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Abstract

An experimental study has been carried out on the ballistic performance of 95% and 99.5% alumina
ceramic tiles backed by metal plates, when subjected to normal impact of hard steel 12.7mm armour
piercing (AP) projectiles at velocities ranging from 500 to 830ms�1. Typical damaged targets and broken
projectiles are presented. The depth of penetration is measured in all the experiments, and the ballistic
efficiency factor of the ceramic plates are determined.

Results show that the efficiency factor increases with increase in projectile velocity. With the increase in
thickness of the ceramic tile, the ballistic efficiency factor for a given velocity is observed to decrease in the
case of 99.5% grade and increase in the case of 95% grade ceramic. The higher purity alumina (99.5%)
shows higher ballistic performance when compared with the 95% alumina. The 99.5% alumina exhibited a
predominantly transcrystalline fracture while the 95% alumina showed a less defined fracture surface.

Experiments on 7.62mm AP shots were also done keeping the (d=t) ratio same as in 12.7mm AP
experiments and results are presented.
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Nomenclature

q ballistic efficiency
Em mass efficiency
Et thickness efficiency
PREF reference penetration in Al-alloy
PRES residual penetration in backing plate
T t thickness of ceramic tile
V impact velocity of the projectile
rREF density of backing Al-alloy plate
rt density of ceramic target
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1. Introduction

Response of ceramics to projectile impact has been the subject of many investigations in the
past two decades. These studies have described various aspects of ceramic fracture both in
compression and tension [1–6] and have made their ballistic performance assessments [7,8].
Evidence of ceramic comminution during projectile penetration has been provided by Wilkins [4]
and James [9]. Further studies [10,11] have shown that when backing is sufficiently thick, this
phenomenon is essentially due to induced stress levels exceeding the compressive strength of the
material.
Evaluation of ballistic performance of ceramics has been a difficult task due to the number of

variables, like the type of threat, projectile velocity, projectile geometry [12], nature of ceramics,
target configuration in terms of front and backing material and their thicknesses, angle of impact
and support conditions, affecting the results. However, the depth of penetration (DOP) method
[12–16] has been found to be quite satisfactory for the purpose. In this paper, an attempt has been
made to study the ballistic efficiency of two grades of alumina ceramics, backed by thick metal
plates, against impact of 12.7mm armour piercing (AP) projectiles. The thickness of the ceramic
tile and the impact velocity of the projectile were varied and influence thereof on the ballistic
efficiency studied. Comparative studies with 7.62mm AP projectiles were also made keeping the
projectile diameter to plate thickness ratios same as those for 12.7mm projectiles. The ceramic
layer consisted of nine tiles, each of size 50mm� 50mm, bonded close together over aluminium
armour backing plate without any other additional confinement. This configuration was chosen in
order to localize the damage, which is a common requirement in modern armour.
2. Ballistic characterization

In the ballistic tests shown schematically in Fig. 1, the alumina ceramic tiles backed by metal
plate targets were impacted by the 12.7mm AP projectiles and the DOP was measured in each
case. Following the approach given in [17], ballistic performance is assessed by a dimensionless
factor which combines the mass efficiency and thickness efficiency of the material as defined in



ARTICLE IN PRESS

Fig. 1. Target configuration in the DOP test.
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Eqs. (1)–(3). At different velocities, the ballistic performance of ceramic is calculated by
comparing the DOP [PREF] of the projectile in a semi-infinite thick aluminium alloy (Al-7017)
target plate to the residual penetration [PRES] in the plate when backing against ceramic armour
tiles of various thicknesses. Ballistic performance of the ceramic is calculated in terms of the
thickness efficiency [Et], the mass efficiency [Em] and the ballistic efficiency factor q2 as given
below.

