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INTRODUCTION   

Steel has been used in armour applications due to their good performances of high strength and hardness [1]. 

Nevertheless, steel is very heavy which has limited the vehicle mobility. The development of composite materials reduces 

the weight while retaining the strength [2]. The recent development in armour vehicle industry is to combine the 

lightweight materials such as ceramic, magnesium alloys, aluminium alloys and titanium alloys for weight reduction [3]. 

Aluminium alloys have becomes an interest in weight reduction of armoured vehicle body because of their performance 

in terms of high ductility, high stiffness-to-weight ratio and good corrosion resistance [4]. The combination of the steel 

and aluminium will maintain the original strength as the weight will be reduced. Aluminium alloys has a higher ductility 

to absorb the remaining energy of the projectile causes by front plate. Hence, Aluminium alloys offer the weight reduction 

in combination with the others materials [2]. Forrestal et al. [5] found that the integration of the Al7075-T6 and Al5083-

H116 with steel increase the ballistic performance for armoured vehicle structures. Hence, the combination of the 

aluminium alloy and steel will improve the ballistic performance while reducing the weight of the panel.  

The main criterion for an armoured vehicle performance is its ballistic impact resistant capability resulting from high 

velocity impact by a low mass projectile. The materials used in the laminated panel must also not compromise the stiffness 

and strength of the vehicle panel in both low velocity and high velocity impact because structural resistance to severe 

impacts is directly related to structural integrity [6]. Structural performance in low velocity must also be considered 

because force transmissions between layers in laminated panels are related closely with the deformation and energy 

absorption capability of the panels [7, 8]. Thus, it is essential to better understand the local strength and energy-absorbing 

characteristics of layered panel with joining materials in order to determine the behaviour and properties of new panel to 

be used in these vehicles in terms of its strength during low velocity impact while considering the high velocity impact 

such as ballistic impact. The joining process of welding, riveting, brazing, and adhesive bonding was used to join the 

plates. Adhesive and brazing joining process offer some advantages from other process such as homogeneous stress 

distribution on a surface of the material, wide stress-bearing region, superior damping and shock-absorbing properties. 

The adhesive may lead to deform causes by plastic zone at the end of the adhesive bonding initiates. The white band 

will be produced because of the damage zone [9]. The theoretical work of adhesion was compared by an experiment to 

measure the strength of the joint [10, 11]. Consequently, the plastic dissipation of adhesive layer produced from the 

remaining strength of the bonding reflects the findings of by Gent et al. [12]. Although the joining process like adhesion 
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technique and brazing technique have been broadly used, there are still concern in fabricate reliable strength under low 

velocity impact  

Hence, it is important to understand the properties and strength of the joining in order to produce the strong joint for 

metal laminates panel. Introducing the joining material into the metal laminate panel would improve its ballistic impact 

resistance. In order to enhance the attractiveness of laminated plate construction inclusive the joining material through 

adhesion technique and brazing technique, it is essential to study the strength of the joint dissimilar metals under low 

velocity impact before performing the ballistic impact. Therefore, this paper will be focused to study the effect of 

dissimilar joining methods for aluminium alloy and high strength steel subjected to low velocity and ballistic impact using 

both experiment and numerical methods. The metal laminate panel was joined using adhesion and brazing technique and 

was subjected to low velocity impact tests and high velocity impact test. The impact performance in terms of maximum 

stresses, forces, deflections and penetration depth was evaluated to determine the most suitable joining material and 

process for this laminated panel. 

METHODOLOGY 

The methodology frameworks employed in this study are illustrated in Figure 1. Combining dissimilar metals of 

Ar500 steel and Al7075-T6 aluminium will contributed in weight reduction and increased ballistic performance due to 

their high strength and hardness. Tensile test and hardness test were carried out to study the properties of the materials.  

Then, joining process was performed using two types of joining technique: brazing technique and adhesive technique. 

Low velocity impact test was conducted on the joined dissimilar metals using bending test and drop test to evaluate low 

velocity impact on the laminated panel. Finally, ballistic test was conducted using simulation works and experiment. The 

experiment was conducted for laminated panel without joined materials for validation of finite element model only. The 

effect of laminated panel with joined materials under ballistic impact was investigated through finite element analysis. 

