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Recycling aluminum is a topic of high interest due to the global demand for aluminum-
based products. This approach presents a great opportunity to address the 
environmental issues caused by the primary production of aluminum made from bauxite 
ore. In recent years, many researchers have explored the recycling of aluminum alloys, 
including reinforcement, to achieve better results and improve properties. However, 
there have been limited efforts to predict the deformation behaviour of such materials 
numerically. It is generally agreed that advancements in numerical analysis are important 
to accelerate progress and establish the application of newly developed materials. 
Therefore, this study aimed to numerically predict the deformation behaviour of recycled 
aluminum alloy AA6061 reinforced with Alumina Oxide, subjected to finite strain 
deformation of uniaxial tensile tests at different strain rates (6x10-1s-1 to 6x10-3s-1) and 
Taylor Cylinder Impact at different impact velocities (190ms-1 to 370ms-1) using the LS-
DYNA simulation code. In this numerical analysis, a Simplified Johnson-Cook model is 
adopted and characterized. The simulation results, which were validated against 
published experimental data, showed good agreement, establishing appropriate 
numerical prediction capabilities for recycled aluminum alloys AA6061 reinforced with 
Alumina Oxide. 

 
1. Introduction 
 

Solid waste in Malaysia is a hot topic due to the rapid growth of the local population and high 
daily consumption [1,2]. Therefore, many researchers are focused on exploring recycling and 
sustainability issues to reduce waste, address environmental problems, and find recyclable materials 
that have the potential for various applications. 

The usage of aluminum alloy has experienced rapid growth every year in various industrial sectors 
due to its excellent properties. However, the production of aluminum, including bauxite mining, 
requires high energy consumption, which can have environmental impacts. Therefore, secondary 
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production through aluminum recycling is being used to meet demands while preserving the 
environment as mention by Rahim et al., [3]. Aluminum recycling demonstrates a positive trend as 
awareness of environmentally preferred products increases. It can be observed that a majority of 
aluminum products in the European Union are made from recycled raw materials Tillová et al., [4]. 

Recycling aluminium can save energy and reduce the use of natural resources. According to 
Subodh et al., [5], recycled aluminium is more economical and environmentally friendly compared to 
primary aluminium. Primary aluminium production requires 45 kWh/kg of metal produced, whereas 
secondary aluminium made from recycled materials only needs 2.8 kWh/kg of metal produced. The 
energy savings amounted to approximately 1.72×1011 kWh per year in 2003. 

Aluminium matrix composite (AMC) is a globally recognized material widely employed in various 
sectors [6-11]. This material is commonly used as a critical component in the automotive and 
aerospace industries. Generally, AMC consists of lightweight aluminium alloys reinforced with non-
metallic particles (hard ceramics) such as Silicon Carbide (SiC), Alumina Oxide (Al2O3), and Boron 
Carbide (B4C). AMC offers high specific modulus, strength, lightweight properties, strong wear 
resistance, and low thermal expansion. Alumina Oxide (Al2O3) is commonly used as a reinforcement 
due to its excellent combination with aluminium alloys. Alumina is chemically inert and can withstand 
higher temperatures compared to unreinforced aluminium alloys. The addition of alumina particles 
helps improve the mechanical properties of the composite [6-8]. Alumina significantly enhances the 
strength of the composite; however, it may reduce ductility and elongation due to its ceramic 
properties, which can lead to specimen fracture during necking. 

Numerous researchers have made significant efforts to study the strain-rate dependency of 
materials, and it has been observed that different materials exhibit varying behaviors under different 
strain rates [12-16]. However, when it comes to characterizing materials undergoing finite strain 
deformation, the focus has predominantly been on primary aluminum alloys [17-22]. 

Recently, Ho et al., [23] examined the strain rate effects of recycled aluminium alloy AA6061 
through uniaxial tensile testing. The observations revealed that the mechanical response of recycled 
aluminium alloy AA6061 improved as the strain rate increased. In another study by Ho et al., [24], a 
Taylor cylinder aluminium alloy impact test was conducted at higher strain rate levels to investigate 
the deformation behaviour of recycled aluminium alloy AA6061 at various impact velocities. The 
results showed that the recycled aluminium alloy AA6061 exhibited a non-symmetric ellipse-shaped 
footprint with mushrooming, tensile splitting, and petalling fracture modes, indicating anisotropic 
deformation behavior. Additionally, the recycled aluminium alloy AA6061 displayed a ductile fracture 
mode and a strong strain rate dependency, with increasing impact velocity leading to higher levels of 
damage evolution. 

