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Abstract 

Ballistic performance of steel plate is a function of material hardness, material thickness and 
projectile type. Such data indicate that as the hardness of the plate is increased so does the ballistic 
performance up to a certain hardness level. Beyond this certain hardness, the ballistic performance of 
steel actually decreases due to the formation and propagation of adiabatic shear bands (ASB) and 
crack. Steel plate with lower hardness has a better ability to absorb impact energy but the thickness 
needs to be larger than the steel with higher hardness. The combination of hard and soft properties on 
a single plate can be made to complementary each advantage and disadvantage of it. The hard and 
soft properties combination is made by construct a hard multilayer on the surface of the plate. The 
simulation of multilayer hardness model is taken to analyze the ballistic performance before it takes to 
ballistic test. The result shows that configuration of multilayer hardness steel with total thickness of 8 
mm and has a surface hardness profile of 795-534 VHN along 0.8 mm thickness and backside which 
has hardness 524 VHN along 7.2 mm  has minimum damage that is 2 mm diameter and 0.19 mm depth 
without any crack found. Whereas the monolithic plate with uniform hardness of 527 VHN with total 
thickness of 8 mm has damage diameter around 7 mm and depth of 0.74 mm and shows the existence 
of surface crack along 3 mm.  
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Introduction 
The ballistic resistance of material depends on some 
parameter. The parameters are projectile parameter 
(size, shape, density and hardness), impact parameter 
(velocity and angle) and target parameter 
(hardness/strength, ductility, microstructure and 
thickness). 

The research done by Dikshit [1995] about ballistic 
shown that ballistic performance on steel plate with a 
thickness of 20 mm increase related to the increasing 
of hardness up to 440 VHN. Above that hardness the 
ballistic performance is decrease. The decreasing is 
because of adiabatic shear band (ASB) is sensitively 
formed on the high hardness. The ASB generate the 
crack formation and promote a material plugging or 
shattering due to shear stress. Edwards MR [1997] use 
tool steel for material target on ballistic test. The 
materials have a hardness of 380 VHN, 510 VHN and 
710 VHN. The result shown that the material with 
hardness beyond 510 VHN has a gross cracking in its 
structure which decreasing the ballistic performance.  

Richard, JS [1996] developed the making of dual 
hardness steel with induction heat treatment method. It 
was made on a single plate to create a good integrity 
of it. The conventional method to make dual hardness 
armor is construct two plates which has a different 
hardness to stick the plates by rolling processes. 

Rolled bonded dual hardness armor steel has a 
problem on delaminating of the plates join because of 
projectile hit. The best performance of Richard’s 
[1996] give at a hardness on the front face about 60 
HRC and the back side 51 HRC. The harder has 40 % 
portion of total thickness of 13.6 mm. The plate hit by 
projectile caliber 12.7 mm with a velocity of 900 m/s.  

Hardness of material is the one of several parameters 
of ballistic performance. On the study of the research 
above can be concluded that the ballistic performance 
is the function of material hardness. Such data indicate 
that as the hardness of the plate is increased so does 
the ballistic performance up to a certain hardness 
level. Above this hardness, the ballistic performance 
of steel actually decreases due to the formation and 
propagation of adiabatic shear bands (ASB). The 
adiabatic shear band will generate a crack. Steel plate 
with lower hardness has better toughness properties. It 
can absorb energy by plastic deformation on the 
material. Soft plate has a better ability to absorb 
impact energy but the thickness needs to be larger than 
the steel with higher hardness. 

The improvement of ballistic performance can be 
achieved by combine the hard and soft properties. The 
combination of hardness will complementary the 
advantage and disadvantage of it. The plate is made 
with higher hardness at the front face and lower 
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hardness at backside. The hard layer has a function to 
break the projectile and the soft part will absorb the 
rest of impact energy. The lower hardness side also 
has a function to stop the crack propagation which 
easily forms on the hard side.  

The objective of the research is to develop armor steel 
plate AISI 4340 with a multilayer hardness on a single 
plate by creating a hardness gradient on the surface of 
the plate to improve ballistic performance against a 
projectile caliber 5.56 mm on the speed of 930 m/s 
compare to common monolithic hardness armor. 

The method to make multilayer hardness is done by 
carburizing processes. It will give carbon addition on 
the plate surface. The hardness of the surface then will 
be higher if the plate gets to hardening processes.  

