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Summary--Experiments in which both confined and unconfined ceramic targets are perforated by 
pointed and blunt projectiles are described, and a correlation is established between increased 
degree of fragmentation and reduced ceramic toughness. Front confinement of the ceramic results 
in greater overall fragmentation, however fewer, very fine fragments are produced for confined 
targets compared to unconfined targets. By attributing the fine fragments principally to crushing 
ahead of the impacting projectile, and coarse fragmentation to the interaction of stress relief waves, 
the effects of confinement can be qualitatively explained in terms of a simple model for loading 
and stress relief during perforation. The use of blunt projectiles increases the degree of fragmentation 
in those cases where the ceramic strength itself is insufficient to fracture the tip on impact. 
Measurements of fractured ceramic surface area and calculations of fracture work demonstrate that 
very little of the projectile kinetic energy is consumed in creating new ceramic fracture surface, and 
it is shown that a high proportion of the projectile impact kinetic energy is redistributed to residual 
kinetic energy of ejected ceramic debris. For cases where the projectile does not deform during 
penetration it is possible to derive a value for the average pressure resisting the penetrator. The 
ballistic efficiency of the ceramic increases with hardness for the lower strength ceramics, however, 
for the hard ceramics, where the principal influence of the ceramic is to destroy the projectile nose 
and create an inefficient penetrator, it is found in these tests that the residual penetration depths 
are similar, and ballistic efficiency is then unrelated to ceramic strength. 

1. INTRODUCTION 

Ceramic  compos i t e  a rmour s  consist  of ha rd  ceramic  tiles bonded  to ducti le backing  
mater ia l s  which may  be thick or  thin, depending  on the s t ructura l  requirements  of the 
a rmour .  Thin  backings,  which have a thickness in the order  of the projecti le  diameter ,  pick 
up m o m e n t u m ,  deforming  th rough  bending  and m e m b r a n e  tension to abso rb  the residual  
kinetic  energy of  the project i le  and  ceramic  fragments.  Thick backings  show little s t ructura l  
de fo rma t ion  and are perfora ted  by the residual  project i le  pushing mater ia l  to the side. The 
impac t  face of the a r m o u r  may  be covered with a thin fabric layer  to reduce front spall,  
with little influence on the ball ist ic performance,  or  may  be covered with a more  substant ia l  
layer  which confines the front face of the ceramic.  Ballistic performance may  be influenced 
by the na ture  and  thickness of  the ceramic,  the confining and backing  layers and  the 

geomet ry  of  the impac t ing  projectile.  
The  per fora t ion  of a ceramic by a project i le  involves pene t r a to r  t ip fracture and pene t ra to r  

erosion,  load ing  of the ceramic,  ceramic  fracture and cont inued  load ing  of the rubble  bed, 
m o m e n t u m  transfer  to, and  ejection of, the ceramic  debris,  and  stress wave p ropaga t i on  
and in terac t ion  within the ceramic and the confining structure.  The complexi ty  of these 
concurren t  processes makes  it difficult to isolate key pa ramete r s  which de termine  
performance,  measured  as resistance to penet ra t ion .  Previous  studies of the in teract ion 
between project i les  and  ceramic targets  have highl ighted aspects  of model l ing  [1-5] ,  energy 
d i s t r ibu t ion  [6-9] ,  ceramic fracture [7-13-1, and  ballist ic per formance  assessment  [14-19] .  
Ceramic  f ragmenta t ion  is impor t an t  because a large p ropo r t i on  of the project i le  kinetic 

energy is red is t r ibu ted  as kinetic  energy of  ejected ceramic part icles [6-9] ,  however,  
toughnesses  itself is not  found to be an ind ica tor  of per formance  [7,10,13]. 

