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Summary--This paper describes the results of experiments in which 7.62 NATO projectiles impacted 
on ceramic faced composite armours backed by a fibrous armour. The ceramics considered were 
AD-96 alumina and a mixture of boron nitride and silicon nitride. The backing was a composite 
plate made of either aramid fibres embedded in a vinylester matrix or polyethylene fibres embedded 
in a polyethylene resin matrix. An additional package of high tenacity aramid fabric layers was 
also included, separated from the composite plate by an air chamber. The design of the armours 
was based on an energy absorption model proposed by Hetherington and Rajagopalan for composite 
armours. Normal impact experiments performed for the selected configurations revealed that the 
model is able to predict fairly well the ballistic limit of composite armours backed by a fibrous armour. 

INTRODUCTION 

The development of light armours is of great practical importance in designing body 
armours, helmets, and protection against projectile threats in structures such as helicopters, 
tanks and aircrafts. Due to their high resistance and low density, fabric armours are usually 
employed for personal protection, and considerable research has been directed to the study 
of the ballistic behaviour of either woven fabrics [1-4,1 or laminated fabrics [5,1. In spite 
of the fact that the energy required for the fracture of ceramics is only a small fraction of 
the energy of the impact [6-1, ceramic materials are also suitable for light armour design, 
due to their high compressive strength and erosive properties. Thus, ceramic faced armours 
backed by a metal or composite plate are frequently a weight saving arrangement in armour 
design. 

The understanding of the performance of ceramic composite armours owes much to the 
work of Wilkins [7"1, who made a full numerical simulation of the impact on such armours. 
It is now well recognized that after impact, a conical fracture pattern develops at the 
impacted zone, propagating towards the ceramic-backing plate interface. Also, tensile 
fracture develops at the interface as a result of the reflection of the initial compressive wave 
as a tensile one. Later, a conical zone of fully fragmented material develops in front of the 
projectile and, as a consequence of the interaction between the projectile and the ceramic 
powder, projectile erosion occurs. Although, as previously mentioned, the energy consumed 
in the fracture of the ceramic tile is very small compared with the energy of the impact, the 
development of a zone of fractured material ahead of the penetrator seems to be of the 
greatest importance in defeating the projectile. In fact, under high confining pressures 
internal friction of the granular assembly of ceramic powder seems to be an important 
factor in the ballistic efficiency of the armour [8-10,1. 

Analytical models presented in the literature for treating the impact on ceramic composite 
armours are still scarce. Florence [11,1 developed a model for estimating the ballistic limit 
of ceramic armours, based on the assumption that ceramic only distributes the load over 
a larger area than that of the impact, whereas the backing plate absorbs all the energy of 
the impact, an approach recently reassessed by Hetherington and Rajagopalan [12,1. Lately, 
Woodward [13,1 proposed a one-dimensional model for the perforation of ceramic armours, 
using a lumped mass scheme. This model takes into account both projectile and ceramic 
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erosion in a fairly simple manner, and allows the consideration of both thin and thick 
backing plates. Moreover, Reijer [14] has proposed a more elaborate model taking into 
account projectile erosion and mushrooming, different deformation modes for the backup 
plate, and with reference to the constitutive behaviour of comminuted ceramic. 

In this paper we present the results of the impact of 7.62 NATO projectiles on ceramic 
composite armours backed by a fibrous armour. The ceramic face is either alumina or a 
mixture of boron nitride (BN) and silicon nitride (SiaN4), while the backup plate is either 
aramid fabric in a vinylester matrix, high tenacity aramic fabric in a vinylester matrix, or 
polyethylene fabric in a polyethylene matrix. The fibrous armour, set at a distance from 
the composite plate, was made of high tenacity aramid fabrics, and was able to defeat the 
Magnum .357 and the 9 mm Parabellum threats. The design of the armour was from a 
model previously presented by Hetherington and Rajagopalan [12], based on the idea that 
the backup plate absorbs all the energy from the impact. The results of the impact 
experiments for the different configurations selected showed that this model predicts with 
a safety margin the ballistic limit of composite armours backed by fibrous armours, and 
that it may be a useful tool in armour design. 