Ma'at et al., [25] characterized the deformation behaviour of recycled aluminium alloy reinforced 
with alumina oxide in terms of mechanical properties, damage progression, and fracture mode using 
the uniaxial tensile test. The results indicate that increasing the strain rate leads to an increase in the 
number of voids. Overall, the recycled aluminium alloy AA6061 reinforced with alumina oxide 
exhibits a strain-rate-dependent behaviour. They also investigated the deformation behaviour and 
fracture mode of recycled aluminium alloy AA6061 reinforced with alumina oxide at a high strain rate 
using the Taylor cylinder impact test [26]. Within the impact velocity range of 190-370 m/s, three 
different fracture modes (mushrooming, tensile splitting, and petalling) were observed. The 
reinforced recycled aluminium alloy AA6061 showed better strength performance with a higher 
critical impact velocity than the non-reinforced recycled aluminium alloy AA6061. In terms of damage 
deformation behaviour, the results showed that the damage agents were initiated, grew, and 
coalesced during mild ductility deformation. The observation of damage progression revealed that 
the increment in void size was more significant under tensile splitting and petalling fracture modes 
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compared to mushrooming, due to severe localized plastic strain deformation around the plastic 
deformation zone. Therefore, increasing impact velocity increases the severity of the damage 
progression in the reinforced recycled aluminium alloy AA6061. 

Due to the revolution and innovation in technology, numerical analysis is widely used in various 
designs and applications as an alternative to complex experimental analysis. It helps reduce costs, 
increase efficiency, and improve the quality of the final product. In addition, numerical analysis 
provides precise and simplified analysis to verify, understand, and communicate information 
effectively. It also offers benefits to materials in different system configurations [27,28]. The 
constitutive model can be accessed by considering material parameters and loading conditions [29-
31]. There are numerous simulation tools available with various capabilities for finite element 
analysis, such as LS-DYNA, ABAQUS, SOLIDWORKS, ANSYS, and others. LS-DYNA is one of the most 
widely used simulation technologies in the automobile industry for crash simulation [32-34]. 

The Simplified Johnson-Cook model in LS-DYNA has been widely used in industrial simulations. It 
provides reasonably good results and is numerically efficient Murugesan et al., [35]. Many 
researchers [35-39] have performed finite element analyses using the Simplified Johnson-Cook 
model. From observations, the simulation results show a good agreement with the experimental 
data, demonstrating the capabilities of this model in predicting material deformation. Therefore, the 
Simplified Johnson-Cook model is used in this numerical work to predict the deformation of recycled 
aluminium alloy AA6061 reinforced with alumina oxide.  

Moreover, there are numerous computer codes and constitutive models available for primary 
aluminum alloys that have been extensively utilized by researchers [35-43]. However, no attempts 
have been made to model the material behaviour of recycled aluminum alloy reinforced with alumina 
oxide. Based on this motivation, this paper presents a numerical prediction of the deformation 
behaviour of recycled aluminium alloy AA6061 reinforced with alumina oxide. 

2. Methodology 

This study was conducted to numerically predict the deformation behaviour of recycled 
aluminium alloy AA6061 reinforced with alumina oxide undergoing finite strain deformation using 
LS-DYNA. The deformation behaviour was predicted using both uniaxial tensile tests at lower strain 
rate levels [25] and Taylor Cylinder impact tests at higher strain rate levels [26]. The Simplified 
Johnson-Cook model, adopted in this numerical work, was characterized using experimental data 
from Ma’at et al., [25]. 
 
2.1 Finite Element Model 
 

The finite element model used in this study was based on the actual experimental specimens, 
specifically the ASTM-E8 dog-bone shape and solid cylindrical shape [25,26]. The model was meshed 
using the Hypermesh software with a 3D solid mapping method and an element size of 0.5 mm. After 
completing the meshing work, boundary conditions were assigned to the model in the LS-Prepost 
software, which included constraints, loads, temperature, and material models. 