Et ¼
PREF � PRES

T t
, (1)

Em ¼ Et
rREF

rt
, (2)

q2 ¼ Em � Et. (3)

The ballistic efficiency factor has a significance for armour designers as this factor connects
both the mass and the thickness efficiency factors. For example, values of 1.0 or above for Et and
Em indicate that the ceramic material under evaluation is thinner and lighter than the equivalent
reference material (Al-7017 in this case) for the specified threat and are indicative of superior
performance.
3. Experimental

Experiments were performed in a small arms range wherein spinning hardcore AP projectiles
were fired using a standard rifle. The hardened steel core is covered with a copper sheath and has a
diameter of 10.8mm, length of the core being 52mm and it weighs 30 g. Fig. 2 shows photographs
of the original bullet and the core of the 12.7mm projectile. The weight of the shot (core+copper
sheath) is about 48 g. The hardness of the projectile at the tip is about 900VPN. These projectiles
were fired at velocities ranging from 500 to 830m s�1. The velocities were measured to an accuracy
of 72m s�1.
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Table 1

Mechanical properties of aluminium alloy Al–7017

Density (g cc�1) Yield strength (MPa) UTS (MPa) Elongation Hardness (VPN)

2.9 420–435 480–490 10% 135

Fig. 2. Photographs of original shot and core of 12.7mm AP projectile.
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Alumina ceramic tiles of two grades backed by plates of 7017 aluminium alloy, a commonly
used grade of armour in the light armoured vehicles, were used in the present experiments. The
mechanical properties of the above alloy plates are given in Table 1. Physical and mechanical
properties of the two grades of alumina ceramics, used in the current experiments, are given in
Table 2. The ceramic tiles used were 50mm� 50mm in size with thicknesses of 10, 12 and 14mm.
The sizes of the ceramic tiles have been chosen in such a way as to provide multi-hit protection,
which is a common requirement in any armouring. The ballistic efficiency of the tiles in this
configuration is therefore expected to provide a realistic assessment of the ceramic when used in
actual applications. For every experiment, a panel was prepared by bonding nine tiles (3� 3) close
to each other to make the size of the panel as 150mm� 150mm. The close packing of the tiles is
expected to provide some degree of confinement and ensure that lateral release waves do not
severely interfere with the process of penetration. No other confinement was employed. These tiles
were bonded to a 40mm thick 7017 aluminium alloy backing plate of size 200mm� 200mm using
epoxy resin as shown in Fig. 3.
In DOP measurements often the thicknesses of ceramics are so chosen as to leave a substantial

residual penetration—typically of the order of 0.75–0.25 of the reference penetration. However, in
this work we have chosen a configuration which we believe is closer to practical applications of
futuristic thin skinned light vehicles wherein the residual DOP should be naturally lower than the
thickness of the backing aluminium alloys used in the construction of the vehicles.
For every thickness of the ceramic tile bonded to aluminium alloy plate, projectiles were fired at

velocities ranging from 500 to 830m s�1 at intervals of about 100ms�1. The residual DOP in the
backing plate was measured by dipping digital dial calipers in to the craters to an accuracy of
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Table 2

Properties of the two grades of alumina ceramic

Property Unit D95 ceramic C99.5 ceramic

Density g cc�1 3.68 3.85

Hardness HV 1200 1510

Fig. 3. Photograph of the target showing ceramic tiles bonded to Al-plate.
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70.05mm. The penetration of projectile obtained in the reference backing plate for each velocity
was also measured. In this case, two 40mm thick aluminium alloy plates were bonded together
and projectiles were fired on the combined target to measure the reference penetration. An
average of 3 readings were taken. Using the data of residual penetration and the reference
penetration, calculations of the thickness efficiency (Et), mass efficiency (Em) and the ballistic
efficiency (q2), as defined in Eqs. (1)–(3), were made.
4. Results and discussions

