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Abstract 

Increasing the ballistic resistance of the steel railcar tank for carrying toxic liquids is of great significance in terms of 

preventing liquid leakage. In this paper, three-dimensional numerical simulations have been conducted to study the ballistic 

performance of railcar tank steel (TC-128) plate under normal and oblique impact. The finite element analysis results in terms 

of the ballistic limit of TC-128 steel plate are consistent with ballistic limit test results with average error of 8%. Both 

experimental and numerical simulation results show that the ballistic limit of TC-128 steel plate increased with increasing 

impact obliquity. A vane structure was proposed to deflect the projectile. As a result, the enhanced impact obliquity increased 

the ballistic limit of TC-128 steel plate. Two materials, steel 1006 and aluminum were used for the vane structure, respectively. 

The ballistic limit of the vane-target structure was improved with vane structure obliquity and thickness. At the same vane 

structure obliquity and thickness, the steel 1006 vane structure is more effective in protecting the TC-128 steel plate than the 

aluminum vane structure due to higher strength. However, with the same thickness, the “Vane Isolated Performance” (VIP) of 

the aluminum vane structure is higher than the steel 1006 vane structure because of the lower areal density of aluminum. The 

analysis was also extended to a double layer aluminum vane structure. The double layer aluminum vane structure could 

provide better ballistic performance than the single layer aluminum vane structure with the same areal density. Therefore, vane 

structure obliquity, strength, areal density and distribution density are four most import parameters for vane structure to 

improve the ballistic limit of TC-128 steel plate. All the simulations were performed in ANSYS AUTODYN finite element 

code. 
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1. Introduction 

TC-128 steel is a standard material that has been widely used 

in rail car tank for carrying toxic liquids such as chlorine [1]. 

However, the release of the toxic liquids from the holes in the 

tanks, caused by high power impact, is very harmful to the 

environment and even leads to deadly health risks for 

humans [2, 3]. Therefore, increasing the ballistic resistance of 

the tank is of great significance in terms of preventing liquid 

leakage. Generally, two methods can be used to increase the 

ballistic limit: using lightweight materials that have super 

high energy absorption ability as a protection layer and 

simply increasing impact obliquity [4, 5]. 

Glass transition temperature is a critical parameter that can 

contribute to energy absorption. When the glass transition 

temperature is close to but less than the test temperature, 

the lightweight materials, such as rubber and polyurea, can 

transition from the rubbery state to glassy state 
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accompanied by substantial energy dissipation [6, 7]. 

Roland [8] found that the elastomer coating can 

significantly increase the ballistic limit over that of bare 

high hardness steel (HHS), especially for those elastomers 

with high and/or broad glass transitions. Grujicic [9] 

observed a glassy-state with viscous type energy-dissipation 

for polyurea when the glass transition temperature was 

slightly lower than the test temperature. 

Some oblique impact tests revealed that the ballistic limit 

increased with increasing impact obliquity. Sadanandan [5] 

studied the oblique impacts of Swedish FFV armor piercing 

and U.K. ball ammunition on aluminum and steel plate, and 

found that ballistic limit increased with impact obliquity, 

which was due to the increasing energy absorbed by target 

plate with increasing obliquity [10]. Iqba [11] used 

ABAQUS to simulate the ballistic resistance of weldox 460 

E steel targets subjected to impact by a projectile with a 

conical nose at different impact obliquities. They found that 

the ballistic limit of target plates was almost the same from 

0 to 30º obliquity but was increased significantly after that. 

Børvik [12] studied AA6082-T4 aluminum plates under 

normal and oblique impact by soft NATO ball and hard 

APM2 bullet. The velocity drop during perforation was 

almost constant up to 30º then increased for APM2 bullet, 

whereas a gradual increase in velocity drop with increasing 

obliquity was observed for NATO ball bullet. For both 

bullets, the critical oblique angle was less than 60º. More 

recently, the mechanism of higher impact obliquities result 

in higher ballistic limit of a structure has been investigated. 

