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Abstract— Against developing weapons technologies, protection armor systems are also making rapid progress. A good 
armor system should provide high ballistic protection and light weight at the same time. Also, the desired armor system should 
be able to resist against the multiple impacts. All these properties can be supplied by a metal-ceramic functional graded plate as 
the armor system. Namely, the ceramic constituent provides high ballistic resistance against projectile while the metal 
constituent supplies the structural integrity and multiple impact resistance of the functionally graded armor plates. In this 
study, the effect of material composition on the ballistic limits of Al-SiC functionally graded armor plates were investigated 
using explicit finite element method. The through-thickness material properties of the functionally graded plates were 
determined by Mori-Tanaka homogenization scheme. The ballistic limit velocities of metal-rich (n=0.1), linear (n=1.0) and 
ceramic-rich (n=10.0) Al-SiC functionally graded armor plates subjected to 0.30 caliber Fragment Simulating Projectile (FSP) 
were determined. Also, post-impact damage mechanisms of the functionally graded armor plates and projectiles were 
evaluated in detail. 
 
Index Terms— Functionally graded armor plate, Ballistic limit, Explicit finite element method. 
 
I. INTRODUCTION 
 
The design of protective materials as armor has 
become a very important case against developing 
weapons technology. The two most important features 
expected from an armor system is low weight and high 
impact resistance. Armor structures should have low 
weight to provide the mobility of staff or vehicle as 
well as stop the threats which may come from outside 
[1]. Functionally graded plates, composed of 
Aluminum and Silicon Carbide, have extremely 
lightweight as well as exhibits high resistance against 
mechanical impact loading.  
Although functionally graded materials are new and 
developing technologies, they have a wide range of 
critical applications such as aerospace, nuclear, 
defense and automotive industry. Ever since the 
emergence of the idea of functionally graded 
materials, many scientific researches and studies have 
been performed [2-5]. Thermal barrier, corrosion and 
wear, automotive, energy, opto-electronics, aerospace 
and even used in the medical field, functionally graded 
materials is used in ballistic applications that required 
high mechanical strength. Therefore, it is important to 
determine the ballistic performance of functionally 
graded materials. This study investigates the effect of 
through-thickness material properties of the FG plates 
on the ballistic limits of FGM armor. 
 
II. THEORETICAL MODEL 
 
In order to determine the ballistic limits of functionally 
graded armor plates subjected to ballistic impact with 
a steel projectile, a series of numerical analyses were 
performed using nonlinear explicit finite element code 
ANSYS LS-DYNA [6]. The functionally graded 
armor plates were modeled in three different 

through-thickness material composition variations (n 
= 0.1, 1.0, and 10.0) to determine the material 
properties on the ballistic limit of FG armor plates. 
The locally effective material properties of the FG 
plates can be determined linearly or nonlinearly 
through-thickness variation of ceramic constituent 
using the Mori-Tanaka homogenization scheme [4,7]. 
The bottom layer of the plate is elasto-plastic pure 
metal (Al6061) and the top layer of the plate contains 
70% linear-elastic ceramic (SiC) and 30% 
elasto-plastic metal (Al6061) constituents. The 
elasto-plastic behavior of a metal/ceramic FG armor 
plate was modelled using the TTO 
(Tamura-Tomota-Ozawa) model [4,8]. Thus, the 
failure strains in all layers were determined using TTO 
model in order to predict the damages each layer 
through the thickness of FG armor plates under 
ballistic impact. Functionally graded plate was 
considered 90 mm in diameter and 14 mm in 
thickness. Ballistic impact analysis was carried out 
with 0.30 caliber Fragment Simulating Projectile 
(FSP) defined by STANAG-2920 [9] and 
MIL-DTL-46593B (MR) [10] (Fig.1). Plastic 
kinematic material model is used for projectile [11]. 
The mechanical properties of constituents of FG plate, 
and projectile (AISI 4340) are presented in Table 1. 
The FG plate and projectile were meshed with 
SOLID164 elements. The FG plate was modeled using 
10 layers through the thickness and it was divided into 
30 elements through the plate thickness, and each 
layer had 3 elements through thickness. The FG plate 
is fully clamped along its lateral surfaces. 
Contact modeling is critical for predicting the ballistic 
response of armor structures. In this study, an 
ERODING_SINGLE_SURFACE contact was defined 
in order to take into account self-contacting interfaces 
during the projectile impact process. An 
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ERODING_SURFACE_TO_SURFACE contact 
definition was defined between the projectile and the 

FG armor plate. 
 

