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3 	 ABSTRACT 

In this paper, an analytical model is developed to describe the penetration of 
ceramic/metal lightweight armours by small and medium caliber-projectiles, 

4 	 respectively. Both the projectile and back plate materials are assumed to behave 
as rigid-perfectly plastic with respect t9, .their nominal stress-engineering strain 
relationships. Two modes are associated with the back plate and the projectile, 
respectively, during the penetration 'Ptocess; these are erosion and rigid The 
model identifies three main phases for the penetration of a lightweight armour; 
these are: (i) ceramic fragmentation, (ii) penetration of fragmented ceramic and 
(iii) penetration of back plate. Phase (i) consists mainly of one stage, whereas the 
other two, i.e. phase (ii) and phase (iii), consist mainly of different penetration 
stages, respectively. The current penetration stage is ascertained according to 
the relative velocities between the projectile mass and the mass of remaining 
ceramic and/or the mass of the back plate ahead of projectile. The main equations 
representing each penetration stage are derived based on momentum 
conservation principle. 

The present model is capable of predicting the time-histories of the velocities of 
the moving masses and the projectile penetration depth through ceramic/metal 
lightweight armour as well as post-perforation results. Matching predicted results 
of the present model with the experimental and numerical results of other 
investigators serves to determine the flow stress of the ceramic material globally. 
The present results are concerned with design optimization of ceramic/metal 
lightweight armours capable of defeating small and medium caliber projectiles. 
The influence of ceramic thickness and strength as well as back plate thickness 
and strength on the ballistic limit of the armours considered is presented and 
discussed. Moreover, the effect of ceramic thickness on projectile remaining 
mass and residual velocity are discussed. 
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INTRODUCTION 

Armour design is important to develop more efficient protection systems against 
the threat of modern kinetic energy projectiles. Traditionally, armours have been 
made monolithic, usually of high strength steel. Although rolled armour steel is 
still, and will continue to be, the most widely used material, the demands of 
achieving lightweight armours led to the investigation of alternate materials. Such 
materials are needed to improve the ballistic protection as well as to reduce the 
weight of existing armours. In the last three decades, other materials, such as 
ceramics and composites, have been incorporated into more efficient lightweight 
armours. 

Investigating the penetration process through a lightweight armour is necessary 
for design optimization of such an armour. Three main research directions are 
used for studying the penetration of a lightweight armour by small and medium 
caliber projectiles. These directions are: (i) experimental, (ii) numerical simulation 
and (iii) analytical ones. Experimental work could lead to useful empirical 
relations, e.g. relations between ballistic limit and areal density, respectively, clue 
to the normal impact of ceramic/metal targets by small caliber projectiles and 
those due to oblique impact of such targets by such projectiles [1]. These 
relations are hardly extrapolated to configurations other than those tested. 
Determination of ballistic efficiency of ceramic by measuring the depth of 
penetration into back plate and comparing it with its counterpart into metallic 
targets can also be tackled [2,3]. Selecting the most efficient combination of 
armour components to provide the lightest protection system of cerarnidFRP 
against any perceived level of threat is another objective of experimentation [4]. 

Numerical simulations are based on integrating the differential equations of the 
mechanics of continuum media using finite difference codes such as ALITOD'YN 
or finite elements codes such as LS-DYNA and HEMP. Such work requires a large 
number of sets of data of materials involved 	and 	some parametric 
approximations, while its predictive capacity is limited. Numerical work can 
simulate the impact process of an Armour Piercing Discarding Sabot, APDS, 
projectile into ceramic/steel and ceramic/FRP armours and determine penetrator 
length after penetration, residual velocity and pressure below ceramic [5]. 
Designing lightweight armours consisting of ceramic/metal and ceramic/composite 
has also been performed numerically, e.g. [6]. 

Analytical work is the fastest, less expensive, and probably most accurate 
research direction in this field. It is based on introducing simplified assumptions to 
derive the projectile equations of motion. It also simulates the impact process in a 
few seconds using personal computers. Examples of analytical work include: (a) 
deriving the ballistic limit equations for ceramic/FRP target [4] as well as 
ceramic/metal target [7], (b) modeling the penetration of ceramic backed by metal 
[8] and ceramic backed by fabric [9] based on momentum balance to determine 
the optimal thickness of various components, (c) specifying the penetration of 
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ceramic backed by metal using a three-stage model based on equating the 
pressure at the projectile/target interface [10,11], and (d) optimization of 
ceramic/composite armours via determination of ballistic limit as function of areal 
density and ceramic thickness [12]. 