Baluch [13] studied the oblique impacts of aluminum 

projectile on an Al6061-T6 spacecraft inner wall. It was 

found that the damage area and energy absorption of 

impacted Al6061-T6 specimen increased with increasing 

impact obliquities. This study agrees well with Roslan's 

work of oblique impact on kenaf-reinforced composite plate 

[14]. They found that the raised oblique impact angle added 

the time of collision which contributed to higher energy 

absorption response. The larger damage area with higher 

oblique impact angle was also found in their study. 

Consequently, the higher impact angle caused larger 

damage area and higher energy absorption of the target 

structure after impact, which is the mechanism for the 

increase of ballistic limit. 

In this paper, a vane-target structure is designed to protect 

TC-128 steel plate, which is shown in figure 1. The vane 

structure can deflect the projectile when it impacts the vane 

structure and then impacts the TC-128 steel plate at a certain 

angle, which can increase the ballistic limit of the TC-128 

steel plate. Similar investigation of this type of steel and 

structure has not been found in publications. 

 
Fig. 1. Schematic illustration of vane-target structure. 

A series of 3-D finite element models were developed to 

study the ballistic limits of TC-128 steel plates at different 

impact obliquities and the simulation results in terms of 

ballistic limit were compared with ballistic limit test results. 

Finite element analysis was also performed to study the 

ballistic limit of the vane-target structure. The effectiveness 

of vane structures in protecting the TC-128 steel plates is 

investigated.  

2. Computational Model 
Verification 

2.1. Ballistic Limit Test 

2.1.1. Ballistic Limit Test Description  

The ballistic limit test was performed at H.P. White 

Ballistic Laboratory in Stress, MD. During the test, a 

standard 0.50 caliber M33 ball was shot into the plates 

which were mounted on a rigid support structure. The 

parameters of the 0.50 caliber M33 ball round are tabulated 

in table 1. The 19.05 mm thick TC-128 steel target plates 

were secured to a floor-mounted heavy steel rack 7.6 m 

from the test barrel. The plates were secured to the rack by 

C-clamps. The rack had the capability to rotate in order to 

provide oblique angles between 0-60º. During the test, 

impact angles ranged from 0º to 45º in steps of 15º. A laser 

leveling device was used to align each shot. Two 

photoelectric infrared screens placed three and six meters 

forward from the barrel were used in conjunction with a 

chronograph in order to calculate the average velocity of 

the projectiles, as shown in figure 2. The velocities were 

manipulated by increasing or decreasing the amount of 

propellant used in each cartridge. 

A 0.50 mm thick sheet of 2024-T3 aluminum was used as a 

witness plate to determine partial or complete penetration. 

If the witness aluminum plate is perforated in conjunction 

with the target plate, it is considered as complete 

penetration. Other cases, including projectiles stuck in the 

target plates, are considered as partial penetration. The 

range of error can be calculated by the difference between 

the highest partial and lowest complete penetrations. The 

ballistic limit value is very accurate if the range of error is 

less than 15 m/s. 
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Table 1. Parameters of 0.50 caliber M33 ball round. 

Diameter (mm) Length (mm) Projectile weight (g) Velocity (m/s) 

12.7 138.4 42.96 914 

 
Fig. 2. Experimental setup of the ballistic limit test.  

2.1.2. Ballistic Limit Test Results 

The experimental results are presented in table 2. For 30º 

obliquity impact, the ballistic limit value was not accurate 

because the range of error was 41.1 m/s. For 45º obliquity 

impact, no ballistic limit value was obtained because the 

maximum velocity of 1015.9 m/s used in the experiment did 

not fully perforate the target plate. Therefore, the ballistic 

limit of steel plate under 45º obliquity impact was higher 

than 1015.9 m/s. The TC-128 plates under different impact 

obliquities after the impact are shown in figure 3. The impact 

craters left in the steel platess increased with increasing 

impact obliquities, which result in a higher ballistic limit 

under higher impact obliquity. 

Table 2. Ballistic limit test results for TC-128 steel plate at different impact obliquities. 

