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Abstract

In this paper, which includes the numerical and statistical methods, the effect of the initial velocity of the ball and material
properties of the plates on the ballistic behavior such as exit velocity and impact energy was analyzed. Calculations for
explicit dynamics were implemented via ANSYS commercial software. In calculations, the fixed boundary conditions for
all edges of the plates were employed. The sequences of analyses were considered via L9 orthogonal sequence with two
evaluator parameters in Taguchi method. Ball velocity and material type with non-linear (NL) properties were chosen as
evaluator parameters. Stainless Steel NL, Copper Alloy NL, and Aluminum Alloy NL were chosen to be material types,
whereas initial velocities of the ball were selected to be 450 m/s, 475 m/s and 500 m/s. Effect of evaluator parameters and
their optimum levels on exit velocity and impact energy was determined by employing analysis of signal to noise (S/N)
ratio. The effective evaluator parameters and their presentence contribution ratios were decided by employing analysis of
variance (ANOVA). Results of this paper displays that the most effective materials on the exit velocity of the ball were
observed when using Aluminum Alloy NL, Copper Alloy NL, and Stainless Steel NL, respectively. The most powerful
evaluator parameter on impact energy and the exit velocity of the ball was decided to be material type.
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1. Introduction

In ballistic investigation, the material properties can be significant on the impact energy and initial velocity
of the bullet. Selection of materials suitable for usage situations may be necessary to achieve the ideal impact
energy. There are numerous studies involving ballistic examination and composite materials [1-3]. The metal
materials [4, 5] in numerous of these studies were determined. Additionally, the layered plates [6-9] have been
used. Besides that, the velocity in the ballistic investigation may be very significant case and thus several studies
regarding to the impact of the velocity have been analyzed [10-12]. The ballistic performance investigation for
various materials such as aluminum alloys [13, 14], titanium [15], copper [16], cold rolled sheet [17] to
designation a few. Yunfei et al. [18] evaluated of initial and residual velocity based on the experimental methods
and they used different metal plates such as monolithic and multi-layered steel. Kushwaha et al. [19] examined
the ballistic behavior of the composite materials and they applied the finite element software ANSYS and
different materials made from Graphene and Kevlar. Also, they found to obtain the best ballistic performance
using Graphene fiber compared to Kevlar fiber material. Arslan and Giines [20] studied the ballistic behavior of
plates made from ceramic and metal materials and they employed finite element method to perform the
numerical examines. Jena et al. [21] analyzed the ballistic behavior of various materials such as Al-7017 and
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high strength armor steel, Also, they found the highest performance for armor steel in accordance with ballistic
behavior. Muskeri et al. [22] studied the ballistic influence of various materials made from complex alloy.
Durmus et al. [17] reported the experimental ballistic performance of plates made from metals and they
employed the cold rolled sheet metals in the study. According to the literature relating ballistic behavior, there
are numerous studies but studies containing ANSYS and Taguchi method are quite limited. In this paper,
ballistic behavior of plates which have nonlinear properties was evaluated via ANSYS explicit dynamics
approach, Taguchi method, and ANOVA.

Nomenclature

mass

velocity

initial velocity of the ball

exit velocity of the ball

density

coordinate in x position

coordinate in y position

coordinate in z position

the external effect

energy

test number in the explicit dynamics analysis

calculated numerical data for it

the overall data of the exit velocity

the overall data of the impact energy

the overall results of material types for the first level

the overall results of material types for the third level
the overall results of the initial velocity for the first level
the overall results of the initial velocity for the third level
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2. Material and Method

In explicit dynamics analysis, square plate with 100 mm x 100 mm and ball with a diameter of 10 mm were
operated. Material type for the ball was chosen to be stainless steel NL in the examination. Plates were modelled
in accordance with fixed boundary conditions. Each plate was planned by applying metal materials with various
mechanical properties. Material properties of metals were tabled in Table 1.