Table 1. Material properties of constituents of FG armor plate and FSP projectile 

 

 
Figure 1. Functionally graded armor plate and 0.30 caliber FSP, their finite element models. 

 
III. RESULTS 
 
The effect of the compositional gradient exponent “n” 
on the ballistic limit of FG armor plates were 
investigated for metal-rich (n = 0.1), linear (n=1.0) and 
ceramic-rich (10.0) material compositions. The 
fragment simulating projectile (FSP), defined by 
STANAG-2920 and MIL-DTL-46593B (MR), was 
used to determine the V50 and the ballistic limit. 
Lambert-Jonas equation defined as 

ppp
IR VVAV /1

50)(         (1) 
where VR is residual velocity, VI is impact velocity 
and V50 is the ballistic limit velocity. A and p are 
empirical parameters depending on material. 
According to Lambert-Jonas equation, when the 
residual velocity is zero, impact velocity becomes 
equal to the ballistic limit velocity. A series of ballistic 
analysis were performed to determine the residual 
velocity is zero for all compositional gradient 
exponents (n = 0.1, 1.0, and 10.0) of the FG armor 
plates. Variations of residual velocity of the projectile 
as a function of the impact velocity for the metal-rich 
(n=0.1), linear (n=1.0) and ceramic-rich (n=10.0) 
material compositions of the FG plates subjected to 
projectile impact were presented in Figure 2. 
The FG armor plate with n=10.0 exhibits the highest 
ballistic limit, which is estimated to be 926 m/s. For 
the n=1.0, FG plate have a ballistic limit of 814 m/s, 
and the metal-rich (n=0.1) FG plate results in a 
ballistic limit value of 583 m/s. The residual velocities 
increase with increasing impact velocities for material 
composition values of 0.1, 1.0 and 10.0. 

 
Figure 2. Residual velocity versus impact velocity of projectile 
for metal-rich (n = 0.1), linear (n = 1.0) and ceramic-rich (n = 

10.0) Al/SiC FG armor plate. 
 

Figure 3 shows simulated damage sequences of 
metal-rich (n=0.1), linear (n=1.0) and ceramic-rich 
(n=10.0) FG armor plates during perforation by a 0.30 
caliber Fragment Simulating Projectile (FSP) which 
has impact velocity of 1100 m/s. All FG armor plates 
were perforated with projectile velocity of 1100 m/s. 
However, the responses of the structures against to the 
FSP are different. Thus, the stiffness of the FG armor 
plates decrease with increasing through-thickness 
metal phase, hence, this situation causes increased 
plastic 
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deformation in the FG armor plates in according to the 
TTO model. As can be observed from the Fig. 3, the 
perforation time or penetration distance of the FG 
plate decreased with increasing through-thickness 
ceramic phase which causes high ballistic resistance. 
Figure 4 shows the damages of Fragment Simulating 
Projectiles (FSPs) which have impact velocity of 1100 
m/s after perforation of metal-rich (n=0.1), linear 
(n=1.0) and ceramic-rich (n=10.0) FG armor plates. In 
according to the Plastic Kinematic Material Model, the 
disturbance of the projectile edge geometry increased 
with increasing through-thickness ceramic phase of 
the FG armor plate. This is because, the stiffness of FG 
armor plates is increased with increasing 
through-thickness ceramic phase. 
 
CONCLUSIONS 
 
In this study, the effect of material composition on the 
ballistic response of the Al/SiC FG armor plates were 
investigated numerically. Three types of material 
composition (n = 0.1, 1.0, and 10.0) for the FG armor 
plate were considered during ballistic impact analyses. 
In order to determine the ballistic limit velocities of 
FG armor plates, a series of ballistic simulations were 
performed by a 0.30 caliber Fragment Simulating 
Projectile (FSP) using non-linear explicit finite 
element code ANSYS LS-DYNA®. Numerical results 
showed that increasing compositional gradient 
exponent caused an increase in ballistic limit velocity 
of the FG armor plate. This is because increasing the 
compositional gradient exponent causes more rigid FG 
armor plate against to ballistic impact. The perforation 
and penetration results showed that through-thickness 
material is very effective parameters on the ballistic 
response of the FG armor plates. The desirable 
ballistic response of the FG armor plate can be 
obtained by a proper selection of material composition 
across the plate thickness. 
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