Obliquity of impact (degree) Shot Velocity (m/s) Result Include V50 (m/s) Range (m/s) 

0 

1 927.5 P N 

971.1 8.8 

2 928.1 P N 

3 NR C N 

4 970.8 C Y 

5 967.4 P Y 

6 976.3 C Y 

7 969.6 P Y 

15 

1 980.8 P Y 

985.7 9.8 2 997.9 C N 

3 990.6 C Y 

30 

1 NR C N 

998.8 41.1 2 998.8 C Y 

3 957.7 P Y 

45 
1 994.3 P N 

NR  
2 1015.9 P N 

V-50: ballistic limit, the average velocity at which bullets penetrate the armor equipment  

in 50% of the shots; P: partial penetration; C: complete penetration; Y: included for V-50  

calculation; N: not included for V-50 calculation, NR: no results.  
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Fig. 3. TC-128 plate after the impact (a) normal impact; (b) 15º obliquity impact; (c) 30º obliquity impact; (d) 45º obliquity impact. 

2.2. Finite Element Analysis Model 

2.2.1. Material Model 

In AUTODYN, the material modeling is composed mainly of 

three parts, the equation of state (EOS), strength model and 

failure model. In most cases, the stress tensor can be divided 

into two parts, hydrostatic pressure corresponding with 

volume change and stress deviatoric tensor associated with 

shape change. EOS is the relationship between the 

hydrostatic pressure, the specific volume and local specific 

energy. The strength model mainly describes the resistance of 

a material to shear distortion. The failure model is the criteria 

of maximum strain or stress that a material can sustain. 

Normally, following failure, the material cannot sustain shear 

or tensile stress anymore. 

(i) Projectile 

The main two components of the projectile are a copper 

jacket and steel core. During the test, the copper jacket was 

totally ripped off. This is because the strength of the copper 

jacket is much lower than that of the TC-128 steel plate. In 

addition, Børvik et al [15] found that a brass jacket, which 

has a much higher strength than a copper jacket, has almost 

no influence on the ballistic limit of steel targets. So, for all 

the simulations, the steel core was used to represent the 

whole projectile. 

EOS of the steel core is linear and defined as:  

=P ku                                                 (1) 

Where K is the material bulk modulus, and u is the specific 

volume.  

For the strength model, the material properties of the steel 

core are uncertain because the required test data are generally 

not available in the literature. The Rockwell C hardness 

(HRC) value of the steel core, which is the only known 

parameter, is equal to 53 and was provided by the H.P White 

Company. So, the tensile test data of Arne tool steel with an 

HRC value equal to 53 was used for the steel core [16]. The 

bilinear hardening strength model is used to fit the 

experimental data. The expression of the bilinear hardening 

strength model is, 

0

0 0 0( )
t

E

E

ε ε ε
σ

σ ε ε ε ε
≤

=  + − >
                         (2) 

Where E is the Young’s modulus and Et is the tangent 

modulus.  

The failure model for the projectile was not considered at this 

stage, but the erosion technique was used to represent the 

failure of the projectile material. If the effective plastic strain 

(EPS) in an element reached a value of 1, this element is 

deleted from further calculation. The model constants for the 

projectile are reported in table 3. 

Table 3. Model constants for the projectile. 

Equation of State Strength Model Erosion 

ρ(g/cm3) K (G pa) T0(k) Cp (J/kg.ok) G (Gpa) σo (MPa) Et(GPa) EPS 

7.75 200 300 477 76.69 1,900 15,000 1 
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(ii) TC-128 steel plates 

The equation of state (EOS) of TC-128 steel also can be 

described by equation (1), which only needs one parameter. 

For the strength model, the quasi-static tensile test is 

performed for TC-128 steel plate at room temperature and a 

strain rate of 5 x 10
-4

 /s. The engineering stress-strain curve 

and true stress-strain curve are plotted at figure 4. The 

Piecewise Model, a modification model to the Johnson-Cook 

model, was used as the strength model for TC-128 steel plate. 

For the Johnson-Cook model (JC model), the stress can be 

express as a function of strain, strain rate and temperature, 

i.e.: 

� � �� � ���	

 ��1 � 
�����	��1 � ���� �             (3) 

Where ε��	is the equivalent plastic strain; ε��� is the equivalent 

plastic strain rate; A, B, and C are material parameters (A is 

the initial yield stress, B is the hardening constant, and C is 

the strain rate constant); n and m are respectively the 

hardening exponent and thermal softening exponent; and 

T�� � �T � T��� !/�T #�$ � T��� !	 and is the non-

dimensional normalized (homologous) temperature (Troom is 

room temperature while Tmelt is the melting temperature). All 

temperatures are given in Kelvin. 