Table 1. Material Properties [23]

Density Young's Poissgn's Bulk Shear
Materials Modulus Ratio Modulus Modulus
p, kg/m? E, GPa v, (-) K, GPa S, GPa
Stainless Steel NL 7750 193 0.31 169.3 73.664
Copper Alloy NL 8300 110 0.34 114.58 41.045
Aluminum Alloy NL 2770 71 0.33 69.608 26.692

3. Explicit Dynamics Analysis

In ANSYS workbench commercial software was employed to conduct the explicit dynamics analysis for the
plate and ball. Side division and body sizing approaches were applied in the mesh processes. Face meshing
procedure was employed to plates in order to realize the sensitive mesh method. In body sizing for the meshing
of the ball, element size value was operated to be 0.5 mm. Number of divisions in all edges of the square plates
was assumed as 100. Plate was considered as flexible, whereas the ball was determined as rigid. End time for
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numerical explicit dynamic investigation was selected to be 8.107 s. Plates in ANSYS WORKBENCH software
were determined in accordance with fixed boundary conditions for all edges. In numerical explicit dynamic
investigation, the equations for density, momentum and energy can be solved as follows [24, 25]:

0Vo m
- 1
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oo Oxx ny Oxz
Qx - Mx + ax ay az (2)
do do do
5 b yx yy yz
oy y + N + 3, + 3, 3)
00, 00,, 00,
s —p
QZ z + ax ay az (4)
ée= E(Jxxéxx + 0y &y + 0,585, + 204 Exy + 20,6, + 20,5€5%) %)
Impact energy may be determined as follows [26]:
1 2 2
Eimpact = Em(I/l -V (6)

4. Statistical Analysis

Taguchi method and ANOVA were selected as different statistical approaches. Exit velocity and impact
energy for the ball were considered in accordance with L9 orthogonal array including two evaluator parameters.
The first evaluator parameter was selected to be material type of plate, whereas the second evaluator parameter
was taken as the initial velocity for the ball. Evaluator parameters and their levels are charted in Table 2. In this
study, the highest exit velocity and impact energy for the ball were intended. According to this aim, the ideal
levels of evaluator parameters were operated. To achieve the maximum outcome, “Larger is Better” quality
characteristic was implemented by Minitab statistical program and this quality characteristic can be determined
as follows [27]:

n
(S/N)g for ball. = —10.log (n'lz(yiz)'1> (7)
i=1
Table 2. Evaluator parameters and levels
Evaluator Parameters Symbols Units Levels
Level 1 Level 2 Level 3

Material Type M - Stainless Steel NL Copper Alloy NL Aluminum Alloy NL
Initial Velocity \% m/s 450 475 500

5. Results and Discussion

In the paper, numerical analyses of exit velocity and impact energy for ball were operated by applying ball
and plate with fixed boundary conditions. Exit velocity and impact energy of the ball were determined by
ANSYS commercial software and theoretical approach. Outcomes achieved were converted to S/N ratios and
S/N ratios were charted in Table 3. Visual consequences for explicit dynamics data based on ANSYS
commercial software were exhibited in Figure 1.

Table 3. Results for exit velocity and impact energy of balls
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Analysis Evaluator Parameters Results

Material Type Vi, (m/s) Ve, (m/s) S/N ratio, (dB) E, () S/N ratio (dB)
1 Stainless Steel NL 450 342.97 50.7051 174.424 44.8321
2 Stainless Steel NL 475 383.76 51.6812 161.028 44.1380
3 Stainless Steel NL 500 419.65 52.4577 151.863 43.6290
4 Copper Alloy NL 450 389.58 51.8119 104.252 40.3617
5 Copper Alloy NL 475 417.72 52.4177 105.090 40.4312
6 Copper Alloy NL 500 444.66 52.9606 107.438 40.6232
7 Aluminum Alloy NL 450 421.60 52.4980 50.872 34.1296
8 Aluminum Alloy NL 475 447.40 53.0139 52.321 34.3734
9 Aluminum Alloy NL 500 473.13 50.7051 53.738 34.6056