EXPERIMENTAL WORK 

(a) Armour design procedure 
A set of armours was designed to arrest the 7.62 NATO projectile. In designing, the 

ballistic limit v 1 of the ceramic-composite package was evaluated by means of the model 
by Florence [11], which is based on the idea that the ceramic tile distributes the load from 
the impact over a zone of radius R, while the backing plate absorbs all the energy from 
the impact. This model gives an explicit expression for vl as: 

v 1 = (ao~hcr~R2(1 + ~)/0.91 rap) 1/2 (1) 

where tro is the ultimate tensile strength of the backing plate, e is the rupture strain of the 
backing plate, hc the thickness of the ceramic tile, mp the projectile mass, ~b the ratio mJmp, 
m, being the mass of the target involved in the penetration process, and as previously 
mentioned, R is the radius of the zone of the target affected by the impact. R is computed 
as R = r + 2h,, r being the projectile radius, and mt is evaluated as mt = rtR2(pchc + Pbhb), Pc 
and Pb being the mass densities of the ceramic and the backup plate respectively, and h b 
the thickness of the backup plate. For impact velocities v over the ballistic limit, 
Hetherington and Rajagopalan [12] proposed that the exit velocity can be estimated as 
(v-v1), and that the residual kinetic energy of the projectile can be estimated simply as 
rap(v- vl)2/2. 

The proposed problem was to design a composite armour (a ceramic facing backed by 
a composite plate) to be located on the outer side of a fibrous armour of high tenacity 
aramid fabric layers. The threat to be overcome by the combination of these two armours 
was that of a 7.62 NATO projectile. The aspect of such a projectile, composed of a lead 
core and a brass cover, is shown in Fig. 1. The fibrous armour had a pre-determined 
design, and was able to defeat the 9 mm Parabellum and Magnum .357 projectiles. The 
trauma (maximum deflection along the axis of the impact) observed in the experiments 
when this latter armour was impacted by either the Parabellum or Magnum projectiles 
was not larger than 19 mm [15]. The trauma is an important parameter in the performance 
of body armours, where not only projectile arrest must be guaranteed but also the prevention 
of physical injury due to armour deflection. 

The design philosophy was as follows. It is known from experiments that the impact 
energy of a 9 mm Parabellum projectile is in the range 581-709 J, while that of a Magnum 
.357 projectile ranges from 721 to 756 J [15]. It was then supposed that the armour would 
be able to defeat a 7.62 NATO projectile when the residual kinetic energy of the projectile 
after perforation of the ceramic-composite package (and just before impacting the fibrous 
armour), computed according to the criterion of Hetherington and Rajagopalan [12], was 
not larger than those of the Parabellum and Magnum projectiles. So, it was also expected 
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FIG. 1. Side view (right) and cross-section view (left) of the 7.62 NATO projectile. 

TABLE 1. TOTAL AREAL DENSITIES OF THE BASELINE ARMOUR DESIGNS 

Armour  Areal densi ty (kg m -  2) 

AD-96 6 mm + polyethylene-polyethylene 
AD-96 5 mm + polyethylene-polyethylene 
AD-96 6 mm + aramid-vinylester 
AD-96 5 mm + aramid-vinylester 
AD-96 6 mm +high tenacity aramid-vinylester 
AD-96 5 mm + high tenacity aramid-vinylester 
BN + SisN 4 5 mm + polyethylene-polyethylene 
BN + SiaN 4 5 mm + aramid-vinylester 
BN + Si3N 4 5 mm + high tenacity aramid-vinylester 

33.300 
33.300 
36.180 
36.900 
35.300 
35.800 
28.700 
32.960 
31.300 

that  the cor responding  deflections due to the impact  would not  be larger  than the max imum 
al lowable  t r auma  values. In the computa t ions ,  it was considered that  a safe value for the 
residual kinetic energy of the projecti les was 670 J, a value used in the design of the a rmour .  
In o rder  to test the reliabil i ty of the design cri terion,  addi t iona l  a r m o u r  packages  were 
made with a backing  plate having more  or  fewer layers than in the op t imum design. 