F r a g m e n t a t i o n  and  ejection of  ceramic mater ia l  are clearly in t imate ly  connected  to 
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penetration resistance. As a consequence those properties which may influence fragmentation 
are investigated in this work, by choosing ceramics with a wide range of toughness and 
strength, as well as ceramics which have similar measured mechanical and physical 
properties but which are known to have different ballistic performances. An analysis of 
the distribution of fragments is performed, and tests of confinement and penetrator geometry 
effects allow some discussion of the processes of ceramic fracture during penetration. 
Relationships between ceramic toughness and strength on the one hand and penetration 
resistance on the other, are explored. 

2. EXPERIMENTAL METHODS 

The ceramics used included four grades of alumina (prefix AD), two grades of TiB 2, a 
toughened zirconia and soda lime glass. These materials are listed with their physical and 
mechanical properties of Table 1. All tiles were 100 mm square and 12.7 mm thick except 
for the zirconia which was 10 mm thick and the glass which was 15 mm thick. 

The tiles were laid up on a backing and surrounded by a close fitting steel jacket to 
prevent lateral displacement during impact. Two configurations of lay-up were used, referred 
to as unconfined and confined where the term confinement, in this paper, refers to 
confinement (or lack of) in the longitudinal direction of the penetrator path. The targets 
for the ballistic tests were prepared as follows: 

Unconfined: Tile bonded to 6.35 thick 2024 T351 aluminium alloy backing plate using a 
polysulphide adhesive. No front spall shield. Spacing of 150mm to allow 
backing plate to deflect, followed by a stack of 38 mm thick 5083 HI15 
aluminium plates to collect the projectile. 

Confined: Tile bonded to a 38mm thick backing of 5083 Hl15 aluminium, with 
successive layers of such plates back to back. Impact  side confined by a 
6.35 mm 2024 T351 aluminium alloy plate bolted to the steel surround. 

Impact  in all cases was by a 7.72 mm diameter tungsten alloy projectile. In the pointed 
configuration the projectile had a slender conical nose (cone angle 30°), was of mass 23.2 g 
and had a mean impact velocity of 1209 m s - i .  In the blunt configuration the projectile 
had the nose removed to form a flat of diameter 6.6 mm, giving a projectile mass of 19.9 g 
and mean impact velocity of 1243 ms-1.  The target was surrounded by a welded steel 
catcher box which was sealed except for the hole made by the projectile in a 0.5 mm 
aluminium disc along the line of projectile flight. The residual depth of penetration into the 
backing provided an approximate single shot merit assessment. 

Following impact, the recovered ceramic debris from the entire tile was sized into fractions 
by sieving and quantitative metallographic procedures were used to estimate fragment 
surface areas in each size fraction, for some cases [6]. Data  can be presented as mass of 

TABLE 1. TILE PHYSICAL AND MECHANICAL PROPERTIES 

Density 
Ceramic (kg m -3 x 103) 

Hardness 
Elastic Toughness Compressive (diamond 

modulus K i c strength pyramid) 
(GPa) (MPa m½) (MPa) {GPa) 

AD85 3.43 
AD90 3.58 
AD96 3.74 
AD995 3.90 
TiB 2 (Ceradyne) 4.52 
TiB 2 (Cercom) 4.52 
ZrO2 (Nilcra, MS) 5.72 
Soda lime glass 2.5 

224 3.2 2175 8:8 
268 3.3 2345 10.6 
310 3.7 2660 12.3 
383 4.7 2785 15.0 
414 4.1 ~ 5700 27.0 
538 5.2 ~6000 26.1 
205 12.0 1900 11.2 
69 0.73 966 5.5 
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ceramic in each size fraction, or because of the slightly different densities, dividing the mass 
fractions by ceramic bulk density converts the data into the volume of ceramic debris in 
each size fraction for direct comparison. The surface area data can be used to obtain the 
work done in fracturing the ceramic if the material fracture toughness is known. The 
recovery of fragments is expected to be poorer for the very fine fragments and this effects 
the volume data shown in the fragment size distribution plots as well as the surface area 
measurements. The uncertainties in the data are not sufficient to change the general 
conclusions drawn from the fragment data. Although the whole tile was recovered as 
fragments, the total volume of fragments would represent the original tile volume and is 
not a relevant parameter, therefore the data is examined in various size ranges. The original 
tile surface area was subtracted from the measured total fragment surface area to give the 
area created in fracture. 