The experimental approach can provide good penetration results, but it is very expensive. The finite element approach on 

the other hand has been proven to be a reliable and economical tool for penetration predictions of projectiles over all 

ranges of striking velocities [13]. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Flow diagram of the methodology. 
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Experimental Procedure 

Figure 2 presents the dog-bone shaped specimen for tensile test which was prepared based on the ASTM E8. The 

cross section and the length of the gauge area were 6 mm x 6 mm and 25 mm, respectively. Tensile test was performed 

on Ar500 steel, Al7075-T6 aluminium, Epoxy adhesive, Polyurethane adhesive and Al-Si-Zn filler metal using the 

universal testing machine of 100 kN capacity and the specimens were strained at a speed of 1.5 mm/min to obtain the 

stress-strain curve for mechanical properties analysis. Meanwhile, the diameter of steel ball indenter’s is 12.7 mm and 

test force is 588.4 N was set in R scale for the Rockwell hardness test in all joining process. The diameter of the steel ball 

was 1.6 mm at 980.7 N for Ar500 steel, Al7075-T6 aluminium and Al-Si-Zn filler metal by using B scale. All specimens 

were placed on a pressing platform, and the hardness was obtained once they reached their respective force. The Rockwell 

hardness B tester was used to measure the hardness of metallic materials while Rockwell hardness R tester was used to 

measure the hardness of plastics and insulating materials according to ASTM D785 standard test method. The mechanical 

properties of the steel, aluminium alloy and joining materials are presented in Table 1.  

 

 

 

 

 

 

 

 

 

 

Figure 2. Geometrical properties of the specimen used for tensile test. 

 

 

Table 1. Mechanical properties of materials used for laminated panel. 

Material 
Density 

(kg/m3) 
Hardness 

Tensile strength 

(MPa) 

Yield stress 

(MPa) 

Elongation at 

break (%) 

Ar500 7850 115 HRB 1740 1370 12.5 

Al7075-T6 2804 84 HRB 536 480 10.0 

Epoxy 1200 110 HRR 48.7 31.1 2.1 

Polyurethane 1150 84 HRR 19.6 16.7 2.1 

Filler metal 2600 31 HRB 144 69 5.8 

 

 The Al7075-T6 aluminium and Ar500 steel were joined using two techniques: brazing technique and adhesive 

technique. Brazing technique was performed using torch brazing process and the filler metal Al-Si-Zn as the joining 

materials. Torch brazing process was conducted with flame produced by butane gas and heated on the surface of steel 

until the metal filler is melt as shown in Figure 3.  Meanwhile through adhesive technique, Al7075-T6 and Ar500 were 

joined using two types of joining materials: epoxy and polyurethane. Adhesive joining process was performed by which 

metal was held together by the surface attachment of adhesives. Adhesive process occurs when the liquids or paste is 

converted into a solid state. The change was achieved through polymerization and heat curing. These three specimens of 

joined dissimilar metals were tested under low velocity impact: shear lap joint test, drop test and bending test. A shear 

lap joint is set in ASTM D1002 for standardised condition. A universal tensile testing machine was utilised to obtain the 

shear strength of the joint. As described above, specimens were gripped with excessive force to avoid slippage, and the 

cross head speed was set at 1.3 mm/min. To minimise bending stress inherent in the testing of joined specimens, the 

gripping section of the specimen was fabricated thicker to obtain an axis parallel to that of the loading point.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Schematic illustration of torch brazing process 
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 A three-point bending test was also carried out using a universal testing machine according to ISO 14125, at a cross 

head speed of 5 mm/min at room temperature. This cross head speed was chosen to achieve the minimum stress rate to 

match the semi-static loading requirement. The flexural strength of the specimen was calculated by measuring the fracture 

force from the stress-strain curve as in Equation. (1): 
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where  𝜎𝑓 is the flexural strength (MPa), L represent the distance between the support points (mm), F  is defined as 

the load at fracture (N), while b and d  represent the cross-sectional width (mm) and height (mm), respectively of the 

specimen. Drop test was performed by using drop impact testing machine. Two plates in spherical opening were griped 

the laminated panels in the impact fixture of diameter 70 mm. The hemispherical striker with a diameter of 20 mm was 

used to perform impact tests. The indenter mass was 13 kg whereas the impact energy was 20 J. Different process of 

adhesive and brazing were used to evaluated the peak force and impact damage. 

 

  
(a) (b) 

 

Figure 4. (a) A three point bending position on a universal testing machine, (b) A set-up for a drop test machine. 