For the piecewise model, strain rate hardening and thermal 

softening parts remain the same as in the JC model while the 

strain hardening part �� � ���	

 � in the JC model is replaced 

by a piecewise linear function of yield stress versus effective 

plastic strain. For the piecewise model built in AUTODYN 

software, the strain hardening part can be obtained by up to 

ten EPS and effective stress (ES) data points. For the strain 

rate constant C and thermal softening exponent m , the 

parameters of weldox 460 E steel ,which has almost the same 

yield strength and tensile strength as TC-128 steel, are used 

here [17]. 

 

Fig. 4. True and engineering stress-strain curves of TC-128 steel. 

The failure model of TC-128 steel is based on the EPS value. 

When the EPS exceed the 1, element failure occurs. The 

model constants for TC-128 steel plate are reported in table 

4. 

Table 4. Model constants for TC-128 steel. 

Equation of State Erosion 

ρ(g/cm3) K (GPa) T0(k) Cp (J/kg.ok) EPS 

7.98 181 300 455 1 

 

Strength Model 

G (Gpa) σo (MPa) EPS 1~6 

76 455 0.0004 0.0057 0.03 0.1 0.17 0.2 

 

Strength Model Failure model 

ES 1~6 (MPa) C M Tm(ok) EPS 

448 446 506 646 704 707 0.006 0.893 1800 1 

 

(a)                                                                                                                         (b) 

Fig. 5. Architecture of the model (a) 0 degree (b) 15 degree. 
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2.2.2. Architecture of the Model 

The Lagrange and SPH solver are used for the projectile and 

target respectively. The total number of elements in the 

projectile is 3400, and the total number of particles in the 

targets is 14400. The architecture of the model is shown in 

figure 5. The impact angle increased from 0º to 15º. The 

dimension of TC-128 steel plate is 300 mm × 300 mm × 9.05 

mm, which are the dimensions of TC-128 steel plate used in 

the V-50 test. 

2.2.3. Verification of the Finite Element 

Analysis Models 

The numerical results of the investigation for ballistic 

resistance of TC-128 steel plate at different impact obliquity 

are reported in table 5. For the computational model, the 

ballistic limit is the average value of the highest partial and 

lowest complete penetration velocity.  

Table 5. Simulation results in terms of ballistic limit for blank TC-128 steel plate at different impact obliquity. 

Obliquity (Degree) Impact velocity (m/s) Result Residual velocity (m/s) V50 (m/s) 

0 

860 P 0 

875 870 P 0 

880 C 49.3 

15 

900 P 0 

925 
910 P 0 

920 P 0 

930 C 40.2 

V-50: ballistic limit; P: partial penetration; C: complete penetration. 

 

Fig. 6. Comparison of 3D numerical results with experimental results. 

Figure 6 compares the simulation results in terms of the 

ballistic limits of TC-128 steel plate at different impact 

obliquities with the V-50 test data. It is shown that simulation 

results agree with experimental results quite well and the 

average error is about 8%. For both experimental and 

simulation results, the ballistic limit of TC -128 steel plates 

increased from 0º to 15º impact obliquity.  

For obliquity impact, the projectile impacted the TC-128 

steel plate with the side of the nose instead of the nose tip, 

which is equivalent to blunting the projectile tip. Compared 

with a sharp-nosed projectile, a blunt-nosed projectile needs 

more energy to perforate the same thickness target [18-20]. 

In addition, for obliquity impact, more target area will be 

affected, which is equivalent to increasing the target 

thickness. Both facts contributed to increasing the ballistic 

limit of the TC-128 steel plate under oblique impact. So, 

increasing the impact obliquity is a very effective way to 

protect the target, which will be discussed in the following 

section. 