In the following, an analytical model is developed to describe the penetration of a 
ceramic/metal target by small and medium caliber projectiles, respectively. In this 
model, both the projectile and back plate materials are assumed to behave as 
rigid-perfectly plastic with respect to their nominal stress-engineering strain 
relationships and the model identifies two modes associated with them during the 
penetration process; these are erosion and rigid. The model consists of three 
main phases; these are: (i) ceramic fragmentation, (ii) penetration of fragmented 
ceramic and (iii) penetration of back plate. The main features associated with the 
target penetration are identified (ceramic erosion, ceramic conoid formation, 
erosion and penetration of back plate). The governing equations of each 
penetration phase are derived based on momentum conservation principle. 

The main equations representing the different phases of the model are compiled 
into a computer program. The input data to the program are easily determined. 
Comprison of current predicted results with experimental and numerical results 
of other investigators leads to the determination of the global value of the ceramic 
flow stress. Samples of predicted ceramic/metal lightweight armours capable of 
defeating small and medium caliber projectiles, respectively, are presented; 
optimization of such armours is also conducted. The influence of thickness and 
strength of both ceramic tile and back plate materials, respectively, on the ballistic 
resistance of ceramic/metal lightweight armours are presented and discussed. 
The effect of ceramic thickness on the residual mass and velocity of projectile 
after perforation are also discussed. 

ANALYTICAL MODEL 

In this model, the projectile is idealized as a cylindrical rod of initial length Lo  and initial diameter D0. Similar to the one-dimensional analytical models developed by 
Tate [13,14] and Alekseevskii [15], the projectile material is assumed to behave 
as rigid-perfectly plastic' with respect to its nominal stress-engineering strain 
relationship. Therefore, the present model identifies two modes associated with 
the penetrating projectile through the target; these modes are erosion and rigid. 
The projectile is assumed to strike the target normally with a high-speed velocity. 

The present model considers the lightweight armour to consist of a ceramic tile of 
thickness Hco  backed by a metallic plate of thickness Hb. As mentioned before, the 
model divides the penetration process of the ceramic/metal lightweight armour by 
a high-speed projectile into three main phases. These phases are: (i) ceramic 
fragmentation, (ii) penetration of fragmented ceramic and (iii) penetration of back 
plate phases. The phase (i) consists mainly of one stage whereas the other two 
penetration phases consist mainly of different penetration stages, respectively. 
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The back plate material is assumed to behave as rigid-perfectly plastic with 
respect to its nominal stress-engineering strain relationship and it may be eroded 
or moves as a rigid mass during penetration. 

The model is based on equating the interface force at the rod-target interface. The 
momentum conservation principle is used to derive the main equations 
representing each penetration stage. The sequence of penetration stages 
depends on the relative velocities between projectile mass and mass of the 
remaining fragmented ceramic and/or mass of the back plate ahead of projectile. 
The different sequences of penetration stages that represent the complete 
penetration process of a ceramic/metal lightweight armour by a high-speed 
projectile are shown in Fig. 1. 

For each penetration stage, a system of first order dependent differential 
equations has been derived. This system is solved numerically. The penetration 
time is taken to be the independent variable. The end conditions of the current 
penetration stage are considered as the initial conditions for the subsequent 
stage. The system solution gives the velocity of the rod, the penetration velocity 
and the velocities of the ceramic mass and the back plate mass ahead of 
projectile, the projectile penetration depth, the bulge height and the interface force 
as functions of the penetration time. The penetration process terminates when the 
projectile front reaches the backface of the back plate or when the projectile stops 
inside the armour, i.e. it attains zero velocity. 

In the following, the physical concepts considered and the main assumptions 
adopted for modeling the penetration of a ceramic/metal lightweight armour by a 
high-speed projectile are presented. The main equations representing each 
penetration stage of each phase are derived; these equations are listed in 
Table 1. 

Physical Concepts and Main Assumptions 

Ceramic fragmentation phase (cf. Fig. 2a): 
• When the rod impacts the ceramic tile, a crack initiates at the backface of 

ceramic tile and propagates fast compared with the projectile velocity to the 
front of the penetrating projectile. 

• The crack forms a cone of fractured ceramic and it separates the loaded 
region inside the cone from an unloaded region outside the cone. 

• 	The diameter of fractured cone is assumed to be equal to the rod diameter 
plus four times the thickness of ceramic tile [7]. Experimentation gives a cone 
angle of 68° [1]. 

• Both the front of rod and surface of ceramic tile are eroded; erosion means a 
physical separation of material. Therefore, the momentum of eroded materials 
for rod and ceramic, respectively, do not contribute to ceramic penetration. 
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According to the estimated velocity profile, the rod penetrates the ceramic 
with penetration velocity U, whereas the remaining ceramic inside the cone 
and back plate are assumed to be stationary. 

• The ceramic flow stress is assumed to be constant during this phase and is 
denoted by Yc,. 