Overall Means 415.61 - 106.781 -

1. Analysis 2. Analysis 3. Analysis

5. Analysis 6. Analysis

4. Analysis

7. Analysis 8. Analysis 9. Analysis
Fig. 1. Contours for explicit dynamics
As clarified in Figure 1, the highest exit velocity was observed on the ball, whereas the lowest velocity data
were monitored at the plate edges. As publicized in Table 3, the highest exit velocity of the ball was achieved
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by operating aluminum alloy NL and initial velocity of 500 m/s, whereas the peak impact energy of the ball
was considered by employing stainless steel NL and initial velocity of 450 m/s. To conclude the major impact
and contribution ratio of evaluator parameters on the exit velocity and impact energy for the ball, ANOVA was
achieved under 95% confidence level. ANOVA outcomes for exit velocity and impact energy of the ball were
explained in Table 4.

Table 4. ANOVA results for exit velocity and impact energy of the ball

Exit velocity Impact energy
Source
DF Seq SS Adj MS F P % Effect Seq SS Adj MS F P % Effect

M 2 6399.5 3199.8 68.3 0.001 52.51 18198.6 9099.3 165.59 0 98.55

\% 2 5601.3 2800.7 59.78  0.001 45.96 47.2 23.6 0.43 0.678 0.26
Error 4 187.4 46.9 1.54 219.8 55 1.19
Total 8 12188.3 100 18465.6 100
R-Sq = %98.46, R-Sq(adj) = %96.92 R-Sq = %98.81, R-Sq(adj) = %97.62

ANOVA outcomes in Table 4 display that evaluator parameters such as material type and initial velocity
have important influences for the exit velocity of the ball due to 95% confidence level. Furthermore, the major
influences for exit velocity of ball were achieved as the material type with 52.51% effect and initial velocity
with 45.96% effect, respectively. Additionally, the most dominant parameters in the impact energy for ball were
determined as material type with 98.55% influence and initial velocity with 0.26% influence, respectively.
Material type on the exit velocity and impact energy was achieved to be meaningful parameter since P value
was less than 0.05, whereas the initial velocity for the ball on the impact energy was considered to be
meaningless parameter since P data was bigger than 0.05. However, initial velocity was assumed to be
significant parameter on the exit velocity due to 95% confidence level. The overall results of exit velocity and
impact energy of the ball at all levels of evaluator parameters were solved in accordance with “Larger is Better”
quality methodology. Results achieved for the exit velocity and impact energy were established in Table 5.

Table 5. Response table for exit velocity and impact energy

Level Exit Velocity Impact Energy

S/N ration in dB Means in m/s S/N ration in dB Means in J

M \% M \% M \% M v
1 51.61 51.67 382.10 384.70 44.20 39.77 162.44 109.85
2 52.40 52.37 417.30 416.30 40.47 39.65 105.59 106.15
3 53.00 52.97 447.40 445.80 34.37 39.62 52.31 104.35
Delta 1.39 1.30 65.30 61.10 9.83 0.16 110.13 5.50
Rank 1 2 1 2 1 2 1 2

From outcomes in Table 5, the optimal levels for the material type and initial velocity on exit velocity of the
ball were assumed as the third levels. However, the ideal levels of both the material type and initial velocity for
impact energy were achieved as the first levels. Additionally, rank outcomes display that the dominant evaluator
parameters for exit velocity and impact energy were noticed to be material type and initial velocity, respectively.
To investigate the impact of material type of the plate and initial velocity of the ball for exit velocity and impact
energy in accordance with numerical explicit dynamics approach, the overall outcomes of exit velocity and
impact energy for all levels of evaluator parameters based on S/N ratios were considered and main influence
graphs were indicated in Figure 2a and Figure 2b, respectively.
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a) Effect of material and velocity on exit velocity