Wilkins [4], Shockey [10] and Sherman [19] have provided notable description of the ballistic
failure processes in ceramic-faced armours. According to [4], the projectile tip is first destroyed.
Simultaneously, a fracture conoid initiates at the interface between the projectile and the target.
The cones that are formed spread the load of the projectile onto a relatively wide area enabling the
energy of the impact to be dissipated by the plastic deformation of a ductile backing material. The
backing plate yields at the ceramic interface. The tension that results in the ceramic as it follows
the motion of the backup plate initiates an axial crack. According to [10,19], first a network of
radial cracks forms at the bottom surface of tile. This is followed by growth of shear dominated
cone cracks initiated at edge of contact area on top surface. Spall cracks occur parallel to the
impact surface. Also, in the compressive zone, beneath the contact area, the ceramic gets crushed.
While the ceramic fractures, the bullet also breaks.
In the present work, in order to study the nature of fracture and fragmentation, the target and

projectile debris were collected during a few experiments. The debris collection was done by
placing a closed box in front of the target and covering the front of the box with layers of polymer
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cloth. The projectile debris was then separated from the total debris through magnetic separation.
Fig. 4 shows the target debris collected from the two grades of 14mm thick ceramic tiles fired at
about 800m s�1. It is seen that a larger amount of the 95% grade ceramic debris was in the form
of fine powder and very small pieces compared to the 99.5% grade ceramic. To study the possible
difference in their failure mechanism, fractographic study was carried out on the fractured
ceramic tile collected from the target debris using a scanning electron microscope. Fig. 5 shows
SEM images of the fractured pieces of the two grades of ceramic. It is observed that in the case of
99.5% grade ceramic, the fracture is planar and appears across the grains, which can therefore
offer greater resistance to penetration. However, in the case of 95% grade, the fracture surface is
less defined along the paths of least resistance.
It is found that as the velocity of the projectile is increased, both the projectile and the target

break into a larger number of finer pieces, leading to more efficient energy absorption. Fig. 6
shows debris of the projectile when fired at 614 and 696m s�1. The data on the mass of projectile
debris collected is presented in Table 3. Though the complete debris of the projectile could not be
collected, from Fig. 6 it is seen that the projectile eroded into larger amount of fine dust at
Fig. 4. Target debris of (a) C99.5 grade and (b) D95 grade ceramic tiles of 14mm thickness.

Fig. 5. SEM images of (a) fractured C99.5 ceramic tile and (b) fractured D95 ceramic tile.
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Fig. 6. Debris of the projectile collected when fired against 99.5% grade ceramic at velocities of (a) 614 and

(b) 696m s�1.

Table 3

Quantity of projectile debris collected

Ceramic grade Tile thickness (mm) Projectile velocity

(m s�1)

Mass of total debris

(g)

Mass of largest left

over tail unit (g)

C99.5 8 696 41.4 13.2

C99.5 8 614 39.1 25.5

C99.5 10 828 25.9 10.5

C99.5 12 838 42.6 4.8

C99.5 14 832 42.0 3.8

D95 14 833 43.9 8.1
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696m s�1 than at 614m s�1. The mass of the left over distal end was 13.2 g out of the 41.4 g of
debris that was collected at velocity of 696m s�1. However, at lower velocity of 614m s�1, the
mass of remainder tail was 25.5 g out of the 39.1 g of debris that was collected. This shows that at
lower velocity a smaller part of the tip of the projectile gets powdered. At higher velocity, as seen
from Fig. 6, there is higher amount of projectile erosion in the form of more pieces as well as finer
particles and a relatively smaller distal end is left over.
To study the effect of thickness of the ceramic on the projectile erosion, debris of projectile was

collected when the projectile was fired at about 830m s�1 against 10 and 12mm thick tiles of
99.5% grade ceramic. Fig. 7 shows photographs of the projectile debris for the two cases. From
the figure, it is seen that the projectile is eroded to a greater extent by higher thickness of tiles. The
left over distal end piece of the projectile is smaller in the case of 12mm thick ceramic tile and
weighed about 4.8 g as against 10.5 g in the case of 10mm thick tile. Similarly, to study the effect
of grade of the ceramic on the projectile erosion, debris of projectile was collected when the
projectile was fired against 14mm thick tiles of 99.5% as well as 95% grade ceramic. Fig. 8 shows
photographs of the projectile debris for the two cases. From the figure it is seen that the projectile
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Fig. 7. Debris of the projectile collected from experiments against 99.5% grade ceramic tiles of thickness (a) 10mm and

(b) 12mm.