The values used in the calculat ions were the following. The projecti le  radius  was r = 3.6 m m  
and its mass was mp= 9.55 g. The a lumina  densi ty was Pa = 3700 kg m -  3, and  for BN + SiaN 4 
the density was Pb = 2680 kg m -  3. The ceramic tile was 6 mm AD-96, 5 m m  AD-96 or  5 m m  
BN + Si3N4, al ternatively.  F o r  the a ramid-v iny les te r  composi te ,  a densi ty of 1270 kg m - 3 ,  
a rupture  s train of 3.3% and an ul t imate tensile s trength of 2.95 G P a  were used. F o r  the 
high tenacity a ramid-v iny les te r  composi te ,  a mass densi ty of 1240 kg m - 3 ,  a rupture  s train 
of 3.3% and an ul t imate  tensile strength of 3.38 G P a  were considered,  while for the 
po lye thy lene-po lye thy lene  composi te  a densi ty of 887 k g m  -3, a rupture  s train of  3.5% 
and an ul t imate  tesile s trength of  3.1 G P a  were used. Table  1 shows the total  areal  densities 
of the baseline design of the ce ramic -compos i t e  a r rangements  considered,  including the 
second fibrous armour .  F o r  AD-96 a lumina  three a r rangements  were considered,  namely,  
the baseline design and two addi t iona l  ones with ei ther larger or  smaller  areal  densit ies 
than the previous one. When  the ceramic tile was B N + S i 3 N 4 ,  apa r t  from the basel ine 
design, a second a r rangement  was also considered with either a smaller  areal  densi ty (for 
the case of a polyethylene backing) or  a larger  areal  densi ty (for the cases of  the backup  
plates of both  types of aramid).  
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(b ) Impact experiments 

The composite armours were then attached to a fibrous armour of high tenacity aramid 
fabric panels, separated from the latter by an air chamber 7 mm thick. The air chamber 
was included as a way to reduce the maximum deflection originated in the fibrous armour 
by the impact loading. These arrangements were then impacted by a 7.62 NATO projectile 
at velocities ranging from 816 to 951 m s -1, to a total of 34 impacts. The normality of the 
impacts was ensured with little error by means of a mechanical device. The ceramic-composite 
armour plus the fibrous armour arrangement was able to defeat the projectile in 31 tests, 
and only in three tests was perforation of the above arrangement observed. Although it 
was expected that the first armour (that is, the ceramic-composite armour) would be 
perforated in all cases, this was observed in 12 cases only. A limit situation of projectile 
detention after rupture of the last layer of the backing plate of the ceramic-composite 
armour was observed in 10 cases, and in the 12 remaining cases projectile arrest took place 
even without complete rupture of the first armour. Tables 2-4 show the initial velocity of 
the projectiles and the estimated residual kinetic energy after hypothetical perforation of 
the first armour according to the theoretical model by Hetherington and Rajagopalan for 
each of the tests performed, for aramid-vinylester, high tenacity aramid-vinylester or 
polyethylene-polyethylene backing respectively. In these tables the cases when perforation 
of the first armour, or even complete perforation of the two armour arrangement, actually 
occurred in the experiments are also indicated. As we can see, impacts with theoretical 
residual energies as high as 917.8 J were stopped by the armours. Only projectiles with 
theoretical residual energies of at least 989 J have been able to perforate the whole armour. 
This is in spite of the fact that a safe residual energy level of 670 J was considered in design, 
thus suggesting that the criterion employed was somewhat conservative. 

Figure 2 shows an aspect of the impacted side of an alumina AD-96 target backed by 
the aramid-vinylester composite after the experiment. Figure 3 shows a view of the projectile 
after impact. It was observed that this projectile is indeed a mixture of metal powder and 
ceramic fragments, and that it disintegrates very easily on hand contact. Figures 4(a) and 
4(b) show the front and rear views of a perforated polyethylene-polyethylene backing plate 
after an experiment. On inspection of the targets, ceramic and metal fragments were 
recovered in the impact zone, having frequently for alumina in the form of compacted cones 
of fractured material [Fig. 5(a)]. In certain cases, even completely solid conical-like ceramic 
blocks were recovered in the impact region [Fig. 5(b)]. These cones were relatively large 
(with a height roughly equal to the ceramic tile thickness), and they seemed to have formed 
ahead of the impacting projectile. 