3. Vane Structure 

A series of simulations are conducted here to study the 

effectiveness of a single-layer vane structure to protect 

theTC-128 steel plate. In order to save computational time, 

the length and width of TC-128 steel plate decreased from 

300 mm × 300 mm to 200 mm × 200 mm since the affected 

zone of the TC-128 steel plate is only several times the size 

of the impact zone for high velocity impact. The other model 

constants for the projectile and TC-128 steel plate are the 

same as those in the previous part. The Lagrange solver is 

used for the vane structure. The total number of elements is 

400, 800, and 1600 for the vane structure with thicknesses of 

0.794, 1.588, 2.381 mm, respectively. The vane structure 

obliquity increased from 0º to 45º in steps of 15º. Two 

materials, aluminum and steel 1006, were used for the vane 

structure, respectively. The model constants of aluminum and 

steel 1006 are available in the AUTODYN library. EPS is 

chosen as the erosion criteria for both materials. The EPS 

values are 2.5 and 1 for aluminum and steel 1006, 

respectively. The length and width for all the vane structures 

are 200 mm × 200 mm. The architectures of single-layer 

aluminum and steel 1006 vane structures with a thickness 

0.794 mm at different vane structure obliquities are shown in 

figure 7. 
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0º obliquity                   15º obliquity                                30º obliquity                                        45º obliquity 

(a) 

 

0º obliquity                           15º obliquity                                30º obliquity                                         45º obliquity 

(b) 

Fig. 7. Vane-target structure at different vane structure obliquities (a) Aluminum (b) Steel 1006.

The distribution density of the vane structure is also studied 

since it plays a very important role in increasing ballistic 

limit of vane- target structure. The single-layer aluminum 

vane structure with a thickness of 2.381 mm is used as a 

baseline. In order to keep areal density the same, a double-

layer aluminum structure with a thickness of 1.191 mm for 

each layer vane is simulated in AUTODYN. The length and 

width for the layered vane structure are 200 mm x 200 mm. 

The horizontal distance between two vane structures is 50 

mm. The architectures of the model for double-layer 

aluminum vane-targets are shown in figure 8. 

    

0º obliquity                              15º obliquity                                      30º obliquity                                       45º obliquity 

Fig. 8. Double layer aluminum vane-target structure at different vane structure obliquities. 

4. Results and Discussions 

The ballistic limit of single-layer aluminum and steel 1006 

vane-target structures with different thicknesses and vane 

structure obliquities is reported in table 6. For both steel 1006 

and aluminum vane structures, the ballistic limit increased with 

thickness and vane structure obliquity. The only exception is 

the 1.588, 2.381 mm steel 1006 vane structure at 45º obliquity. 

The reason is that the projectile impacted the TC-128 steel 

plate almost at 90º obliquity after the perforation of 1.588 mm 

steel 1006 vane structure at 45º obliquity. After perforation of 

the 2.381 mm steel 1006 vane structure at 45º obliquity, the 

projectile impacted TC-128 steel plate at angle less than 90º, 

which is illustrated in figure 9. 
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Table 6. Ballistic limit for single parallel aluminum and steel vane-target structure with different thicknesses and vane structure obliquities. 

 Aluminum Steel 1006 

Thickness 

(mm) 

Obliquity 

(Degree) 

Impact velocity 

(m/s) 
Result 

Residual 

velocity (m/s) 
V50 (m/s) 

Impact velocity 

(m/s) 
Result 

Residual velocity 

(m/s) 

V50 

(m/s) 