Fig. 8. Debris of the projectile collected from experiments against 14mm thick ceramic tiles of (a) C99.5 and (b) D95.
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is eroded to a greater extent in the 99.5% grade and the left over distal end piece of the projectile
weighed about 3.8 g. In the case of 95% grade ceramic, the left over distal end piece of the
projectile weighed about 8.1 g.
Fig. 9 shows a photograph taken through a stereomicroscope, at 50� magnification, of

the typical finer dust particles of the projectile debris. It is seen that the smallest particle size of the
projectile debris is of the order of 10mm.
Main results related to efficiency of energy absorption in ceramics are given in Table 4. The

ballistic efficiency (q2) has been normalized with respect to the highest efficiency factor obtained
among all the results and are presented in Table 4. The results of this study reveal that the grade
and thickness of the ceramic and also the velocity of the projectile significantly affect the ballistic
efficiency.
Fig. 10 shows the variation of the normalized ballistic efficiency against the projectile velocity

for different thickness of ceramic. From the data, it is seen that for both types of ceramic grades,
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Fig. 9. Photograph of the finer particles of projectile debris taken through stereomicroscope at 50� mag.
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the efficiency increases linearly with the increase in velocity for the range of tests conducted in the
present study. The increase in efficiency is found to be greater in 99.5% ceramic than in the 95%
grade. This dependence may be written in the form

q2 ¼ 0:002V� C1 for C99:5. (4)

q2 ¼ 0:0007V� C2 for D95, (5)

where C1 and C2 are constants for a given thickness. The constants C1 and C2 are found to be
dependent on thickness of the ceramic tile as

C1 ¼ 0:069 T t � 0:0097, (6)

C2 ¼ �0:024 T t þ 0:517. (7)

From the results, it is observed that the mass efficiency increases by a factor of about 1.9 when
velocity changes from 500 to 800m s�1 in case of 99.5% grade alumina. But the increase in 95%
grade is only by a factor of about 1.6. From Fig. 10 it can be seen that the efficiency of 99.5%
grade is significantly higher than that of the 95% grade at any given thickness or impact velocity.
This can be partly attributed to the higher hardness and corresponding dynamic strength of
99.5% grade of alumina ceramic than the 95% grade and partly to the difference in
microstructures of the fractured surfaces. Rosenberg and Yesurun [15], in their experiments on
85% and 90% grade alumina ceramic, have studied the ballistic efficiency using the thick backing
method when impacted by 12.7mm and 14.5mm AP projectiles. The thickness of the alumina
ceramic tiles used in their experiments varied from 6 to 10mm. The configuration used in their
experiments consisted of one tile of size 100mm� 100mm glued by epoxy resin on a thick
aluminium 2024-T351 cylinder. Armour piercing projectiles (12.7mm AP) were fired at velocity of
about 920m s�1 with a 73% scatter on alumina tiles of 85% and 90% grades and their ballistic
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Table 4

Summary of depth of penetration experiments

Thickness of

ceramic tile

(mm)

Projectile

velocity (m s�1)

Residual

penetration

(mm)

Reference

penetration

(mm)

Mass efficiency

(Em)

Normalized

ballistic

efficiency (q2n)