As illustrated in Figure 1, the finite element model is divided into three major parts for the uniaxial 
tensile test, and the unit system used is mm-s-tonne-N (length-time-mass-force). The first part is 
configured as a fixed constraint region with no translational or rotational motions during 
deformation. The second part is the moving constraint region, where a force is applied, and there are 
no translational or rotational movements along the y and z axes. Finally, the third section is known 
as the deformation region. 
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While for the Taylor cylinder impact test, the cm-g-s (length-gravity-time) system of units was 
used in this simulation. First, the loading condition was applied to the cylinder specimen, with the 
front face of the cylinder specimen in contact with a target plate. Then, following the experimental 
setup, the cylinder specimen was launched at an impact velocity of 190-358 m/s to strike the fixed 
target, as shown in Figure 2. This computer simulation depicts the interaction of reflected 
compressive and lateral release waves in a cylindrical Taylor specimen subjected to a target plate, 
resulting in tensile stresses. Additionally, tension is observed due to lateral release, and these tensile 
stresses can lead to fracturing. In this study, the gravitational effect was ignored. 
 

 
Fig. 1. Finite Element Model of uniaxial tensile test 

 

 
Fig. 2. Finite Element Model of Taylor cylinder impact test 

 
2.2 Input Parameters Characterization of the Johnson-Cook Model 

 
In this research work, the input parameters of the Simplified Johnson-Cook model were derived 

using experimental data from the uniaxial tensile test. The Johnson-Cook model is defined by Eq. (1). 
The reference strain rate (𝜀 ̇0) was set as 6×10-3 s-1 for room temperatures. At the reference strain 
rate, the strain rate hardening functions are equal to unity. Consequently, the flow stress is given by: 
 

𝜎𝑒𝑞(𝜀̇ = 𝜀�̇�𝑒𝑓) = [𝐴 + 𝐵𝜀𝑝𝑙
𝑛 ][1 + 𝐶 ln 1] = [𝐴 + 𝐵𝜀𝑝𝑙

𝑛 ] (1) 

 

This study computed the material constants using the nonlinear solver function in Microsoft 
Excel. The average engineering stress-strain curve was converted into an actual stress-strain curve. 

Impact Velocity 

Projectile 

Rigid Wall 

Loading speed/ force 

Deformation region 

Fixed constraint 
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The elastic part of this curve was removed to obtain the equivalent plastic stress-strain curve, as 
depicted in Figure 3. The parameter A corresponds to the yield stress (stress at zero plastic strain). 
To determine B and n, Eq. (1) was fitted to the equivalent plastic stress-strain curve. As this curve is 
nonlinear, the Generalized Reduced Gradient (GRG) algorithm of the nonlinear solver function in 
Excel was utilized, as shown in Figure 4. The parameters A, B, and n were then identified and 
summarized in Table 1. 
 

 
Fig. 3. Flow Stress for constant derivation (A, B and n) at strain rate: 6×10-3 s-1 

 

 
Fig. 4. Excel Solver Function 

 
Table 1 
Simplified Johnson-Cook Parameter (A, B and n) 
Strain rate, 
𝜀̇ (s-1) 

Yield Strength, 
A (MPa) 

Strain Hardening, 
B (MPa) 

Strain Hardening 
Exponent, n 

6×10-3 212.5223 363.7547 0.5155815 
6×10-2 219.2889 483.9896 0.596607 
6×10-1 222.3201 334.0997 0.487127 
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After deriving the values of A, B, and n, the next step was to define the constant C, which controls 
the strain rate effect. Eq. (1) was once again utilized and rearranged. The true flow stress against the 
normalized strain rate curve for constant C was then compared with the reference strain rate, as 
shown in Figures 5 (6×10-3s-1 compared to 6×10-2s-1) and Figure 6 (6×10-3s-1 compared to 6×10-1s-1). 
Furthermore, the sum of squared errors method was used to calculate the squared deviation of each 
data point, which were then summed. Once again, the nonlinear solver function was employed. The 
material constants C were calculated and are presented in Table 2. 
 