TABLE 2. INITIAL IMPACT VELOCITY AND THEORETICAL RESIDUAL KINETIC ENERGY AFTER 

HYPOTHETICAL PERFORATION OF THE FIRST ARMOUR, FOR ARAMID VINYLESTER BACKUP 

PLATES 

Theoretical residual kinetic energy (J) 

Areal density Initial velocity Ceramic tile 
(kgm -2) (ms-q AD-96 6mm AD-96 5mm BN+Si3N 4 5mm 

35.100 827.03 
36.180 815.70 
37.850 821.09 
35.300 818.75 
35.300 831.47 
36.900 833.26 
36.900 831.75 
39.700 833.82 
39.700 823.78 
32.960 872.89 
35.750 857.12 

837.107 
658.00 
503.50 

822.50 
873.70 
735.50 
730.00 
530.60 
499.00 

897.00? 
691.10 

t Perforation of the first armour. 
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TABLE 3. INITIAL IMPACT VELOCITY AND THEORETICAL RESIDUAL KINETIC ENERGY AFTER 
HYPOTHETICAL PERFORATION OF THE FIRST ARMOUR, FOR HIGH TENACITY ARAMID-VINYLESTER 

BACKUP PLATES 

Theoretical residual kinetic energy (J) 

Areal density Initial velocity Ceramic tile 
(kgm -2) (ms - I )  AD-96 6mm AD-96 5mm BN+Si3N 4 5mm 

34.200 819.35 
35.300 839.73 
35.300 950.67 
36.440 823.44 
34.310 833.54 
34.100 845.02 
35.800 835.83 
35.800 826.69 
38.030 821.43 
38.030 833.20 
31.300 872.89 
33.800 857.12 

800.80t 
729.40t 

1202.30~ 
539.50 

870.40 
917.80 
720.80 
687.30 
493.30 
530.10 

915.80t 
639.00t 

t Perforation of the first armour. 
Complete perforation. 

TABLE 4. INITIAL IMPACT VELOCITY AND THEORETICAL RESIDUAL KINETIC ENERGY AFTER 
HYPOTHETICAL PERFORATION OF THE FIRST ARMOUR, FOR POLYETHYLENE-POLYETHYLENE 

BACKUP PLATES 

Theoretical residual kinetic energy (J) 

Areal density Initial velocity Ceramic tile 
(kgm -2) (ms -1) AD-96 6mm AD-96 5mm BN+Si3N4 5mm 

32.350 824.39 
33.300 820.02 
34.210 831.13 
31.420 822.77 
31.420 945.00 
33.300 830.87 
33.300 828.73 
35.100 824.12 
35.100 828.60 
26.630 840.72 
28.700 834.58 

888.30t 
705.60t 
603.50 

886.00 
1460.34~ 
701.00 
693.60 
500.40 
514.30 

989.00~ 
757.00t 

t Perforation of the first armour. 
:~ Complete perforation. 

Figure 6 shows the trauma (maximum deflection of the fibrous armour along the axis 
of impact) as a function of the total areal density of the ceramic-composite armour, in the 
case of an aramid-vinylester backing plate. Figures 7 and 8 show plots of the same variables 
for the case ofhigh tenacity aramid-vinylester and polyethylene-polyethylene backup plates, 
respectively. We appreciate from such figures that BN + Si3N 4 ceramic tiles tend to give 
smaller trauma values for a given areal density than the AD-96 alumina tiles. Figures 9-11 
show the theoretical estimation of the energy absorbed by the first armour only (i.e. the 
ceramic-composite armour) as a function of the total areal density for each of the impacted 
targets, corresponding to aramid-vinylester, high tenacity aramid-vinylester and polyethylene- 
polyethylene backings respectively. These figures suggest that BN + Si3N # ceramic facings 



C. NAVARRO et  al. 

lr 
.2  

. . . .  ~ ~ ' i r ~ ' ~  
~ . ~ t , ; , ; % ~  . 

150 

FIG. 2. Front view of an AD-96 alumina faced target after the impact experiment. 

FIG. 3. The projectile after the impact. 

are more efficient than AD-96 alumina tiles, giving the target a greater ability to absorb 
the energy of the impact. 

D I S C U S S I O N  

It is worth noting that the squareness of the penetration imprint in the composite plate 
(see Fig. 4), which was a general feature in the impact experiments performed and which 
can be explained by the textile dynamics, is not fully consistent with the assumption of a 
circular zone of composite contributing to projectile arrest, as assumed in Eqn (1). This 
may be easily corrected by defining an effective radius for the zone where the load of the 
impact is distributed, but it is not expected that this consideration will have a major effect 
in the model predictions. 

