the increasing thickness.
It was noted in certain instances that, despite the core
appearing to be intact, post-mortem analysis revealed
that it was fractured. Nevertheless, where fracturing of
the core or tip occurred, the energy consumed by the
generation of fracture surfaces was assumed to be
minimal and consideration of this energy required can
be pursued by using the work of Grady.22 In this work,
fracture surface energy per unit volume C required to
create fragments of size s in a brittle material can be
approximated by
C~

3Kc2
rc20 s

(9)

where Kc is the fracture toughness, r is the density and s
is the fragment size. If the body is broken into fragments
of size s, a fracture surface area per unit volume equal to
6/s is created. co is the bulk wave speed calculated from
 1=2
K
c0 ~
(10)
r
where K is the bulk modulus of the material and for a
similar material has been measured to be 364 GPa.23
Even with conservative estimates of the fracture toughness for the WC–Co core being 10 MPa m21/2, and
breaking down the core into fragments of 1 mm, the
fracture surface energy dissipated in this process is very
small (,1 J).
Figure 8 shows the average resisting stress for each of
the samples tested as a function of the thickness of the
tile. There are variations in the PS-5000 and AD995
results which may be down to defects within the
ceramics. For the most part, the mean resisting stress
was constant regardless of the thickness of the tile. This
result is somewhat surprising as stress wave effects
would ordinarily be expected to damage the material

7 Energy dissipated by tiles with increasing thickness
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8 Average resisting stress offered by ceramic materials

ahead of the penetrator thereby reducing the average
strength as the thickness is increased. Consequently the
near constant value of mean resisting stress (or strength)
seen here suggests that damage to the material during
penetration is either relatively small ahead of the
penetrator or the inertial confinement offered by the
surrounding tile material restricts fractured material
dilation. This is in keeping with the observations of
Shockey et al.24 who observed that the strength of
compacted comminuted ceramic recovered from a
penetration cavity after high velocity rod penetration
was comparable to that of unimpacted material.
The higher resisting stress materials (PS-5000, AD995
and 96SB) fractured the core tip at relatively low
thicknesses and consequently a trend was not established
for these materials. Nevertheless, the resisting stress that
is offered by these ceramics was still quantifiable for the
given thickness.
Below in Fig. 9, the average resisting stress as a
function of the hardness of the ceramic is plotted. The
central 1 : 1 dashed line indicates the case where the
average resisting stress is equal to the measured hardness
values of the materials. It can be seen that the calculated
strength results lie very close to this 1 : 1 line. This
suggests that in the DOP configuration, and where the
core remains fully intact, the test will not measure the
true ballistic properties of the target material in
question. For a ceramic, this is all the more crucial as
the true ballistic properties of the material are not
defined by one single parameter such as hardness.11,25
However, Woodward et al.17 noticed that for a
confined AD85 sample the mean resisting stress offered
by the AD85 sample was far higher than the hardness
value measured for this sample (8?8 GPa). Their targets

9 Calculated resisting stress as plotted against measured
hardness values
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were tested using a confined set-up with a 6?35 mm 2024
T351 aluminium alloy cover plate bolted to a steel
surround and consequently the experimental set-up is
somewhat different to this work. This excessively high
value of resisting stress appears to contradict the results
presented here. The reason for this is not clear but it may
be due to the fact that Woodward et al. relied on a single
data point for the aluminium calibration and did not
take into account the energy absorbed by the front cover
plate. More likely is that these results may point to the
possibility that the presence of Woodward’s cover plate
significantly increased the penetration resistance of the
AD85. It is known that adding confinement to ceramics
increases its ballistic performance as does prestress and
this is largely due to the pressure dependence of
ceramic.24,26 On the other hand, for a similarly confined
glass target, Woodward et al. showed that the mean
resisting stress was approximately the same as the
measured hardness value for the glass. They noted that
it was surprising that the resisting stress offered to the
projectile was similar to its hardness as fracture would
have reduced its strength. Consequently, it would have
fallen below the 1 : 1 trend line if the glass was not
confined. This work indicates that this is the case for
unconfined targets. Indeed, analysis of Prengal’s
results,27 who used the same ammunition as this work,
showed that the introduction of 2 mm thick aluminium
cover plate to a soda lime glass target led to a 20%
reduction in DOP of a mild steel witness plate. This
would have resulted in a higher mean resisting stress.
However, it should also be noted that most of the data
presented below in Fig. 9 sit very close to the 1 : 1 line.
The penetrator will be penetrating through fractured
material whereas a hardness test will predominately
inelastically deform the sample. Therefore, it appears
that the effect of a reduction in material strength due to
fracturing ahead of the penetrator is relatively small in
this experimental set-up. This is most likely due to the
inertial confinement offered by the (still) intact surrounding material combined with possible pressure
related strengthening effects of the fractured/comminuted material (e.g. see Ref. 28).

Comparison with data for shattered ceramic
Hallas29 has conducted DOP studies using a ceramicfaced aluminium alloy. The ceramic used was Sintox
FA; 7018 aluminium alloy was used as the backing plate.
Uniquely Hallas tested shattered and powdered ceramic
in attempt to elucidate the effect of a damage state on
penetration. An intact ceramic was also tested.
A calibration curve for a similar aluminium alloy was
established in an attempt to evaluate whether Hallas’
data could be used to establish the strength of
comminuted material. Consequently firings into a
1318B alloy (very similar to 7018) were carried out
resulting in a linear calibration according to equation (8)
where the measured constants A and B were 0?0112 and
2?4478 respectively.
Unfortunately, individual velocities for each experiment were not recorded by Hallas, nevertheless, based
on the average bullet velocity from this experimental
programme (935 m s21) it was possible to calculate the
mean resisting stress for each of Hallas’ samples. These
were:
(i) a 6 mm intact Sintox FA tile
(ii) 6 mm tiles shattered by a 5 g of PE4 explosive

Hazell

(iii) 9 mm of compressed 80 mm alumina powder
(compressed under a pressure of 40 MPa using
an isostatic press)
(iv) 37?5 mm of compressed 80 mm alumina
powder.
The powder used was mostly spherical in shape. The
reported results and calculated mean resisting stress
based on the method presented above are presented in
Table 2.
Hallas noticed that the shattered tiles had been
broken into particles with sizes as low as 10–20 mm
while maintaining intergranular coupling. Consequently,
these results do point to the fact that when the ceramic is
shattered or even powdered (i.e. heavily comminuted), it
retains significant strength during penetration (y10%).
Given that these experiments were carried out without a
cover plate in place, the bulk of the shattered/powdered
material would have most likely moved/flowed during
penetration and therefore the stress values listed in
Table 2 represent a lower bound to the actual strength
of the broken material in a ceramic penetration
experiment. Consequently, this adds weight to the
evidence that relatively little strength reduction occurs
purely due to crack propagation when the damaged
material is inertially confined.

Measuring strength of brittle materials by DOP testing

strengthening effects of the fractured/comminuted
material. Finally, it has been shown that the strength
of unconfined broken/comminuted ceramic is significant
during penetration and, for the first time under these
loading conditions, has been quantified.
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