Pen etration of fragmented ceramic phase (cf. Fig. 2b): 
• The penetration process through the fragmented ceramic cone is assumed to 

be localized. Therefore, the ceramic material of fractured cone ahead of the 
penetrating projectiis as well as the localized mass of the back plate 
contribute to the target penetration. 

• The localized masses of ceramic and back plate ahead of projectile are 
accelerated forward with an estimated velocity profile allowing for 
compatibility with the moving projectile. 

• The eroded zone for the rod and ceramic has a velocity U, whereas the 
remaining fragmented ceramic and back plate masses ahead of projectile 
move with a velocity W. Moreover, a bulge starts to protrude from the 
backface of the back plate; it has a height h. 

• The projectile mode may be changed from erosion to rigid during this phase. 
This change occurs when the velocity of the rigid part of the projectile V is 
equal to the penetration velocity U. 

• The ceramic may be fully eroded or subject to erosion. The erosion terminates 
when the remaining mass of fragmented ceramic ahead of projectile moves 
with a velocity equal to the penetration velocity U. The ceramic flow stress 
decreases due to its fragmentation and is denoted by Y.. • The motion of fragmented ceramic and back plate material ahead of projectile 
is resisted by the shear force-due to the ultimate shear strength of back plate 
material which acts on the periphery of the moving back plate mass. 

Penetration of back plate phase (cf. Figs. (2)c and (2)d): 
• The projectile alone or the projectile and remaining mass of fragmented 

ceramic penetrate the back plate; the projectile mode may change from erosion 
to rigid. 

• When the ceramic is fully eroded, the back plate surface, ahead of projectile 
may be subject to erosion. The erosion terminates when this back plate mass 
attains a velocity equal to the current penetration velocity U. Bulge continues to 
protrude from the backface of the plate. 

• 	The shear force is the only force that resists the motion of the moving masses; 
it decreases with the increase of projectile penetra'ion depth through the back 
plate. 

• The transfer of projectile penetration from ceramc to back plate gives a non-
uniform distribution of the penetration velocity. 

• This stage terminates when the projectile stops inside the back plate or 
reaches the backface of the back plate which fails oy plugging. 
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Table 1. Main equations representing each phase of the developed Model. 
■•••■■••■■•■••••••111. 

I- The following equation holds for the three phases: 
* Time rate of change of projectile penetration depth Z: 

dZ/dt = U, 	 (1) 

U: current penetration velocity. 
IMNIM1111014••■••••■•=0 

H- For eroding projectile, the following equations hold for the three 
•hases: 

* Time rate of change of length of projectile rigid part: 

dL/dt = - (V-U), 	 (2) 

L: length of projectile rigid part, V: current velocity of projectile rigid part. 
* Deceleration of projectile rigid part during penetration: 

	

dV/dt = - Yp''/(pp  L) , 	 (3) 
Y.: flow stress of •ro ectile material 	a .:; densit 	of •ro'ectile material. 

&MIMS 

Ill- The following equation holds for phases (ii) and (iii): 
* Time rate of change of bulge height: 

('' 	dhldt = W, 	 (4) 

h: bulge height, W: current velocity of remaining fragmented ceramic and back 
plate materials ahead of projectile during phase fii) and/or phase (iii), or 
velocity of back plate material ahead of projectile during 	(iii). 

IV- Phase i : ceramic fragmentation (cf. Fig. 2a2: 
*Force at projectile-ceramic interface, Fi [8]: 

F;  = Yp Ap + pp A,V(V-U) = Yci. Ao + pc kW, 	 (5) 

Ao: 	cross-sectional area of projectile, Yr,: flow stress of ceramic, pc: density of 
ceramic. 

* Current penetration velocity U ae a snction of velocity of projectile rigid part V: 

u = (-V +[(1+11A) V2  - Ark)/ 21.1, 	 (6) 
where 	 tr. = Pc /Pp 1 	 (6)a 
and 	 A= 4.t. (Yci, - Y0) / pp . 	(6)b 

* End condition: 
Z + Scrack = HCos 	 (7) 

where 	 Scrack = Vcrack • t, 	 Ma 
Scrack: distance traveled by the crack front through ceramic thickness, Hco: initial thickness of ceramic, and Vcrack: velocity of crack propagation through 
ceramic which equals to one-fifth 	the value of longitudinal velocity of stress 
wave through ceramic material [101tpenetration time. 

.... -......- 
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Table 1. Main equations representing each phase of the developed Model 
(continued). 

V-,  Phoial:Pftnetratl &Ira n_git....._ited ceramic: 
Stacie (11: Penetration of eroding projectile into fragmented ceramic, 

(V > U, U > W, Z < Hc„), (cf. Fig. 2b): 
* Force at projectile-ceramic interface, F, : 

F, = `fp  A„ + pp  AoV(V-U) = Yc A, + pc A,U(U-W), 	 (8) 

1... 