 
Fig. 5. Flow stress for the constants derivation (C) (6×10-3s-1 against 6×10-2s-1) 

 

 

Fig. 6. Flow stress for the constants derivation (C) (6×10-3s-1 against 6×10-1s-1) 
 

Table 2 
Parameter Simplified Johnson-Cook model A, B, n and C 
Yield Strength, A 
(MPa) 

Strain Hardening, 
B (MPa) 

Strain Hardening 
Exponent, n 

Strain Rate 
Constant, C 

212.5223 363.7547 0.5155815 0.0098 
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2.3 Numerical Analysis of Uniaxial Tensile Test 

In this section, simulation results are validated against experimental data obtained from uniaxial 
tensile tests at strain rates of 6×10-3s-1, 6×10-2s-1, and 6×10-1s-1. LS -Prepost was used to extract the 
simulation results. The stress-strain curves for each uniaxial tensile test at different strain rates were 
plotted and compared with the experimental data of Ma'at et al., [25] (see Figure 7 to 9). The 
simulation results are shown by the red line, while the experimental results are shown by the blue 
line. From the simulation results, as shown in the Figure 7 to 9, it can be noticed that the flow stress 
of simulation result showed a good match compared with experiment data. 

 

  
Fig. 7. Simulation result of strain rate 6×10-3 Fig. 8. Simulation result of strain rate 6×10-2 

 

 
Fig. 9. Simulation Result of Strain Rate 6×10-1 

 
Table 3 summarises the comparison between the simulation and experimental results. The 

simulation results show that the Simplified Johnson-Cook model using the derived input parameters 
can effectively predict the elastoplastic deformation behaviour of recycled aluminium alloy AA6061 
reinforced with alumina oxide. 

Regarding the yield stress values, the simulation results show good agreement with the 
experimental data, especially with respect to the elastic slope. Minor deviations in the plastic region 
are still considered acceptable. Furthermore, the simulation values for the modulus of elasticity agree 
with the experimental data in each test, with differences ranging from 0.05 to 1.43 GPa, or about 
0.02% to 2.37% in terms of percentage error. 
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Simulation results for yield strength also agree well with experimental values, with differences 
ranging from 7.43 to 11.61 MPa and a percent error of about 4.38% to 5.22%. Although a slight 
difference between the simulation and experimental results is observed for tensile strength, with 
differences ranging from 2 to 10.2 MPa and a percent error of 0.78% to 4.34%, these differences 
remain acceptable. In addition, the total percent errors for the yield stress and ultimate tensile 
strength were less than 6%, which is generally considered acceptable with a percent error of less 
than 10%. Therefore, the simulation results for flow stress slightly underestimated the experimental 
results. 

In summary, the Simplified Johnson-Cook model (MAT 98) successfully predicts the deformation 
behaviour of recycled aluminium alloy AA6061 reinforced with alumina oxide from the quasi-static 
to intermediated strain rate in uniaxial tensile tests. The simulation results show good agreement 
with the experimental results. 

 
Table 3 

Summary of the Simulation Data and the Experimental Data 

Strain rate, 
(s-1) 

Data 
Young’s 
Modulus,  
E (GPa) 

Yield 
Strength,  
σ (MPa) 

Ultimate 
Tensile 
Strength, 
UTS (MPa) 

6×10-3 

Experiment 61.79 221.82 234.80 
Simulation 60.359 212.52 245.00 
Percentage error 
(%) 

2.37 4.38 4.34 

6×10-2 

Experiment 62.80 226.72 235.29 
Simulation 62.381 219.29 245.1738 
Percentage error 
(%) 

0.67 4.76 4.20 

6×10-1 

Experiment 63.56 233.93 254.44 
Simulation 63.575 222.32 256.433 
Percentage error 
(%) 

0.02 5.22 0.78 

2.3 Numerical Analysis of Taylor Cylinder Impact Test 

Few fracture modes were observed in the Taylor cylinder impact specimens that were affected 
by damage initiation and progression, especially for fracture modes beyond a mushroom shape. It 
should be noted that the Simplified Johnson-Cook model cannot predict deformation-induced 
damage. Therefore, its predictions are only applicable to mushroom-shaped deformations. The lack 
of relevant experimental data makes it impossible to characterise damage-based constitutive models 
for such recycled materials. 