3. RESULTS AND DISCUSSION 

3.1. Toughness and fragmentation 

Figure 1 illustrates dramatically the influence large differences in toughness can have 
on the volume of fragments in any size range of the fragment distribution, by plotting the 
volume of fragments in a size range against size, for confined targets of (a) glass, (b) AD995 
alumina and (c) zirconia. The slightly different thicknesses of the glass and zirconia tiles 
do not influence the general conclusions to be drawn from this data. 

Figure 2 shows cumulative fragment volume against size for the confined and unconfined 
targets, respectively. These plots indicate a general correlation between an increased volume 
of fragments produced, and a lower ceramic fracture toughness. However, within the band 
of results covering those ceramics considered for armour applications (grades of alumina 
and TiB2), where toughness ranges from 3.2 to 5.6 MPa m °'5, there are contradictions to 
this general rule, and the ordering of the results also varies with the size range. The use of 
volume of fragments in any size range allows a more direct comparison between ceramics 
of different density than the use of the mass of fragments. Repeat shots were performed 
for AD90, AD995 and zirconia and these results indicate a significant shot to shot variation 
in the total number of fragments in each size fraction (of the order of 25% ). This shot-to-shot 
variation is a combination of reproducibility of  the target construction (particularly degree 
of confinement), variations in impact conditions, tile to tile variations in ceramic fracture 
behaviour, and variations in projectile shatter. Both confined shots against AD995 involved 
negligible yaw and produced similar residual penetrations into the backing (45 and 44 mm) 
and yet there is a substantial difference in tile fragmentation. The different thicknesses of 
glass and zirconia tiles can be approximately corrected or in Fig. 2(a) by reducing the 
former volumes by 16.6% and increasing the latter by 25%. These adjustments do not 
change the ordering of the results. 

To further explore the correlation between degree of fragmentation and toughness, the 
volume of fragments is plotted against toughness in Fig. 3 for the confined targets, for all 
fragments less than 0.5 mm and for fragments in the size range 2 to 4 mm. Overall there is 
a clear inverse relationship which conforms with earlier work I-7,10]. The curves in Fig. 3 
rely on extreme data points for the very brittle glass and for the very tough zirconia, and 
a group of points for all the alumina and TiB 2 tiles. This emphasises that the variation in 
fragmentation behaviour arising from small differences in toughness is masked by the 
shot-to-shot consistency of results, as is also evident in Fig. 2. The points for AD85 alumina 
and glass are enclosed in brackets because they are expected to be underestimates as in 
these cases the impacting projectile did not fracture or deform, as discussed below. 

3.2. Confinement 
A comparison of fragment cumulative volume data for confined and unconfined ceramics 

of the same ceramic type, Fig. 2, shows that generally more overall fragmentation is 
produced when the ceramic is confined. Nevertheless, if only the finest groups (<  0.18 mm) 
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FIG. 2. Cumulative volume of ceramic fragments as a function of maximum fragment dimension 
in each particle size fraction for (a) confined targets and (b) unconfined target. 