 Yc: flow stress of fragmented ceramic. 
' Current flow stress of fragmented ceramic given by [101 

Yc = Ye. UV-M/1M1]2, 	 (9) 
Vs, 	: 	velocity 	of projectile rigid part when ceramic fragmentation phase 
terminates. 

* Current penetration velocity U as function of V and W: 

U = (-(V-µW) +[(V-i-LW)2 + 4i-t (V2  - (Yc-Vp)/ Pp)] °I)/ 21i. 	(10) 
* Time rate of change of fragmented ceramic thickness: 

dHc/dt = -(U-W), 	 (11) 
Hc: current thickness of fragmented ceramic. 

* Acceleration of masses of remaining fragmented ceramic and back plate 
ahead of projectile: 

dW/dt = (Yc A, - F,)/Mt, 	 (12) 

where 	 F, = ItDot Hb s 	 (12)a 
and 	 Mt = Ps A. Hb + Pc A, Hc, 	 (12)b 
F. : shear force, Mt 	: mass of remaining fragmented ceramic and back plate 
ahead 	of projectile, D. : projectile diameter, t : ultimate shear strength of back 
plate material, Hb : initial thickness of back plate, pB : density of back plate 
material. 

* End conditions: 
Z = Hew  V = U or U = W. 	 (13) 

Stacie (2): Eroding projectile penetration into remaining fragmented 
ceramic, (V > U, U = W, Z < Hco): 

* Force at projectile-ceramic interface, Fl  : 
Fi  = Y'p A, + pp  A„V(V-U) = Yc A. , 	 (14) 

Yc: current flow stress of fragmented ceramic.  it is calculated by Eqn. (9).  
* Acceleration of remaining fragmented ceramic and back plate masses ahead 

of projectile: 
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Tablet Main equations representing each phase of the developed Model 
(continued). 

MEMIIIIMINIMEMINtl 

dW/dt = ((ifn + pp V(V-U)) A, - Fs)/Mt. 

MIMS. 

(15) 
* End condition: 

V = U (181i_ u 

(17)  

Stacie (3): Rigid projectile penetration into fragmented ceramic, 	
.,..... 

(V = U, U > W, Z < Hc„): 
* Force at projectile-ceramic interface, F1 : 

Fi = Yp A„ = Yc A. + pc A,U(U-W), 

Yc is calculated by Eqn. (9). 
7;  Deceleration of projectile during penetration: 

dV/dt = - ((Yc + pcU(U-W)) A0Y ppLr, 
L, : length of rigid part of projectile when its erosion terminates.  

(18)  

* In addition to Eqn. (11). 
* End condition: 

Z=HcoorU=W. (19)  
VI- Phase (iii): Projectile penetration into back plate: 

(20)  

density 

Stacie (1): Back plate penetration by eroding projectile, 
(V > U, U > W), (cf. Fig. 2c): 

* Force at projectile-back plate interface, F1: 

Fi = Yp A. + pp A,V(V-U) = YB Ao + PB A0U(U-W), 
YB : constrained dynamic yield strength of back plate material [16], pa : 
of back plate material.  

* Penetration velocity U as function of V and W: 

U = (-(V-I1BW) +[(V-IABW)2 + 41.1.11  (V2  - (Y8-Yp)/ pp)] 0.6)/ 21.43, 
where 	 1-18 = pa /PIP 

(21)  

(21)a 
* Time rate of change of back plate thickness: 

dHbjdt = -(U-W), 
Hbc  : current thickness of back plate.  

(22)  

*Acceleration of rigid part of moving mass from the back plate: 
dW/dt = (YB  A. - F„)/MB, 

where 	 F.. =n13.-c (H.+Hco+h-Z), 
(23)  

(23)a 
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Table 1. Main equations representing each phase of the developed Model 
(continued). 

MB = Ps Ao Hbc• 	 (23)b 

V=UorU=W. 	 (24) 

and 

* End condition: 

Stage (2): Eroding projectile penetration into back plate,(V > U, U = W): 
* Force at projectile-back plate interface, Fr 

= Yp A, + pp A,V(V-U) = Yg  A,. 	 (25) 
* Acceleration of rigid mass of back plate ahead of projectile: 

dU/dt ((Yp  + pp V(V-U)) Aa - 	 (26) 
* End condition: 

(27) 
Stage (3): Rigid projectile penetration into back plate,(V = U, U > W): 

* Force at projectile-back plate interface, Fr: 

Fi  = Yp = Ya + pa A.U(U-W). 	 (28) 
* Deceleration of projectile during penetration: 

dV/dt = -((Y8  + pa  U(U-W)) A„)/ ps  L. 	 (29) 
* in addition to Eqns. (22) and (23). 
* End condition: 

  

U 

 

(30) . 