0.794 

0 
910 p 0 

920 
1000 p 0 

1010 
930 C 70.0 1020 C 30.0 

15 
1100 p 0 

1110 
1400 p 0 

1410 
1120 C 110.3 1420 C 42.4 

30 
1190 p 0 

1200 
1500 p 0 

1510 
1210 C 21.5 1520 C 43.7 

45 
1460 p 0 

1470 
1950 p 0 

1955 
1480 C 54.0 1960 C 103.3 

1.588 

0 
1000 p 0 

1005 
1200 p 0 

1210 
1010 C 51.0 1220 C 48.4 

15 
1130 p 0 

1140 
1420 p 0 

1430 
1150 C 36.2 1440 C 42.8 

30 
1380 p 0 

1390 
1940 p 0 

1950 
1400 C 56.8 1960 C 57.2 

45 
1600 p 0 

1610 
2480 p 0 

2490 
1620 C 107.8 2500 C 172.2 

2.381 

0 
1010 p 0 

1015 
1300 p 0 

1310 
1020 C 55.6 1320 C 269.9 

15 
1200 p 0 

1210 
1740 p 0 

1750 
1220 C 68.3 1760 C 29.1 

30 
1500 p 0 

1510 
2200 p 0 

2210 
1520 C 43.3 2220 C 64.9 

45 
1640 p 0 

1650 
2280 p 0 

2290 
1660 C 38.1 2300 C 67.1 

V-50: Ballistic limit; P: Partial penetration; C: Complete penetration. 

  

(a)                                       (b) 

Fig. 9. Projectile impact TC-128 steel plate after perforation of different thickness steel 1006 vane structures at 45º obliquity (a) 1.588 mm (b) 2.381 mm. 

    

0º obliquity                        15º obliquity                            30º obliquity                                                     45º obliquity 

(a) 
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0º obliquity             15º obliquity                          30º obliquity                        45º obliquity 

(b) 

Fig. 10. Deflection of projectile impact against 0.794 mm thick vane structure at different vane structure obliquities (a) Aluminum (b) Steel 1006 

Figure 10 depicts the deflection of the projectile after 

perforation of the 0.794 mm single-layer aluminum and steel 

1006 vane structures with different vane structure obliquities. 

The deflection of the projectile increased with vane structure 

obliquity for both aluminum and steel 1006 vane structures. 

For the same vane structure obliquity, the steel 1006 vane 

structure can deflect the projectile more than the aluminum 

vane structure because of the higher strength of steel 1006. 

The deflection of the projectile will lead to projectile impact 

on the target structure in certain angle, which will increase 

the ballistic limit of vane-target structure [21, 22] .  

Figure 11 compares the ballistic limit of single-layer 

aluminum and steel 1006 vane-target structures. The ballistic 

limit of the steel 1006 vane-target structure is much higher 

than that of the aluminum target structure with the same 

thickness and obliquity. This is due to the fact that more 

energy is needed to perforate the steel 1006 vane structure 

than the aluminum vane structure at the same thickness. 

More importantly, compared with the aluminum vane 

structure, the steel 1006 vane structure with the same 

thickness will lead to the impact of the projectile on the TC-

128 steel plate at a higher obliquity, which is also shown in 

figure 10. 

 
Fig. 11. Ballistic limit of single-layer aluminum and steel 1006 vane 

structures at different thicknesses and vane structure obliquities. 

Increased ballistic performance is always accompanied by an 

increase in material weight. It is necessary to compare the 

improvement in the ballistic performance of TC-128 steel 

plate because of aluminum and steel vane structure at unit 

areal density. The vane structure’s “Vane Isolated 

Performance” (VIP) can be described as, 

V-50 VIP=(V-50vane+target	-V-50 vane)/areal density of vane structure   (4) 

Table 7. “Vane Isolated Performance” (VIP) of aluminum and steel 1006 vane structures. 

 Aluminum Steel 1006 

Thickness 

(mm) 

Obliquity 

(Degree) 

Target v-50 

(m/s) 

Vane + Target 

V-50 (m/s) 

Areal density 

(kg/m2) 

VIP (m/s)/ 

(kg/m2) 

Vane + target 

V-50 (m/s) 

Areal density 

(kg/m2) 

VIP (m/s)/ 

(kg/m2) 

0.794 

0 875 920 

2.15 

20.9 1010 

6.27 

21.5 

15 875 1110 109.2 1410 85.4 

30 875 1200 151.1 1510 101.3 

45 875 1470 276.6 1955 172.3 

1.588 

0 875 1005 

4.30 

30.2 1210 

12.53 

26.7 

15 875 1140 61.6 1430 44.3 

30 875 1390 119.7 1950 85.8 

45 875 1610 170.8 2490 128.8 

2.381 

0 875 1015 

6.45 

21.7 1310 

18.80 

23.1 

15 875 1210 51.9 1750 46.5 

30 875 1510 98.4 2210 71.0 

45 875 1650 120.1 2290 75.3 
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Fig. 12. VIP of aluminum and steel 1006 vane structures at different 

thicknesses and vane structure obliquities. 