of fragments are considered then the unconfined impacts produced more of these "very 
fine" fragments. Two exceptions for this were AD90 and the Cercom TiB2. The phenomenon 
is clearly shown in the comparative volume plots for AD90 alumina of Fig. 4. The sequence 
of events is qualitatively pictured in Fig. 5 for a confined target impact and in Fig. 6 for 
an unconfined target impact. In the confined target sequence of Fig. 5, the penetrator 
moves into and is eroded along with the ceramic, and the ceramic debris is ejected at a 
high velocity from the crater. A compressive stress wave propagates away from the 
penetrator, subjecting the whole tile to a hydrostatic pressure, and ceramic is crushed in 
front of the advancing projectile. This is followed by a relief wave which allows the confining 
plate to move, relieving the hydrostatic compression and allowing ceramic fracture in an 
arc below the confining plate. For  the unconfined case, Fig. 6, there is no confining plate 
to move so a relief wave propagates directly into the ceramic allowing easier tensile fracture 
and ejection of debris away from the crater. At later times, another relief wave reflected 
from the thin backing allows the backing to move, and further reduces the hydrostatic 
confinement ahead of the projectile. If we assume the very fine debris arises from crushing 
ahead of the penetrator, and that the coarser fragmentation arises from stress wave relief 
cracking away from the crater then the general features of the fragmentation distribution 
are explicable. Thus, for the confined targets, the higher hydrostatic pressures reduce the 
amount of fine fragmentation in the crater region; however, higher pressures also result in 
higher intensity relief waves which produce, as a consequence, more coarse fragmentation 
away from the crater. This concept for the causes of coarse and fine fragment fractions is 
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FIG. 3. Total volume of fragments in size fractions <0.5 mm and 2-4 mm, plotted against fracture 
toughness, Kic, for the confined ceramic targets. 

consistent with the pattern seen on disassembly of the confined targets, Fig. 7, which shows 
the finest fragments in the centre of a fine fracture region thicker on the impact side of 
the target. 

3.3. Projecti le geometry  

The toughest and the most brittle of the materials were also impacted by flat ended 
projectiles. The fragment distributions of Fig. 8 can be compared to those for the same 
materials with a pointed projectile in Fig. 1. There is a large increase in volume of fine 
fragments when the glass is impacted by a fiat ended projectile, Figs l(a) and 8(a), however 
within the consistency of the fragmentation data there is effectively no difference between 
the zirconia data for pointed and blunt projectiles, Figs l(c) and 8(b). The explanation of 
this behaviour is based on the premise that the finer fragmentation is produced by crushing 
ahead of the penetrator. For a pointed projectile impact on the glass the projectile does 
not deform and the glass is loaded by a tapered section pushing it to the side. With the 
blunt projectile, of the same material, as well as a higher impact shock pressure, the average 
pressure during penetration has increased to the extent that the penetrator itself deforms 
(as was observed in penetration of the glass by the blunt projectile), the higher uniaxial 
load also producing greater fragmentation ahead of the projectile. For the impact on the 
zirconia it is found that the tile is sufficiently hard to destroy the tip of the pointed projectile 
on impact so that impacts with pointed and blunt projectiles are effectively similar. The 
concepts help explain why the AD85 alumina does not produce as much fragmentation 
as expected, given that it is the ceramic with the least toughness, Fig. 2. This ceramic was 
low enough in strength that the penetrating pointed projectile did not deform; as the 
pointed and blunt firings against glass demonstrate, this leads to much less fragmentation. 
In all other cases the ceramic strength was sufficient to fracture the nose of the pointed 
projectile. For this reason the AD85 and glass data points are singled out as under-estimates 
in Fig. 3. 
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FIG. 4. Fragment volume distributions for pointed projectile impact on AD96 alumina tiles in (a) 
confined and (b) unconfined configurations. 

3.4. Redis tr ibut ion o f  impact  kinetic energy  

Table 2 presents data on residual depth of penetration into the backing target (the 
maximum depth of the penetration crater) for the pointed projectile fired into confined 
and unconfined alumina targets as well as both total surface area created in fracture of 
the ceramic and work done in fracturing the ceramic. Figure 9 presents surface area created 
as a function of particle size, and indicates that most of the surface area is in fragments 
of dimension less than 1 mm in size. The surface area estimates were made using quantitative 
steriological methods on each size fraction [7]. By multiplying the total surface area by 
one half of the fracture toughness or the strain energy release rate, G(= K2(1 - v2)/E), one 
has a figure for the total work to create this surface. 