Experimental 
The first stage is done by calibrating ballistic 
simulation parameter. It is taken from the experiment 
of ballistic test on three different hardness monolithic 
plates. The plate has a uniform hardness through its 
thickness. The computer model is create correspond to 
the experiment condition. The material parameter then 
fill until gets the same result with the experiment. 
When the simulation give a result of damage profile as 
same as the damage on the experiment it can be said 
that the material parameter is correct.  

The AISI 4340 plate is used to make a monolithic 
hardness with dimension of 100x100x8 mm. Three 
plate take to hardening processes with austenization 
temperature on 840oC holding for 15 min. then oil 
quench. Plat A.1 is given tempering processes at 
520oC holding for 2 hour has hardness 441 VHN. Plat 
A.2 is given tempering processes at 300oC for 2 hour 
producing has hardness 527 VHN. Plat A.3 without 
tempering processes has hardness 677 VHN. The 
ballistic test is done by shooting the plate with an M16 
riffle. The projectile is caliber 5.56 mm soft core. The 
projectile velocity is about 930 m/s.  

 
Fig. 1. Plate and Projectile Model 

The simulation is done to calibrate the appropriate 
simulation parameter of monolithic hardness. Plate 
and projectile model is made as seen on Fig. 1. On the 
simulation the hardness cannot be used as a parameter 
directly. Then the parameter which is influence the 
hardness is adjusted until reach a result which has a 
same with the field experiment. The adjusted 

parameter is Static yield stress (A), Hardening 
parameter (B) Hardening exponent (n) and Max. 
plastic strain (εp). The data are given at Table 1.  

Table 1. Simulation Parameter for Monolithic Plate 

 

  

  

  
Fig. 2. Result Comparison between Simulation and 

Experiment of Ballistic Test of Plate A.1, Plate A.2 and 
Plate A.3 

Fig. 2 show the comparison result of simulation and 
experiment on plate A.1, A.2 and A.3. The damage 
profile shows the similarity on shape and dimension. It 
can be concluded that the parameter which is fill is 
appropriate to give a suitable properties of material on 
simulation. 

The second stage is done by creating multilayer 
hardness steel. Simulation is done to create a model of 
multilayer hardness to analyze the ballistic 
performance before it takes to ballistic test. The model 
of multilayer surface is constructed by a laminated 
model which has six layers. Each layer has properties 
related to the average hardness at a given thickness. 
Simulation parameter is taken from the data of 
monolithic plate simulation. The field ballistic test of 
the plate is taken to verify the simulation result. 

The making of the multilayer hardness plate use a 
method of carburizing – hardening and tempering. 
AISI 4340 is use for the material with dimension of 
100x100x8 mm. Two AISI 4340 plate is named by 
plate B.1 and plate B.2 is given carburizing processes 
with temperature of 900 oC, holding for 5 hour and air 
cooling. Plate B.1 then takes to tempering processes 
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with temperature of 300 oC, holding for 2 H and air 
cooling. While plate B.2 is not get to temper. Plate B.1 
has hardness profile of gradual from 795 to 524 VHN 
in 0.8 mm thickness on the surface. Plate B.2 has 
hardness profile from 1119 to 643 VHN in 0.8 mm 
thickness.  

The simulation is done to predict the plate ballistic 
resistance. The design model of hardness gradient is 
made by follow the hardness profile which given from 
hardness test on the sample. The continue gradient on 
sample is simplify to 5 level of hardness. 4 level has a 
thickness of 0.2 mm and last level is the original 
hardness of the plate. The plate hardness gradient 
model design as shown at Fig. 3.  

The simulation also uses AISI 4340 for the material 
data. Total thickness is 8 mm with 0.8 mm has a 
harder gradual hardness and 7.2 mm at the backside 
has the original hardness of the material. The 
parameter of each hardness level is calculated from the 
data of monolithic sample which has done and verified 
before. 

Hardness Profile fot Simulation Model
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Fig. 3. Hardness Layer Model for Simulation of 

Multilayer Hardness Plate 

The interpolation method is use to fill the parameter of 
hardness level that is not available in the monolithic 
simulation. The parameter can be seen on Table 2  

Table 2. Simulation Parameter for Plate B.1 

 
The simulation is taken on projectile initial velocity of 
930 m/s. Plat B.1 has negative final projectile velocity 
(-102 m/s). It can be concluded that plat B.1 can stop 
the projectile and rebound it backward. Plat B.2 has 
positive final projectile velocity (130 m/s). It means 
that the projectile strike through and perforate the 
plate.  