(31)  

Stage (41: Rigid projectile penetration into back plate (continued), 
(V = U = WV): 

* Deceleration of moving projectile-plug masses: 

(ppA,, L+ pak Hbe) dV/dt = - F„. 

    

* In addition to Eqn. (23)a. 
* End condition: 

     

     

     

Z = Hco  + Hb• 	 (32) 
Stage (51: Penetration of rigid projectile and remaining ceramic into back 

plate, (V = U = W), (cf. Fig. 2d): 
* Deceleration of moving masses: 

(PpAo L+ Pck He + peAo Hb,) dV/dt = - Fic. 	 (:33) 

	

* In addition to Eqn. (23)a. 	
* End condition: Eqn. (32). 	  

V = U. 
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RESULTS AND DISCUSSIONS 

In the following, results of the developed model are classified into: (i) model 
validation and (ii) predictions which include: (a) design optimization of lightweight 
armour, (b) post-perforation results concerned with determination of the projectile 
residual velocity and its mass after perforation and (c) influence of armour 
parameters on its ballistic resistance. 

(i) Validation of the Developed Model 

* For small caliber projectiles 
To validate the present model for small caliber projectiles, the experimental 
results obtained by Wilkins have been used [6]. Wilkins determines the ballistic 
limits for ceramic/aluminium targets impacted by 7.62 mm armour piercing 
projectiles. The tested lightweight targets consisted of AD85 ceramic tiles backed 
by 6061-T6 aluminium alloy plates. 

The program is run to predict the ballistic limits of ceramic/aluminium targets that 
were tested by Wiiikins. The input data to the computer program for the materials 
of projectile and ceramic/aluminium targets, respectively, are listed in Table 2. 
The dynamic yield strength of projectile and back plate materials, respectively, are 
determined following the procedure of Ref. [17]. The flow stress of projectile 
material, Yp, is equal to its dynamic yield strength, whereas the flow stress of 
back plate material, Ye, is equal to its dynamic yield strength multiplied by a 
constrained factor; the value of this factor is 2.7 [16]. The ceramic flow stress is 
represented initially by its yield strength. 

The predicted ballistic limits of the ceramic/aluminium targets and the 
corresponding experimental values obtained by Wilkins are listed in Tablle 3. The 
predicted results are generally lower than the corresponding experimental values. 
Woodward [8] fit the experimental data of Wilkins with the predicted results of his 
model to determine the flow stress of AD85 ceramic. He recommended that: (i) the 
flow stress of ceramic could be represented by its hardness divided by a factor; 
this factor varies from 1 to 2.9, (ii) the flow stress of ceramic increases with its 
thickness. In the following, the matching of the predicted results of the present 
model with the experimental results of Wilkins determines the global value of flow 
stress for AD85 ceramic; this value is considered to be constant for the different 
thicknesses of ceramic tiles. 

The predicted ballistic limits for the different ceramic/aluminium targets using the 
determined value of ceramic flow stress are listed in Table 3. The differences 
between the predicted ballistic limits and the corresponding experimental values 
of Wilkins are also listed in Table 3. Good agreement is generally obtained 
between predicted ballistic limits and experimental values of Wilkins when the 
determined value of ceramic flow stress is considered (i.e. Yco  = 5.2 GPa). In 
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Table 2. Input data to the computer program. 

Parameter 

Proj„, 
calibe 

Do  
mm "m. 

'AIMS 

ttia ' 

it 	1 

.'t' Al-Nit 

ire 

.„ 

aelit4 

, 
,, 

711'' , 

iiiitiltr.rtik't... 

' 	 ' 	A 

, 

*.et 

q  
y  

ir 0 
7.82' 25 

- projectile flow stress, Yr, [GPaJ 
- penetrator mass, [g]  

2.35 
5.46 

2.35 
95 

VgI.  1 

- initial flow stress, Ye., [GPa] 
- used flow stress, Ye., [GPa] 
- Young's modulus, E, [GPa] 
- densit , , 	s/cm 

3.8 
5.2, 
287 
3.43 

6.7 
8.0 
300 
3.42 

5.7 
6.2 
350 
3.84 

- dynamic yield strength, [MPaJ 
- flow stress, YB [GPa] 
- density, pa [g/cm3] 
- strain to fracture, sr  % 

i 
372 
1.05 
2.75 
17 

588 
1.587 
2.75 
11 

333 
0.9 

2.75 
9.0 

Table 3. Experimental [6] and predicted ballistic limits of A085 ceramic./6061-T5 Al. 
alloy armours impacted by 7.62 mm projectiles. 