b) Effect of material and velocity on impact energy

Fig. 2. Main effects schemes based on S/N ratios

From Figure 2a, increase from the first level to the third level for material type leads to an increase in exit
velocity. Additionally, the increase based on the initial velocity from 450 m/s to 500 m/s leads to an increase
for ball exit velocity. Therefore, the highest ball exit velocity was reached by employing aluminum alloy NL
and an initial velocity of 500 m/s. Figure 2b demonstrations that the variation at the material type from the first
level to the third level leads to a reduction in impact energy. Additionally, the increase based on the initial
velocity from 450 m/s to 500 m/s causes a decrease for the impact energy. Therefore, the highest impact energy
of the ball was considered by employing Stainless Steel NL and an initial velocity of 450 m/s. To estimate the
optimal exit velocity and impact energy of the ball, the ideal levels of the evaluator parameters such as material
type and initial velocity were selected. The estimated means of exit velocity and impact energy may be
determined as [27], respectively:

= WG+ 75— T, ®
uEi = M1+V1_TE (9)

Substituting the numerical data obtained from evaluator parameters including the optimal levels in Equation 8
and Equation 9, yy, and pz, were calculated as 477.59 m/s and 165.509 J, respectively.

Table 6. Comparison of ANSYS and predicted results

Designation Response ANSYS Data Predicted Data % Difference Residual
M;V; Exit Velocity 473.13 477.59 0.93 +4.46
MV, Impact Energy 174.424 165.509 5.11 +8.915

Table 6 indications that the % difference among the ANSYS and predicted outcomes were solved quite
closely. This finding expresses that results achieved from numerical and statistical approaches are consistent
with each other.

6. Conclusion

In the study, which includes the numerical and statistical approaches, exit velocity and impact energy
obtained from the impact of the ball under different initial velocity were calculated by employing explicit
dynamics analysis and theoretical approach, respectively. Exit velocity of the ball was found by applying
ANSYS explicit dynamics analysis. Square plates were modelled with metals such as Stainless Steel NL,
Copper Alloy NL, and Aluminum Alloy NL. For explicit dynamics calculations, fixed boundary conditions for
all edges of the plates were used. Impact energy of the ball was considered by employing exit velocity in
accordance with ANSYS outcomes and it was also solved theoretically. In examination, analysis conditions for
ball exit velocity were determined by employing L9 orthogonal array in Taguchi method. Material type of plate
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and ball initial velocity were selected to be evaluator parameters, respectively. To compute the optimal levels

and influence trends of evaluator parameters in exit velocity and impact energy for the ball, S/N ratio analysis

were operated. In addition, the significance levels and percent contributions of evaluator parameters on exit
velocity and impact energy were determined by employing ANOVA at the 95% confidence level. The
comprehensive study may be summarized:

e The most efficient materials for achieving the highest exit velocity for the ball were considered as
Aluminum Alloy NL, Copper Alloy NL, and Stainless Steel NL, respectively.

The exit velocity increases with increasing initial velocity of the ball.
The maximum exit velocity of the ball was achieved by employing plate made of Aluminum Alloy NL and
the ball with initial velocity of 500 m/s.

e The materials with dominant effects for the impact energy were determined to be Stainless Steel NL,
Copper Alloy NL, and Aluminum Alloy NL, respectively.

e  The highest impact energy for the ball was obtained by employing plate made from Stainless Steel NL and
initial velocity of 450 m/s.

e According to ANOVA data considered at 95% confidence level, the major evaluator parameters in the exit
velocity of the ball were achieved to be material type and initial velocity. In addition, material type in the
impact energy of the ball was determined to be strong evaluator parameter, whereas initial velocity was
achieved as unimportant parameter.

e Contribution ratios for the materials and initial velocity in the exit velocity of the ball were found as 52.51%
and 45.96%, respectively.

e The strongest evaluator parameters for impact energy were defined to be material type with 98.55%
influence and initial velocity with 0.26% influence, respectively.

o Difference and residual results for ANSYS and predicted results based on exit velocity were solved to be
0.93% and + 4.46, respectively, whereas difference and residual data for impact energy were calculated as
5.11% and £ 8.915, respectively.
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