Experiments against 12.7 mm AP

C99.5 ceramic

10 829 11.2 67.1 4.2 1.00

10 838 11.8 67.8 4.2 1.00

10 832 10.8 67.3 4.2 1.00

10 697 6.9 53.7 3.5 0.70

10 620 3.6 44.1 3.1 0.52

10 507 0.2 32.6 2.4 0.34

12 830 5.4 67.1 3.9 0.85

12 840 5.8 67.9 3.9 0.85

12 841 5.1 67.9 3.9 0.85

12 684 3.8 52.7 3.1 0.53

12 597 1.9 42.5 2.5 0.37

12 511 0.7 32.9 2.0 0.23

14 829 2.6 67.0 3.5 0.67

14 832 2.5 67.2 3.5 0.67

14 838 2.1 67.7 3.5 0.67

14 681 1.8 52.5 2.7 0.42

14 613 0.5 43.6 2.3 0.30

14 518 0.0 33.3 1.8 0.18

D-95 ceramic

10 828 37.5 66.9 2.3 0.29

10 696 29.9 53.6 1.9 0.19

10 606 22.4 43.1 1.6 0.14

10 523 16.1 33.7 1.4 0.10

12 839 28.3 67.9 2.6 0.37

12 699 22.0 53.8 2.1 0.24

12 599 13.7 42.6 1.9 0.20

12 512 9.3 32.9 1.6 0.13

14 833 17.7 67.4 2.8 0.42

14 691 12.1 53.2 2.3 0.29

14 608 1.7 43.3 2.3 0.30

14 511 0.5 32.9 1.8 0.18

Experiments against 7.62 mm AP

C99.5 ceramic

6 830 2.2 42.1 5.0

8 829 1.8 42.0 3.8
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mass efficiencies were found to be 4.2 and 5.0, respectively, for the two grades of ceramic. Their
work indicated that the ballistic efficiency of ceramic increases with its normalized effective
compressive strength.
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Fig. 10. Normalized ballistic efficiency vs. projectile velocity for ceramic tiles of (a) C99.5 ceramics and (b) D95

ceramics.
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Similarly, Woodward and Baxter [16] studied the efficiency of 8.1mm thick alumina (99.5%)
tiles backed by three types of backing materials fired by four different types of projectiles. In the
experiments conducted with hard steel projectiles fired at velocities of 899710m s�1 from a
12.7mm gun barrel on 99.5% grade alumina tile of size 75mm� 75mm and of thickness 8.1mm
that was bonded on an aluminium 5083-H115 alloy plate and confined laterally by a steel
surround, a ballistic efficiency of 4.8 was obtained. The results of our experiments on 10, 12 and
14mm thick 99.5% alumina tiles impacted at velocities of about 830m s�1, when extrapolated to
8.1mm thickness, gives an efficiency of 4.6. This is in reasonable agreement with the result in [16]
considering the differences in the velocity of the projectiles, strengths of the backing plates as well
as sizes of the tiles used in the two studies.
Murat Vural et al. [18] carried out an experimental study of the ballistic performance of 96%

and 99.8% alumina ceramic of size 50mm� 50mm in three different thicknesses ranging from 4.1
to 8.3mm, when impacted by 0.30 caliber AP projectiles at velocities varying from 576 to
803m s�1. In their experiments, the tiles were bonded to 6061-T0 aluminium alloy plates using
adhesive. Their study revealed that the ballistic mass efficiency of ceramic increased with the
projectile velocity by a factor of about 1.4 in the case of 99.8% grade and by about 1.5 in the case
of 96% grade. The ballistic efficiency however decreased with increase in tile thickness by a factor
of about 1.3 in both the grades of ceramic. In the present experiments using 12.7 AP projectiles, it
is seen that the mass efficiency increased with increase in velocity by a factor of about 1.9 in the
case of 99.5% grade and by about 1.6 times in the 95% grade of ceramic. This trend is like the
ones observed by [18] against 0.30 AP projectiles. With the increase in the thickness of ceramic tile
it is seen that the mass efficiency decreased by a factor of about 1.3 in the case of 99.5% grade but
increased by a factor of 1.3 in the case of 95% grade.
In order to compare the effect of ballistic efficiency of ceramic against the two different