 

In addition, the ballistic test was carried out to validate the finite element model of the laminated panel without joining 

materials. The triple-layered panel consists of front layer with 8-mm thick steel, intermediate layer with 10-mm thick 

aluminium alloy and back layer with 7-mm thick as shown in Figure 5. The laminated panel achieving the 25% weight 

reduction from existing ballistic resistant panel. The ballistic tests were performed using NATO Stanag 4569 standard 

which specifies the protection levels for armoured vehicles in five categories [14]. The threat by this study is level 2 

which is one level lower than the practice standard for an armoured vehicle should surpass to protect occupants. The 

experimental result was then compared with the finite element result and the study was then extended to the higher level 

of threat which is NATO Stanag 4569 protection level 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. The cross-section geometrical model of the 7.62-mm FMJ projectile and thick-layered armour test plates for 

metal laminates panel. 
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Numerical Procedure 

The geometrical model of 7.62 mm armour piercing ammunition projectile and the triple-layered target panel as in 

Figure 5 was modelled using a Ansys AutoDYN software package suitable for high velocity impact. The total mass of 

projectile is 10.04 g with 7.7 mm diameter and 35 mm length, and it is made of a brass jacket, lead filler and ogive nose 

hardened steel core. The target plate was modelled as 100 mm diameter circular plate and fully clamped at the edge 

boundaries. Four models of triple-layered configuration panels were constructed where Al7075-T6 was placed in the 

intermediate layer and Ar500 was placed in the front and back layers. One model was developed without joining material 

as the reference panel. Other three models were constructed by which each layer was joined using three types of joining 

materials: filler metal Al-Si-Zn, epoxy and polyurethane.  

The Johnson Cook (JC) material constitutive model was used to represent the projectile and metal-laminate panel of 

Ar500 steel and Al7075-T6 aluminium while the Cowper-Symonds (CS) material constitutive model was utilised to 

represent the joining materials in finite element model. The JC parameters for Ar500 steel, Al7075-T6 and projectile 

materials used in this study shown in Table 2 are adopted from the previous works of Forrestal et al. (2010) and Manes 

et al. (2014). These JC parameters were chosen because the materials used in the previous works have almost comparable 

material properties of density, Young’s modulus and Poisson’s ratio with that from this study. However, CS was chosen 

over JC model to represent the joining materials because of its simplicity. It was quite difficult to find the JC parameters 

for the joining materials and it seems unnecessary to use JC model because the balance strength of joints was contributed 

by plastic joining material layer and CS model is based on conventional plasticity theory solely and the effect of joining 

material over a ballistic impact is not as much as the Ar500 steel and Al7075-T6 aluminium [15]. CS parameters for 

joining materials were calculated from experimental procedure conducted using the static and semi-static loading tests 

and were tabulated in Table 2.   

 

Table2. Cowper-Symonds parameters for joining materials. 

Cowper-Symonds Constant Al-Si-Zn filler metal Epoxy Polyurethane 

C 120 2188 50 

q 5.0 5.5 4.0 

 

 

  

(a) (b) 

 

Figure 6. Finite element model of projectile and laminated plate for:  

(a) Laminated panel without joining material, (b) Laminated panel with joining materials. 

 

RESULTS AND DISCUSSION 

Joining process was performed to join Ar500 and Al7075 plates as a laminated panel using three different joining 

materials: Al-Zn-Si filler through brazing process and epoxy and polyurethane through adhesion process. Three low 

velocity impact tests were conducted and the results were summarised in Table 3. The shear strength values of both 

specimens are presented in Figure 7. Results indicate that epoxy joined laminated panel exhibits highest shear strength of 

15.8 MPa which is 35% and 75% higher than that of the polyurethane and Al-Zn-Si filler joined laminated panel. Epoxy 

specimen has higher strength compared to polyurethane due to better stress distribution under semi-static load of bending 

test. However, the strength performance of adhesive-bonded metal laminates under drop test at high strain rate was 
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different from the semi-static load. Failure occurs at interfacial bond of Al7075-Epoxy due to bending effect of Al7075. 

Epoxy specimen has higher deflection compared to polyurethane in semi static load as in Figure 8. However, under higher 

velocity or higher strain rate, the study indicates that polyurethane joined laminated panel exhibits a higher performance 

compared to epoxy and Al-Zn-Si joined metal laminates specimen. Polyurethane cracked at the highest load of 2979 N 

and polyurethane joined panel can withstand a higher load before cracks begin to initiate in the metal laminates.  

 The strength performance of adhesive-bonded metal laminates was higher at high strain rates (drop test) contrast to 

the low strain rates (bending test). Elastic properties of the polymeric material in which when a load is applied molecular 

chains will experience a phase of restructuring before plastic deformation because the adhesive bonding increases in 

stiffness at higher strain rate [16]. Under partial load static pressure, constituent molecular chains occur relaxed and 

effectively facilitate it undergoes plastic deformation phase. However, under the influence of the impact load at high 

strain rates, the molecular chain is not able to sort position, then it will intersect with each other and confined its 

deformation slip [17]. It appears from the Figure 9 where the maximum load and elongation of epoxy adhesive is higher, 

showing the ability to absorb lower energy. While the percentage of cracks in both samples when subjected to energy of     

20 J is 100% of the epoxy-bonded panel and 50% for polyurethane-bonded panels. Epoxy-bonded and Al-Zn-Si filler 

bonded panels were detached, while polyurethane-bonded panel remained attached to the substrate as shown in Figure 

10. 