The VIP of single-layer aluminum and steel 1006 vanes at 

different vane structure obliquities are presented in table 7 

and figure 12. For both single-layer aluminum and steel vane 

structures, the VIP increased with increasing vane structure 

obliquity and decreased with increasing thickness of vane 

structure. The VIP of the aluminum vane structure is higher 

than that of the steel 1006 vane structure at the same 

thickness and vane structure obliquity because of the lower 

areal density of aluminum. So, lightweight but high-strength 

materials are perfect for the vane structure.  

The ballistic limit of layering steel vane-target structure is 

tabulated in table 8. With the same areal density, the double-

layer vane structure has the better ballistic performance. The 

VIP of the layered vane-target structure is also reported in 

table 8 and figure 13. It is shown that the single-layer vane 

structure has a lower VIP than the double-layer vane 

structure. Figure 14 shows the deflection of the projectile 

after perforation of the single- and double-layer aluminum 

vane structures. With the same vane structure obliquity, the 

double vane structure can deflected the projectile more than 

the single-layer vane structure, which will result in the 

impact of the projectile on the TC 128 steel plate at a higher 

obliquity. This is the reason why the double-layer vane 

structure is a more efficient structure for ballistic 

performance.  

Table 8. “Vane Isolated Performance” (VIP) of single and double layer aluminum vane structure. 

 Single layer Double layer 

Obliquity 

(Degree) 

Target 

v-50 (m/s) 

Vane+target 

V-50 (m/s) 

Areal density 

(kg/m2) 

VIP 

(m/s)/(kg/m2) 

Vane+target 

V-50 (m/s) 

Areal density 

(kg/m2) 

VIP 

(m/s)/ (kg/m2) 

0 875 1015 

6.27 

21.7 1030 

6.27 

24.0 

15 875 1210 51.9 1290 64.3 

30 875 1510 98.4 1620 115.4 

45 875 1650 120.1 1990 172.8 

 

Fig. 13. VIP of single- and double-layer aluminum vane structures at different vane structure obliquities. 
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0º obliquity                     15º obliquity                                  30º obliquity                                                45º obliquity 

(a) 

    

0º obliquity                          15º obliquity                                   30º obliquity                                                   45º obliquity 

(b) 

Fig. 14. Deflection of projectile due to aluminum vane structure at different vane structure obliquities (a) single-layer (b) double-layer. 

5. Conclusions 

V-50 tests have been carried out for TC-128 steel plate 

impact by 0.50 caliber M33 ball round projectile at 0º, 15º, 

30º and 45º obliquity. Three-dimensional numerical 

simulations have been conducted to study the ballistic 

performance of the TC-128 steel plate under normal and 

oblique impact. Three-dimensional numerical simulations 

also have been performed to investigate the “Vane Isolated 

Performance” of aluminum and steel 1006 vane-target 

structures at different vane structure obliquities. Based on 

experimental and numerical results, main conclusions can be 

drawn as follows:  

1 The simulation results agree with experimental results 

well, and the average error is about 8%. For both 

experimental and simulation results, the ballistic limit of 

TC-128 steel plates increased from 0º to 15º impact 

obliquity. 

2 The vane structure can effectively protect the TC-128 steel 

plate. For single-layer aluminum and steel 1006 vane 

structures, the ballistic limit of the vane-target structure 

increased with vane structure obliquity and thickness. 

Compared with aluminum vane-target structures, the steel 

1006 vane-target structure has a higher ballistic limit due 

to higher strength. 

3 For both single-layer aluminum and steel 1006 vane 

structures, the “Vane Isolated Performance” increases with 

increasing vane structure obliquity and decreases with 

increasing thickness of vane structure.  

4 For the same thickness of vane structure, the VIP of 

aluminum vane structures is higher than that of steel 1006 

vane structures because of the lower areal density of 

aluminum. So, the lightweight but high strength material 

can optimize the vane structure. 

5 The double-layer structure provides more VIP than the 

single-layer vane structure. So the double-layer vane 

structure is a more efficient structure for ballistic 

performance. 
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