Ceramic ` 
thickness 

Hco  
Mtn 

Aluminium 
thickness 

lib 
MM 

Measure 
balliitia 

■ A 

Unlit 16 1 14 	" 
Mill 

' 	raft 	•,,„.t. 
, 	4 	 ' 

1 	Cr''.c4r? - 

,•3 
1 	 .71'  
1. 	. 	P 

' 	. 	' 	 '  

5.8 7.24 735 606 724 -1.5 7.83  7.24 894 668 788 -11.8 5.8 6.35 701 582 702 -- 7.83 6.35 847 645 767 -9.4 
5.08 623 556 684 9.8 
6.35 703 599 719 2.8 6.35 7.62 752 633 751 - 
8.89 789 664 774 -1.9 
9.5 818 681 780 -4.6 

4.35 643 568 702 9.2 7.85 5.76 	^ 705 630 752 6.7 7.64 	I 821 679 798 -2.8 9.3 901 720 829 -8.0 

addition, the maximum relative difference between the predicted ballistic limit and 
the corresponding experimental value of Wilkins was found to be 11.8%. 
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* For medium caliber projectiles 
The developed model is also validated for medium caliber projectiles, the 
numerical results of Zaera et al. have been used [101 They simulate the impact of 
a 25 mm APDS projectile into ceramic/aluminium targets using AUTODYN-2D 
hydrocode. Their targets consisted of Al-N ceramic tile backed by 7075-16 
aluminium alloy plate and AD99.5 ceramic tile backed also by 7075-T6 
aluminuium alloy plate, respectively. The input data to the computer program for 
the materials of projectile and ceramic/aluminum targets are listed in Table 2. The 
global values of flow stress for Al-N and AD99.5 ceramic tiles are determined by 
matching the predicted results of the model with the corresponding numerical 
results of Zaera et al. The predicted values of flow stress are 8 GPa for Al-N 
ceramic and 6.2 GPa for AD99.5 ceramic. In addition, these values are not 
changed with the ceramic thickness. 

Figure 3 plots the predicted change of projectile residual velocity with aluminium 
alloy thickness for the different values of flow stress of Al-N ceramic. In addition, 
the corresponding numerical results of Zaera et al. are also depicted on the same 
figure. The 25 mm projectile impacts normally the target that consists of equal 
thickness of Al-N ceramic tile and 7075-T6 aluminium alloy plate with a velocity of 
1275 m/s. Good agreement is generally obtained between predicted results of the 
present model and numerical results of Zaera et al. when the flow stress of 
ceramic is 8.0 GPa. Moreover, the program predicts that a target thickness of 83 
mm (41.5 mm thick Al-N ceramic + 41.5 mm thick 7075-T6 aluminium alloy) is 
capable of defeating such a projectile, whereas a corresponding target thickness 
of 84 mm (42 mm thick Al-N ceramic + 42 mm thick 7075-16 aluminium alloy) is 
predicted by numerical results of Zaera et al. 

Figure 4 also depicts the predicted change of projectile residual velocity with 
AD99.5 ceramic thickness for the different values of flow stress of such a 
ceramic. The corresponding numerical results of Zaera et al. are also depicted on 
the same figure. The targets consist of AD99.5 ceramic tiles backed by 7075-T6 
aluminium alloy plates. The ceramic thickness is changed, whereas a 35 mm thick 
aluminium alloy plate is used for backing the ceramic tiles. It is clear from the 
figure that the predicted results of the present model are in good agreement with 
the numerical results of Zaera et al. when the considered flow stress of ceramic is 
equal to 6.2 GPa. In addition, the model predicts that a target thickness of 93 mm 
(58 mm thick AD99.5 ceramic + 35 mm thick 7075-T6 aluminium alloy) is capable 
of defeating such a projectile, whereas a corresponding target thickness of 88 mm 
(53 mm thick AD99.5 ceramic + 35 mm thick 7075-16 aluminium alloy) is 
predicted by numerical results of Zaera et al. 

The flow stress of ceramic is considered to be constant with ceramic thickness. 
The predicted results of the developed model could be made better when the 
ceramic flow stress is taken to be proportional to the ceramic thickness. In 
addition, a few tests are needed to determine the flow stress of ceramic for further 
application of the present model to investigate the penetration process of other 
lightweight armours. 
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(H) Predictions 

Design optimization of lightweiight armour 
In the following, a 7.62 awn armour piercing projectile is considered to impact a 
lightweight armour consisAing of an AD85 ceramic tile backed by a 5083-H3 
aluminium alloy plate end a 25 mm APDS projectile impacting into an armour 
consisting of an AD9'9.5 ceramic tile backed by a plate having the same class of 
aluminium alloy. The 7.62 mm projectile is assumed to impact the armour with 
three velocities ranging from 750 to 850 m/s with an increment of 50 m/s, whereas 
the 25 mm projectile impacts its corresponding armour with another three 
velocities ranging from 1000 to 1200 with an increment of 100 m/s. The input data 
to the computer program for the projectiles, ceramics and backing plates listed in 
Table 2 are fed. into the program. 