 

Table 2. Summary results of low velocity impact tests on metal laminated panel with joining material. 

Joining Material 

Shear test Bending Test Drop Test 

Maximum 

Stress (MPa) 

Maximum 

Force (N) 

Deflection 

(mm) 

Maximum 

Force (N) 

Deflection 

(mm) 

Epoxy 15.8 3480 7.9 2017 19.1 

Polyurethane 10.2 1322 15.6 2979 17.5 

Al-Zn-Si Filler 4.1 615 11.5 1690 26.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Maximum strength of different joining materials subjected to shear test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Force and Deflection of different joining materials subjected to bending test. 
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Figure 9. Force and Deflection of different joining materials subjected to drop test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Fracture behaviour of polyurethane (PS), epoxy (ES) and Al-Zn-Si (FL) joined laminated panels. 

 

 The ballistic test was carried out to validate the finite element model of the laminated panel without joining materials. 

The images of the front face of the triple-layered plate from simulation and ballistic test are shown in Figure 11a-b. 

Ballistic test results showed that the projectile partially penetrated both plates with depth of penetrations varied between 

1.5 mm to 1.9 mm for the triple-layered plate. The average after three shoots was calculated as 1.7 mm. Both simulation 

and ballistic test showed that projectile was completely shattered. It is undeniable because the 7.62 mm FMJ projectile 

consists of soft core which would be destroyed during high velocity impact on high strength steel surface [18]. This result 

implied that the finite element model of triple-layered metal laminate armour plates could be used effectively to study 

their behaviour subject to higher level of threats with inclusive joining materials. 

Ballistic test for higher threat level was performed using finite element analysis to investigate the effect of these three 

materials joining the Ar500 and Al7075-T6 for triple-layered laminated panel configuration under high velocity impact. 

The final state of laminated panel with joining materials was compared to laminated panel without joining material in 

Figure 12 in terms of penetration depth (DOP). The panels with joining materials exhibit better performance than that of 

without joining material based on the penetration of triple-layered panel. Penetration depth of panel joined by 

polyurethane possesses the lowest depth of 22 mm with higher contact duration compared to panel without joining 

material. Time taken for the laminated panel without joining material, with Al-Zn-Si filler bond, with epoxy bond and 

with polyurethane bond is 67 μs, 72 μs, 70 μs and 74 μs, respectively. It is believed that the ability joining materials to 

absorb the kinetic energy from the projectile increased has helped slowing down the projectile during penetration process 

[19]. This phenomenon has increased the contact duration of projectile during ballistic impact. 
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(a) (b) 

 

Figure 11. Comparison of triple-layered plate after the test from (a) simulation result; ballistic test. 

 

    

DOP=23 mm DOP=22.5 mm DOP=22.5 mm DOP=22 mm 

(a) (b) (c) (d) 

 

Figure 12. Penetration of 7.62-mm APM2 projectile at t=0.07ms of initial velocity of 950 m/s for laminated panel from 

simulation result: (a) without joining material, (b) with Al-Zn-Si filler bond, (c) with epoxy bond, (d) with polyurethane 

bond. 

CONCLUSION 

This paper facilitates the selection of appropriate joining material and process for laminated panels of Ar500 and 

Al7075-T6 to withstand ballistic impact from projectile threat. Triple-layer configuration panel was joined using two 

methods: brazing and adhesion techniques. Although epoxy-bonded laminate panel and Al-Zn-Si filler bonded laminate 

panel seem promising to withstand the low strain rate impact through bending test, but the performance decreases as the 

strain rate was increased through drop test. From the ballistic test conducted through finite element analysis, polyurethane 

bonded laminated panel performed the best under ballistic impact if only penetration depth and contact duration during 

penetration are taken into consideration. Polyurethane bonded laminated panel surpasses the ballistic performance of 

laminated panel without adhesive by 4.3% and has 10.4% longer time taken for the laminated panel to stop the projectile. 

Thus, polyurethane seems to be the most suitable in joining the dissimilar metal of Ar500 and Al7075-T6 as a laminated 

panel for armoured vehicle application. 
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