The assumption that a ceramic-composite armour followed by a fibrous armour impacted 
by a projectile will be able to defeat the latter when the residual kinetic energy of the 
projectile after perforating the first armour is lower than the kinetic energy of 9 mm 
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(a) 

(b) 
FiG. 4. A perforated polyethylene-polyethylene plate after the experiment: (a) front view; (b) rear 

view. 

Parabellum and Magnum .357 projectiles (which the fibrous armour by itself is known to 
arrest), allowed us to perform a conservative design of the ceramic faced composite armour. 
This should not be surprising since interaction between the ceramic-composite armour 
and the fibrous armour is expected to take place during impact, in such a manner that 
both armours (not only the first one, as it was assumed in design) may simultaneously 
contribute to projectile arrest. Therefore, this fact seems to provide a remarkable safety 
margin for design in such a manner that the whole armour is able to defeat projectile in 
conditions much more unfavourable than those of design. Thus, the Florence model further 
re-worked by Hetherington and Rajagopalan, has been shown to be a useful tool in the 
design of lightweight ceramic composite armours for the present application, in agreement 
with previous experience [12]. 

In spite of the simplicity of the model used in this paper, there still remains the drawback 
that it does not consider the effect of ceramic properties in the target performance. Although 
the main parameters influencing the ballistic performance of ceramics have not been fully 
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(a) 

(b) 

FIG. 5. AD-96 alumina cones developed ahead of the impacting projectile. (a) General view; (b) 
some solid conical-like fragments. 

determined, there is an obvious need to include this effect in the calculations, even in a 
tentative manner. In fact, this work has shown that BN + Si3N 4 ceramic is more efficient 
than AD-96 alumina, even under the same design conditions. Thus, the role of the ceramic 
tile is not fully described by the consideration of load distribution within an area defined 
by the cone of fractured ceramics, and further inquiries in this respect should be made. 

It is interesting to note that in certain cases the ceramic material in front of the projectile 
is not fully pulverized, but instead solid conical-like fragments of relatively large size (the 
ceramic tile thickness, approximately), are pushed forward by the projectile. This observation 
suggests that a more careful assessment should be made of the role of ceramics under 
ballistic impact. Regarding the damage development in ceramics under load, it is worth 
mentioning the previous works by Evans et al. [16-18-1 and Shockey et al. 1"10-1, who studied 
the crack pattern developed in ceramics under static 1-16] and dynamic load [10,17-18]. 
These authors identified the different types of cracks which appeared in a ceramic target 
after impact at different velocities. Evans et al. were even able to propose a simple model 
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to predict the damage produced in the impacted ceramic target [18,1. According to Evans '  
model, for fixed impact condit ions the fracture toughness Kc and the hardness H of the 
ceramic material were the main parameters affecting the damage extent and the amoun t  
of material removed by the impact. In particular, the radial cracking distance was found 
to vary with K~-2/3, while the in-depth damage was found to vary as H-1/4. Although the 

values of such parameters for the particular mixture of BN and Si3N 4 employed have been 
not determined we can take, for the purpose of comparison,  the values for hot pressed 
Si3N 4 presented in Ref. [18-1, as well as those of alumina,  taken from the same article. The 
Evans'  work reports values of the fracture toughness of 5.0 M P a  m 1/2 for hot pressed silicon 
nitride and 4.1 M P a  m 1/2 for alumina,  and a quasi-static Vickers hardness of 16 G P a  for 
silicon nitride and 12 G P a  for a lumina  [18]. This may explain the higher ballistic efficiency 
of BN + Si3N 4, due to a larger resistance to damage propagation.  Furthermore,  the amoun t  
of material removed by the impact was found to be proport ional  to K ~ 4 / 3 H -  1/4 [18], thus 
being much less for hot pressed silicon nitride than for a lumina  for similar impact 
conditions. Again, this fact tends to further explain the better ballistic performance of the 
BN + Si3N 4 mixture, with respect to that of alumina.  

CONCLUSIONS 

This work presents an experimental study of the normal  impact on a ceramic faced 
composite a rmour  backed by an addit ional  fibrous armour.  The armours  were designed 
to defeat a 7.62 N A T O  projectile according to an energy model for est imating the ballistic 
limit, due to Florence and further re-worked by Hether ington and Rajagopalan. Remarkably 
good ballistic performance of the armours  designed according to their model was found, thus 
showing the ability of the model as a design criterion for lightweight armours.  
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