Therefore, in this analysis, the same Simplified Johnson-Cook model as in the previous study was 
used to predict the deformation of Taylor cylindrical impact specimens that exhibited mushroom-
shaped fracture mode. For specimens that exhibited tensile splitting and petalling fracture modes, 
the damage parameters of the Johnson-Cook model were used. In this analysis, it was assumed that 
the damage parameters of the primary aluminium alloy AA6061 are also applicable to its counterpart 
in recycled form, since the mechanical parameters in the elastoplastic range of these materials do 
not differ significantly. Table 4 shows the mechanical properties of the recycled aluminium alloy 
AA6061 reinforced with alumina oxide, while Table 5 presents the Johnson Cook damage parameters 
of the primary aluminium alloy AA6061. 
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Table 4 

Mechanical Properties of Recycled aluminium alloy AA6061 Reinforced 
Alumina Oxide 

Strain rates, 
𝜀̇ (𝑠−1) 

Yield strength, 
𝜎𝑌 (MPa) 

Ultimate tensile 
strength, 𝜎𝑈𝑇𝑆 (MPa) 

Elastic modulus, 
E (GPa) 

Poisson 
Ratio, v 

6×10-3 221.82 234.80 61.79 

0.33 6×10-2 226.72 235.29 62.80 

6×10-1 233.93 254.44 63.56 

  
Table 5 

Johnson-Cook Damage Parameters of Primary 
aluminium alloy AA6061 Sohail et al., [44] 
D1 D2 D3 D4 D5 T0 (°k) 

-0.77 1.45 -0.47 0.0 1.6 298 

2.3.1 Simulation results and analysis 

Figure 10 shows the three fracture modes predicted by the numerical model. Overall, the 
numerical model succeeds in capturing the fracture modes "mushrooming, tensile splitting, and 
petalling fracture modes," which are very similar to the experimental results. The simulation 
accurately reproduces the identical deformation patterns of radial expansion around the 
footprint and length reduction of the projectile. 
 

   
(a) (b) (c) 

Fig. 10. Fracture Modes Predicted by the Numerical Model (a) Mushrooming, (b) 
Tensile Splitting (c) Petalling 

 

Figure 11 to 13 show the simulation footprint, including a comparison with experimental results 
[23] for different fracture modes. The numerical model agrees with the experimental observations 
for the analysis of lower impact velocities for fracture modes beyond a mushroom shape. However, 
the model cannot predict a better fracture mode for the critical impact velocity. Therefore, the 
numerical model using damage parameters of the primary aluminium alloy AA6061 was used to 
predict the other fracture mode observed in the experiment. Observation showed that the fracture 
mode obtained from this simulation was in better agreement with the experimental data than the 
conventional numerical model. It also showed the predictive ability of this model. 

Simulation results for impact velocities from 191 m/s to 231 m/s show a mushroom-shaped 
fracture mode consistent with the experimental observations shown in Figure 11. However, if the 
impact velocity exceeds the critical threshold (280 m/s), the numerical results are overestimated 
compared to the experiment, but with a similar radial expansion, as shown in Figure 12 for the tensile 
splitting fracture mode (280 m/s to 295 m/s). The simulation results produce excessive cracks and 
fragments, which is physically unrealistic. 
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As shown in Figure 13, the simulation results agree with the experimental results for impact 
velocities from 313 m/s to 322 m/s. However, for impact velocities between 334 m/s and 358 m/s, 
the simulation results are lower than the experimental values. Overall, the comparison of the results 
shows that the Simplified Johnson-Cook including damage models are suitable criteria for predicting 
deformation behaviour, damage, and fracture at impact and high strain rates. 

Table 6 compares the simulation and experimental results [23] of the Taylor impact test in terms 
of final length and diameter after impact. The table shows that the percentage difference between 
the simulation and experimental results is minimal, with a percentage error of less than 10%, which 
is considered acceptable. However, at impact velocities of 280ms-1 (tensile splitting), 334ms-1, and 
358ms-1 (petalling), the errors were 11%, 11.65%, and 11.09%, respectively, indicating an 
overestimation of the final diameter of the specimen. In addition, the recycled aluminium alloy 
AA6061 reinforced with alumina exhibits anisotropic behaviour. The post-test footprint was distorted 
in different directions and showed a non-symmetrical footprint. As the impact velocity increases, the 
final length decreases and the final diameter of the specimen increases. The simulation results are in 
agreement with the experimental results and show a similar trend, which confirms their acceptability. 