For a 7.62 mm AP projectile, Fig. 5 depicts the predicted change of AD85 ceramic 
thickness with 5083-H3 aluminium alloy thickness at different impact velocities. 
For each impact velocity, the program predicts a group of armour thicknesses, 
addition of ceramic thickness and corresponding aluminium alloy thickness, 
capable of 'defeating the projectile. Similarly for a 25 mm APDS projectile, Fig. 6 
plots the predicted change of AD99.5 ceramic thickness with 5083-H3 aluminium 
alloy thickness at different impact velocities. The trends are similar to those 
shown in Fig. 5 and the program also predicts a group of armour thicknesses 
capat,le of defeating such a projectile at each impact velocity. Therefore, it is 
necessary to have another factor determining the optimum design of armour at 
'each impact velocity. 

Because of the importance of the weight of the armour, the areal density is taken 
as a measure of armour weight when the optimum design is needed. Figure 7 
depicts the change of areal density of armour capable of defeating a 7.62 mm 
projectile with 5083-H3 aluminium alloy thickness at different impact velocities. 
Moreover, Fig. 8 plots similar trends of the change of areal density of armour 
capable of defeating a 25 mm APDS projectile with the corresponding 5083-H3 
aluminium alloy thickness at different impact velocities. At each impact velocity, 
the optimum design of the armour corresponds to the minimum areal density. For 
a 7.62 mm projectile having an impact velocity of 850 m/s, the optimum design of 
armour constitutes a 10.3 mm thick AD85 ceramic tile backed by a 7 mm thick 
5083-H3 aluminium alloy plate; this armour has an areal density of 54.4 kg/m2. For a,; 25 mm APDS projectile having an impact velocity of 1200 m/s, the optimum 
design of armour constitutes a 58.3 mm thick AD99.5 ceramic tile backed by a 24 
mm thick 5083-H3 aluminium alloy plate; such an armour has an areal density of 
289.4 kg/m2. 

Post-►derforation results 
In the following, the influence of armour thickness on the residual velocity and 
mass of projectile is presented. For a 7.62 mm projectile, Fig. 9 depicts the 
c,"nange of projectile residual mass ratio, WM., with ceramic thickness and the 
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change of projectile residual velocity ratio, V,/V,, with the total armour thickness at 
Vi  = 900 m/s. The considered armours consist of AD85 ceramic tiles of different 
thicknesses backed by 8 mm thick 5083-H3 aluminium alloy plate. It is clear from 
the figure that both the projectile residual velocity ratio and the projectile residual 
mass ratio decrease with the increase of ceramic thickness. This is attributed to 
the increase of time during which the projectile is subjected to erosion with 
ceramic thickness. In addition, the energy necessary for defeating the armour 
increases with armour thickness. The model predicts that the projectile lost 33% 
of its velocity and 18.7% of its mass in defeating an armour having a total 
thickness of 12 mm. In addition, the projectile lost 93% of its velocity and 34,8% of 
its mass in defeating an armor having a total thickness of 19 mm. 

For a 25 mm projectile having V, = 1200 m/s, Fig. 10 plots the change af projectile 
residual mass ratio with ceramic thickness and the change of projectile residual 
velocity ratio with the total armour thickness. The considered armours consist of 
AD99.5 ceramic tiles of different thicknesses backed by 30 mm thick 50834-13 
aluminium alloy plate. Similar trends to those shown in Fig. 9 for the projectile 
residual velocity ratio and its residual mass ratio with ceramic thickness are 
obtained. In addition, the model predicts that the projectile lost 27% of its velocity 
and 31.9% of its mass in defeating an armor having a total thickness of 50 mm, 
whereas the projectile lost 48% of its velocity and 42.4% of its mass in defeating 
an armour having a total thickness of 66 mm. 

Effect of armour parameters on its ballistic resistance 
In the following, the ballistic limit is the factor used to evaluate the influence of 
armour parameters on its ballistic resistance. 

* Effect of thickness and strength of ceramic 
In the following, two classes of ceramic are considered; these are AD85 and 
AD99.5. Each ceramic tile of the two different classes is backed by a 5083-H3 
aluminium alloy plate. For a 7.62 mm projectile, the thickness of ceramic tile of 
each class is changed while the back plate is assumed to have a thickness of 8 
mm. The input data of projectile, ceramic and back plate listed in Table 2 are fed 
into the program. 

Figure 11 depicts the change of ballistic limit of the considered Lightweight 
armours with ceramic thickness for the two classes of ceramic. It is clear from the 
figure that the ballistic limit of armour increases with ceramic thickness. For the 
same ceramic thickness, the ballistic limit of armour also increases with the 
strength of ceramic. For V, = 865 m/s, the model predicts that the total armour 
thickness defeating the 7.62 mm projectile decreases by 16.7% and its weight 
decreases by 13.2% if the AD85 ceramic is replaced by AD99.5 ceramic. 