After simulation the plate B.1 and B.2 then take to 
ballistic test. The ballistic test uses a projectile caliber 
5.56 mm. The shooting range is 25 m and the 
projectile velocity about 930 m/s. 

Result and Discussion  
The damage observation is taken to compare the 
ballistic performance of monolithic plate A and 
multilayer plat B. The result of observation is shown 
in Fig. 4 and 5.  

Fig. 4. Crater Diameter and Damage 

On monolithic plate the damage becomes smaller 
related to hardness increasing. On plate A.1 the 
projectile perforate plate. Plate A.2 has medium 
hardness and it can stop the projectile. The crater is 
formed on the surface of plate A.2. The dimension of 
crater is 7 mm diameter and 0.74 mm depth. Crack is 
found from the cross section observation. The crack 
has 3 mm length and it is formed prior to the adiabatic 
shear band formation. 

The adiabatic shear band is seen around the surface of 
plate A.2 cross section. Plate A.3 has highest hardness 
of the monolithic samples. At plate A.3 the crater also 
formed in the surface and its dimension is 3 mm 
diameter and 0.23 mm depth. The adiabatic shear band 
is present on the surface with dimension of 80 µm. 
Crack is not found on the cross section surface but is 
found at the middle of plate thickness along 6.3 mm. 
Inner crack of plate A.3 is formed cause of the present 
of shockwave when projectile impact the plate. 

Sample plate B.1 which is multilayer hardness has 
smaller damage dimension. The dimension is 2 cm 
diameter and 0.19 mm depth. At cross section 
observation there is no crack found, but adiabatic 
shear band present at its surface with length about 66 
µm. The additional of harder layer on the plate B 
surface increase its ballistic performance. It can be 
counted that the addition of multilayer hardness can 
improve about 60 % {(7-2)/7 %} base on damage 
dimension compare to monolithic plate. The other 
improvement is no crack present on plate B.1 while on 
plate A.2 crack is seen at the surface. The 
improvement comes because of hard layer on the face 

Plate A.1 Plate A.2 Plate A.3 

   

 

Plate B.1 Plate B.1 
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of plate will protect the plate from projectile strike by 
rebound the energy to the projectile. The projectile 
will shatter because of energy rebound. The rest 
energy then use to deform and make an adiabatic shear 
band on the plate. At cross section observation there is 
adiabatic shear band present, but no crack found. It 
can be said that the crack is not generate cause the 
power of projectile striking is not enough to produce 
crack. The material toughness is still high enough to 
absorb the rest of projectile energy. 

Plat A.2 
(Monolitik 527 

VHN) 

Plat A.3 
(Monolitik 677 

VHN) 

Plat B.1 
795-524 VHN 

(0.8 mm) + 524 
VHN (7,2 mm) 

   

   

 
 

  
Fig. 5. Depth of Crater, ASB and Crack Observation 

Plate B.2 is also multilayer hardness type. It has higher 
hardness than plat B.1. It is fragmented when it took to 
ballistic test. Toughness of plate B.2 is lower than 
plate B.1 because it was not get to tempering 
processes. Crack formation easily generate on the hard 
material due to its low KIC. With low KIC crack 
propagation will be easily done even by a minor stress 
which causing a plate fragmentation.  

Table 3. Ballistic Performance 
Plate 
No. 

Damage and Crater 
Diameter Depth Defect 

A.1 12 mm - Perforated  
A.2 7 mm 0.74 mm Surface crack (3 mm) 

prior by ASB 
A.3 3 mm 0.23 mm Inner crack (6.3 mm), 

ASB (80 µm) 
B.1 2 mm 0.19 mm No crack, ASB (66 µm) 
B.2 - - Fragmented 

Conclusions 
Table 3. shows the ballistic performance of each plate. 

Based on the experimental observations and computer 
simulation analyses, the following main conclusion 
can be drawn: 
- Good agreement is in general obtained between 

the computer simulations and experiment results 
on monolithic and multilayer model. Thus, 
simulations using proper material models 
parameter are able to capture the main physical 
behavior during ballistic impact of both 
monolithic and multilayered steel plates. 

- The additional of multilayer hardness on the front 
face of the plate can improve the ballistic 
performance of AISI 4340 plate.  

- The best ballistic performance is given by the 
design of plate B.1. It has total thickness of 8 mm. 
Front face hardness profile is 795-524 VHN in 0.8 
mm thickness and backside hardness is 524 VHN 
in 7.2 mm. The plate has smallest damage without 
any crack present.  
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