The impact kinetic energy of the pointed projectile is 16.95 kJ and by comparison the 
work done in fragmentation of the ceramic, as presented in Table 2, is negligible. The value 
of strain energy release rate, G, which is the work to produce new surface, includes inelastic 
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FIG. 6. Schematic representation of the sequence of events following ballistic impact on a ceramic 
with a thin backing. 

processes associated with fracture; any particle-particle interactions producing heat will 
produce further fracture in such brittle materials and will therefore be counted in such a 
fragmentation analysis. Furthermore, the use of "dynamic" toughness values and recovery 
of the maximum 1% missing fragments is not sufficient to change the inescapable conclusion 
that very little of the projectile's kinetic energy ends up as fracture energy. 

Table 2 shows that for the confined ADS5 target, the residual path of penetration is 
46% of the depth of penetration with no ceramic tile, thus indicating that 54% of the 
projectile kinetic energy has been removed by some other process, assuming that depth 
into the aluminium is some way proportional to kinetic energy. This is reasonable for the 
glass and ADS5 cases where the projectile does not deform, and residual penetration of 
the aluminium by the pointed projectile is by radial flow [-20,21]. For the pointed projectile 
penetrating the glass target the residual depth was 75% of the depth of penetration into 
the aluminium pack, indicating that the glass has removed approximately 25% of the 
projectile kinetic energy. Simple plasticity calculations indicate less than 0.5 kJ is necessary 
to perforate the aluminium confining plate and only 0.4 kJ of work is needed for the 4 mm 
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FIG. 7. Post-impact view of fragmented ceramic following removal of the confining plate only and 
a portion of the ceramic debris. 

dishing of the confining plate in the case of the AD85 target. Thus for the AD85 alumina 
approximately 49% and for the glass approximately 20% of the projectiles initial kinetic 
energy must still be accounted for. For both AD85 and glass there is negligible projectile 
deformation, and since we have calculated, above, the negligible amount of energy going 
into inelastic deformation and fracture of the ceramic, the conclusion is that a large amount 
of projectile impact kinetic energy is converted into residual kinetic energy of the expelled 
high velocity ceramic debris. This is consistent with photographic evidence of high velocity 
debris ejection from the crater for projectile impacts on glass seen in the work of Pavel et 
al. [22], and with studies of geophysical impact cratering phenomena [6]. 

For all the other cases examined, there was a greater reduction in projectile penetration 
capability in perforating the ceramics, as indicated by residual depths of penetration. In 
these cases, the reduction in penetrator effectiveness in perforating the ceramic is partly a 
consequence of destruction of the penetrator tip as well as plastic deformation of the 
penetrator and erosive mass loss [19]. Nevertheless, simple estimates of plastic work done 
on the penetrator and comparison of fractured penetrator performance with blunt 
penetrator perforation of the aluminium backing 1-19] still allow the conclusion that 
momentum transfer to the ceramic and ejection of debris is a principal energy redistribution 
mechanism [7,9]. 

3.5. Penetration resistance 

With the exception of the AD85 alumina, the depth of penetration data given in Table 
2 are insufficient to separate the various grades of alumina in terms of penetration resistance, 
and also insufficient to separate confined versus unconfined targets for penetration 
resistance. The softer AD85 ceramic performed worse than the others when confined, as 
it was not able to fracture the projectile. For the unconfined AD85, the projectile fractured, 
and asymmetric tumbling on exit from the back-up plate resulted in a poor presentation 
to the pack of aluminium blocks and as a consequence lower than expected residual 
penetration. The major effect of the ceramic in the present test, whether confined or 
unconfined, is through blunting the penetrator tip rather than erosive mass loss, and the 
test (with this projectile and backing) is inappropriate for separating ceramics which are 
close in performance, especially with the use of a single shot. 

A restricted comparison of performance is given in Table 3 where resistance to penetration 
is defined in terms of a ballistic efficiency parameter, q, defined by Rosenberg and Yesherun 
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FIG. 8. Volume of fragments as a function of fragment size for confined targets of (a) glass and (b) 
zirconia, impacted by a blunt projectile. 