projectiles, a study was carried out using 7.62 AP projectiles, which is also close to 0.30 AP
projectiles. Experiments were conducted in such a way that the ratio of the diameter of projectile
to tile thickness, (d=t), are similar. For this purpose, 7.62 AP projectiles having a diameter of
6.2mm were fired at velocity of 829m s�1 on a 8mm thick 99.5% grade ceramic tile. The data is
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presented in Table 4. The d=t ratio is 0.8, wherein the mass efficiency is obtained as 3.8.
Comparison can be made with the results on 12.7mm AP fired at velocity of 830m s�1 on 14mm
tile of same grade giving a d=t ratio of 0.8. The mass efficiency obtained was 3.5. The difference in
efficiencies for same d=t ratio is about 8%. Another comparison was made using 6mm thick tiles
fired against 7.62 AP with a d=t ratio of 1.03 that gave a mass efficiency of 5.0. This, when
compared with the result of 10mm thick tiles of same grade when fired against 12.7 AP giving a
d=t ratio of 1.08, gave an efficiency of 4.2. The difference in efficiencies is about 20%. From this
data it is seen that d=t could be a good parameter to be kept identical for a rough comparison of
the ballistic efficiency of ceramic tiles when used against projectiles of different diameters provided
the method of evaluation is same. However, more such experiments need to be performed to
confirm the use of such an approach.
Fig. 11 shows the variation of the normalized ballistic efficiency against the tile thickness for

different velocities of the projectile. From the data, it is observed that with the increase in
thickness of the ceramic tile, the ballistic efficiency factor for a given velocity decreases by a factor
of about 1.3 in the case of 99.5% grade for all the velocities, whereas it increases by nearly the
same amount in the case of 95% grade ceramic.
This ‘thickness effect’ is actually a result of two distinct effects: (a) the free surface effect and

(b) the velocity effect. The free surface at the top of the ceramic generates release waves, which
cause cracking and reduced stresses, thereby decreasing the resistance. The effect of this on the
overall performance diminishes with the increase of thickness of the ceramic giving rise to an
apparent increase in the overall performance. The ‘‘velocity effect’’ is a consequence of the
decreased performance with decrease in velocity. For any given incident velocity, there is a definite
and strong gradient of velocity as the projectile moves from the top of the ceramic to the bottom.
Essentially then, a thick ceramic tile can be considered to be made of elemental thicknesses,
wherein each succeeding layer encounters the projectile at a lower velocity than at the previous
layer and hence exhibits a corresponding lower efficiency. The average efficiency, being an average
over the whole thickness, therefore decreases. The net effect due to the ‘‘free surface effect’’ and
the ‘‘velocity effect’’ depends on which one between the two effects is dominant for any given
ceramic. In the case of 99.5% grade, the velocity effect which is higher, apparently dominates and
leads to a decrease in efficiency with an increase in tile thickness. In the case of 95% grade for
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Fig. 11. Normalized ballistic efficiency vs. thickness of ceramic tiles for (a) C99.5 ceramics, (b) D95 ceramics.



ARTICLE IN PRESS

V. Madhu et al. / International Journal of Impact Engineering 32 (2005) 337–350 349
which the velocity effect is only about 1/3rd as strong, the surface effect dominates, to create a
mild increase in efficiency with increasing thickness.
5. Conclusions

Ballistic tests were conducted on high purity alumina ceramic tiles backed by thick plates of
Al-7017 aluminium alloy using the DOP method. Response of projectiles and the targets were
studied, and the ballistic efficiency of the targets were determined. It was found that the efficiency
factor is not constant but varies as a function of both thickness and velocity. The results indicated
that the higher purity alumina (99.5%) shows higher ballistic performance in comparison with
95% alumina for any given thickness and velocity. In the case of high purity alumina, with
increase in the thickness the ballistic efficiency factor decreases, while it increases for the lower
purity alumina employed in the present tests.
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