 

  

      
Fig. 11. Simulation of the Mushrooming Fracture Mode 
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Fig. 12. Simulation of the Tensile Splitting Fracture Mode 

 

           

            
Fig. 13. Simulation of the Petalling Fracture Mode 
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Table 6 

Comparison between Experiment and Numerical Results of the Taylor Impact Test 

Impact velocity 
(m/s) 

Data 
Final length after 
impact (mm) 

Final diameter after 
impact (mm) 

191 

Experimental 13.55 10.36 

Simulation 13.02 10.35 

Percentage error (%) 3.90 0.10 

209 

Experimental 13.05 10.39 

Simulation 12.73 10.42 

Percentage error (%) 2.45 0.30 

220 

Experimental 12.80 10.73 

Simulation 12.51 10.93 

Percentage error (%) 2.27 1.86 

231 

Experimental 12.45 10.84 

Simulation 12.70 11.14 

Percentage error (%) 2.00 2.77 

280 

Experimental 12.15 11.27 

Simulation 11.80 12.51 

Percentage error (%) 2.88 11.00 

295 

Experimental 11.95 13.30 

Simulation 11.43 12.47 

Percentage error (%) 4.35 6.24 

313 

Experimental 11.75 13.25 

Simulation 10.95 13.72 

Percentage error (%) 6.81 3.55 

322 

Experimental 11.28 14.13 

Simulation 10.73 13.79 

Percentage error (%) 4.88 2.41 

334 

Experimental 10.85 14.34 

Simulation 10.50 12.67 

Percentage error (%) 3.23 11.65 

358 

Experimental 10.65 14.34 

Simulation 9.77 12.75 

Percentage error (%) 8.26 11.09 

 
In general, the numerical model can predict the elastoplastic deformation behaviour of the 

recycled aluminium alloy AA6061 reinforced with alumina oxide at a higher strain rate. The input 
parameters were successfully validated, and the comparison with the experimental data showed 
satisfactory agreement for each test. 

3. Conclusions 

The input parameters of the Simplified Johnson-Cook model (MAT 98) for recycled aluminium 
alloy AA6061 reinforced with alumina oxide were successfully characterised. The simulation results 
were validated against experimental data from the uniaxial tensile test and the Taylor cylinder impact 
test. The Simplified Johnson-Cook model (MAT 98) successfully predicts the elastoplastic behaviour 
of recycled aluminium alloy AA6061 reinforced with alumina oxide in uniaxial tensile tests. Simulation 
results showed good agreement with experimental data at various strain rates ranging from quasi-
static to intermediate. As the strain rate increased, the flow stress increased. Simulation values for 
Young's modulus, yield strength, and ultimate tensile strength also agreed with experimental values, 
with acceptable percentage errors. 
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A similar simplified Johnson-Cook model is used for the Taylor cylinder impact test (MAT 98). The 
numerical model of the Taylor cylinder impact test can predict the mushrooming fracture mode from 
the initial impact velocity to the critical impact velocity. However, compared with the experimental 
data, this model cannot provide better prediction for other fracture modes. After the damage 
parameters of primary aluminium alloy AA6061 are included in the numerical model, the model can 
predict the simulation result of Taylor cylinder impact test and show good agreement with the 
experimental results for the critical impact velocity and the highest impact velocity. It was found that 
the damage parameters of the primary aluminium alloy AA6061 could be used for the recycled 
counterpart, demonstrating the ability of the numerical model to represent the evolution of 
anisotropy. The model successfully predicted the fracture modes of mushrooming, tensile splitting, 
and petalling fracture modes, similar to the experimental observations. The simulation results agree 
with the experimental data in terms of fracture mode, final length, and footprint with acceptable 
percent errors. 

Based on these analyses, the Simplified Johnson-Cook model including damage parameters were 
able to predict the deformation behaviour of the recycled aluminium alloy AA6061 reinforced 
alumina oxide from the quasi-static state to high strain rates, including the fracture mode. These 
results contribute to the understanding of material behaviour and provide valuable insight for future 
design and analysis in similar applications. Despite the positive result, much research remains to be 
done to verify the anisotropic behaviour of such materials and to determine input parameters for 
predicting excellent results in simulation. 
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