[16] as 

pA1AhA1 
'1 - - -  ( l )  

Pchc 

where PAl and Pc are the densities of aluminium and ceramic, respectively, hc is the ceramic 
tile thickness, and AhA~ is the reduction in thickness of aluminium penetrated when the 
ceramic tile is in place. 

From the penetration into aluminium a mean resisting pressure, PAl can be calculated 
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TABLE 2. RESIDUAL PENETRATION DEPTH. SURFACE AREA AND FRACTURE WORK FOR ALUMINA CERAMICS PERFORATED 
BY A POINTED PROJECTILE 

Ceramic Configuration 

Ceramic areal Residual* penetration Total surface Total ceramic 
density depth area created fracture work 
(kg/m 2) (mm) (m 2) (J) 

AD85 Confined 43.6 122.0 0.24 6.2 
AD90 Confined 45.9 47.7 0.24 5.1 
AD96 Confined 48.0 50.4 0.26 8.6 
AD995 Confined 49.7 45.1 0.25 8.8 

AD85 Unconfined 43.6 37.1 0.22 5.7 
AD90 Unconfined 45.9 63.6 0.11 2.3 
AD96 Unconfined 48.0 47.7 0.18 6.1 
AD995 Unconfined 49.7 53.0 0.14 5.0 

* Depth of penetration into a luminium without ceramic is 265 mm. 
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FIG. 9. Plots of cumulative surface area against maximum fragment diameter for the four alumina 
ceramics in both the confined and unconfined configurations. 

TABLE 3. BALLISTIC EFFICIENCY AND PENETRATION RESISTANCE 

Material Projectile 

Dep;h of Ballistic Hardness (diamond Mean P 
penetration efficiency pyramid) resisting penetration 

(mm) (Eqn 1)* (~/) (GPa) (GPa) 

Aluminium Pointed 265.0 - -  1.03 1.39 
Glass Pointed 200.0 4.2 5.5 5.4 
ADS5 Pointed 122.0 8.6 8.8 15.2 
AD995 Pointed 50.0 11.7 15.0 
Zirconia Pointed 68.0 9.3 11.2 
TiB 2 (Ceradyne) 38.0 11.1 27.0 

Aluminium Blunt 75.0 - -  1.03 
Glass Blunt 46.0 1.6 5.5 
Zirconia Blunt 42.0 1.3 11.2 

* Thin front confining plate ignored in calculations using Eqn 1. 
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using: 

½mY 2 = PA1AhA1 (2) 

where the first term is the projectile impact kinetic energy (mass, m, and impact velocity, 
v). Also, A is the presented area of the projectile, and hA1 is the depth of penetration into 
the aluminium block. 

Similarly, using this value of PAl a value can also be found for the mean pressure resisting 
penetration into the ceramic, Pc, using 

1my2 = PcAhc + PA1Ah~x (3) 

where h c is the ceramic tile thickness, and h~  is the residual depth of penetration into the 
aluminium. 

The results of these calculations are given in Table 3 for comparison with hardness data 
(diamond pyramid) and relative ballistic efficiency values for the two cases where the 
projectile did not deform (AD85 and glass). 