For a 25 mm APDS projectile, the same constitutions of lightweight armours 
considered with the 7.62 mm projectile are considered. In addition, 30 mm thick 
5083-H3 aluminium alloy plates back the ceramic tiles of different classes, 
respectively. Figure 12 plots the change of ballistic limit of the considered 
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armours with ceramic thickness for the two classes of ceramic. Similar trends for 
the change of ballisfic limit with ceramic thickness to those shown in Fig. 11 are 
obtained. For Vi  = 670 m/s, the model predicts that the total armour thickness 
defeating such a projectile decreases by 13.3% and its weight decreases by 10% 
if the AD85 ceramir..: is replaced by AD99.5 ceramic. 

* Effect of thickness and strength of back plate material 
In the following, two classes of aluminium alloys are considered; these are 7075-
T6 and 5083-H3. For a 7.62 mm projectile, the facing material of the considered 
armour is A085 ceramic having a thickness of 8 mm. The input data for projectile, 
ceramic and the two aluminium alloy classes listed in Table 2 are fed into the 
program. 

Figure 13 depicts the change of ballistic limit of the considered armours with 
aluminium alloy thickness for the two classes of aluminim alloy. It is clear from this 
figure that the ballistic resistance of armour increases with back plate thickness. 
In addWon, the ballistic resistance of armour increases with the strength of back 
plate material. For VI  = 850 m/s, the model predicts that the total armour thickness 
defeating the 7.62 mm projectile decreases by 9.1% and its weight also decreases 
by 4.8% if the 5083-H3 aluminium alloy back plate is replaced by 7075-T6 
aluminium alloy plate. 

For a 25 mm APDS projectile, Fig. 14 depicts the change of ballistic limit of 
armours consisting of a 20 mm thick AD99.5 ceramic tiles backed by 5083-H3 
and 7075-T6 aluminium alloy plates, respectively, with aluminium alloy thickness. 
Similar trends to those sown in Fig. 13 are obtained. For VI = 850 m/s, they model 
predicts that the total, thickness of armour decreases by 10% and its weight by 
5.1% if the 5083-H3 aluminium alloy plate is replaced by 7075-T6 aluminium alloy 
plate. 

CONCLUSIONS 

An analy'dcal model describing the penetration process due to the impact of small 
and medium caliber projectiles into ceramic/aluminium armours has been 
develc)ped. The model consists of three main phases; these are: (i) ceramic 
fragmentation, (ii) penetration of fragmented ceramic and (iii) penetration of back 
plate. The first phase consists of only one penetration stage, whereas the other 
two phases include a group of penetration stages, respectively. The sequence of 
penetration stages depends on the relations between the velocity of the rigid part 
of the projectile, the penetration velocity and the velocity of ceramic and/or back 
plate material ahead of projectile. 

The governing equations of each penetration stage are derived and compiled into 
a computer program. Matching predicted residual velocities of projectile and 
ballistic limits with the numerical and experimental results of other investigators 
serves to determine the flow stress of ceramics. The results presented are 
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concerned with: (i) design optimization of ceramic/AI alloy lightweight armours 
capable of defeating the 7.62 mm AP and 25 mm APDS projectiles, (ii) studying 
the effect of armour thickness on residual velocity and mass of such projectiles 
and (iii) studying the effects of thickness and strength of ceramic and back plate 
materials, respectively, on the ballistic resistance of armour. For further 
application of the model to investigate the penetration of lightweight armour by a 
high-speed projectile, a few tests could be performed on such armours. The test 
results serve to determine ceramic flow stress. Moreover, the ceramic flow stress 
may be considered to vary with ceramic thickness. 
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Fig. 1. Flow chart showing the different penetration stages representing 
the complete penetration process of a ceramic/metal armour by 
a projectile. 
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Fig. 4. Numerical [101 and predicted projectile residual 
velocity versus ceramic thickness for different 
values of ceramic flow stress due to the impact 
of 25 mm projectile into AD99.5 ceramic/7075-
T6 Al. alloy armours. 
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Fig. 3. Numerical [10] and prfaclicted projectile residual 
velocity versus Al. ai'my thickness for different 
values of ceramic flow stress due to the Impact 
of 25 mm projectile Into Al-N ceramic./7075-T6 
Al. alloy armours. 
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Fig. 2. Diagrammatic scheme of some penetration stages and their estimated 
velocity profiles; these are: (a) ceramic fragmentation, (b) penetration into fragmented ceramic (V > U, U > W, Z < (c) penetration of 
eroding projectile into back plate (V>U, U>VV) and (d) penetration of 
rigid projectile and remaining ceramic into back plate (V = U = W). 
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