It may be anticipated that resistance to penetration by a projectile is related to the 
material hardness, which is a measure of its resistance to a blunt indenter. Examination 
of the pointed projectile data in Table 3 for Ballistic Efficiency and Hardness shows a 
reasonable correlation between the two, except for the case of the Ceradyne TiB 2. The 
correlation also does not hold for the blunt projectile data where Ballistic Efficiencies are 
low. If fracture of the ceramic occurs, then pressure resisting penetration may be expected 
to have a value lower than the material hardness because of the reduced ability of fractured 
material to support shear stresses. On the other hand the requirement to increase the 
momentum of the ceramic material which is being rapidly displaced or ejected may increase 
this resistance to penetration in proportion to the impact velocity. The pressure with which 
the aluminium resists penetration by the pointed projectile is of similar magnitude to its 
hardness. The mean resistance provided by the glass is also similar to the hardness, however, 
in this case this is surprising because fracture would be expected to reduce the effective 
strength of the glass. Whilst the value of 5.4 GPa in Table 3 for glass is expected to be 
made up of a component overcoming the material strength and a component to increase 
the momentum of the glass, the magnitude of the individual contributions is uncertain. 
Pavel et al. 1-22] present data for penetration of thick glass specimens by a non-deforming 
projectile at 1060 ms-1 and analysis of this data indicates an average resisting pressure of 
the order of 1.2 GPa, although numerical studies by Pavel et al. [22] showed that the 
actual pressure varies significantly during the event and can be much higher than this 
average value. The mean resisting pressure for AD85 alumina is much greater than its 
measured hardness. For the three hardest ceramics against the pointed projectile, Table 3, 
the reduction in penetration depth is largely due to the ability of these ceramics to blunt 
the projectile making it an inefficient penetrator, as indicated by the effect of blunting on 
depth of penetration into bare aluminium. Thus these ceramics have similar ballistic 
efficiencies, independent of hardness. For cases where blunt penetrators are used the 
reduction in penetration is a measure of penetrator velocity reduction and erosive mass 
loss whilst going through the ceramic, and in this case there is also no correlation with 
hardness. The low ballistic efficiencies, compared with the pointed projectile case, are largely 
a consequence of the effect of blunting on the base penetration into the aluminium [19]. 
At the impact velocities used, the blunt tungsten penetrator deforms even on impact with 
the aluminium target. 

In penetrating the ceramic the projectile does work overcoming the strength of the 
material, and also in increasing the velocity of the ceramic in order to displace it. If the 
impact pressure is sufficiently high then plastic deformation of the projectile also accounts 
for some of the work done. If the target was a metal then the work done in overcoming 
the strength of the material would appear principally as distortional strain energy and 
heat in proportions of approximately 5% and 95%, respectively. Despite the high stress 
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levels, the strains are small in brittle materials so that the conversion of work to heat 
cannot account for the work done on a brittle ceramic target. Previous studies [-6,7,9] have 
concluded, on the basis of measured surface areas and fracture work, that the work of 
fracture is also insufficient to account for the work done in penetration of such a target. 
A reasonable hypothesis is that by elastic and shock wave reflections and interactions 
within the fragmenting material, the work done in overcoming the material strength also 
contributes to the increase in kinetic energy of the ceramic debris. This relationship of 
penetration resistance to momentum transfer may partially explain the difficulty in obtaining 
a unique number related to material strength which indicates resistance to penetration, 
and the observed experiment dependence of measures of ceramic penetration resistance 1-23]. 

4. C O N C L U S I O N S  

These experiments have demonstrated: 

(a) That increased ceramic toughness results in less fragmentation under similar conditions 
of ballistic impact. 

(b) Ceramic front confinement results in greater overall fragmentation but less fragments 
being produced at the finer sizes compared with an unconfined target, and this can be 
explained in terms of the fine fragments being produced by crushing in front of the projectile 
whilst coarse fragmentation results generally from the interaction of stress relief waves 
throughout the ceramic tile. 

(c) The effect of projectile blunting is to increase the degree of fragmentation for those 
cases where the pointed projectile does not deform in perforating the ceramic, but blunting 
has a negligible influence in cases where the ceramic itself is of sufficient hardness to fracture 
a pointed projectile tip on impact. 

(d) A negligible proportion of the impact kinetic energy is converted into surface energy 
of the crushed ceramic. 

(e) A large proportion of the projectile impact kinetic energy ends up as kinetic energy 
of ejected ceramic debris. 

(f) A value of average pressure resisting penetration, derived for cases where the projectile 
remained undeformed during penetration, is not simply related to a ceramic strength value. 

(g) For "soft" ceramics, where the projectile remains undeformed, the ballistic efficiency 
increases with ceramic strength, however, for hard ceramics, where the principal influence 
of the ceramic is to break the penetrator nose and create an inefficient penetrator, residual 
penetration depths are similar and ballistic efficiency is not simply related to ceramic 
strength. 
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