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Abstract: Recycled aluminium alloys have shown major economic and 

environmental benefits. Even though numerous works have been implemented to 

improve the properties, including the inclusion of alumina oxide (Al2O3) as 

aluminium matrix composites (AMCs), there are very limited efforts to predict the 

deformation behaviour of such material numerically. This is important before 

appropriate applications can be further established. Therefore, this research project is 

conducted to predict the deformation behaviour of aluminium alloy AA6061 

reinforced alumina oxide through numerical analysis and compare the results with 

experimental test data published by another researcher. The deformation behaviour 

of the recycled aluminium alloy reinforced alumina oxide is tested over a range of 

strain rate (6x10-1s-1, 6x10-2s-1 and 6x10-3s-1) via uniaxial tensile test. Referring to the 

experimental data, the flow stress model – MAT_098: Simplified Johnson-Cook 

model in LS-DYNA is chosen. The constants of the material model are defined by 

the characterisation of experimental data. Next, LS-DYNA software is used to 

perform finite element analysis of the uniaxial tensile test. The numerical results are 

validated against experimental data. There is a good match between the numerical 

results and the experimental results. 
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1. Introduction 

Aluminium alloys are extensively used in many applications and industries due to their excellent 

properties such as good corrosion resistance, low density and strength. Aluminium alloys ranging from 

packaging beverage cans to aviation applications such as packaging, food industry, building 

construction, defensive item, transportation, automotive and aerospace [1]. Since then, it has been 

widely used to replace wood, steel and other materials. Due to economic and environmental benefits, 

the form of recycling aluminium can be well replaced by the major resources [2]. There is also a 

shortage of supply due to the high demand for aluminium. The production of primary aluminium in 

September 2017 was 4.927 million tons [3]. Since the growing usage of aluminium alloy, recycled 

aluminium alloys have shown to provide major economic benefits. In order to strengthen the material, 

aluminium matrix composites (AMCs) are introduced. The development of reinforced materials 

produces AMCs. The systematic research on their first-level thermomechanical properties has been 

carried out for about 30 years [4]. A study by Anguraj et al. [5] showed that the reinforced aluminium 

alloy such as alumina oxide (Al2O3), titanium nitride (TIN), aluminium nitride (AIN), boron nitride 

(BN), titanium carbide (TiC), boron carbide (B4C), silicon carbide (SiC), zirconium carbide (ZrC), 

carbon (C), graphite, steel and fly ash are added to the aluminium matrix to improve the composite 

material performance. AMCs enhance mechanical properties such as toughness, strength, hardness, 

lightweight and wear-resisting [6]. These properties are widely used and meet the requirements for the 

aviation and automotive industries. Recently, a research used alumina oxide (Al2O3) mixed with 

recycled aluminium alloy to improve the tensile properties of the recycled material [3]. Alumina oxide 

is a compound of aluminium and oxygen. Through material reinforcement, the production of composite 

materials can be used in this field. Recycled aluminium alloys reinforced with alumina oxide can 

enhance the tensile properties and deformation behaviour.  

Nowadays, structural mechanics show a trend to find numerical solutions for more extensive and 

detailed tasks. Computational simulation can predict future results, improve information flow, improve 

operational efficiency and fully understand problems [7]. It is generally believed that computer 

simulation can replace expensive, critical situations and time-consuming laboratory experiments. 

Through simulation, the situation can be changed and the results can be investigated. Moreover, a few 

previous research related to the numerical analysis of aluminium alloys is reviewed. Based on the study 

carried out by Talebi-Ghadikolaee et al. [8], the finite element code Abaqus was used to create a finite 

element model to study the behaviour of AA6061-T6 aluminium alloy plate during U-shaped bending. 

When experimental data were compared to numerically projected fracture displacements, it is seen that 

numerical analysis can be predicted with reasonable accuracy [8]. According to Panov [9], the new 

material model was applied to the explicit finite element DYNA3D to describe the strain rate and 

temperature-dependent behaviour of aluminium alloy AA7010 during uniaxial tensile testing. Dog bone 

specimens have been used to determine the geometry of the specimens and bearing axial loads through 

simulation methods. Numerical analysis was in good agreement with experimental data [9]. As stated 

by Nawale et al. [4], the numerical calculation results of LS-DYNA can be improved by studying the 

mechanical characteristics of the aluminium alloys accurately, selecting the material model correctly, 

forming a uniform mesh and establishing an accurate contact surface control card between the specimen 

and the steel bar [4]. Based on Hoang et al. [10], a two-dimensional axisymmetric model was used to 

perform numerical analysis in LS-DYNA, the effects of several physical factors on the final failure of 

AA7278-T6 aluminium self-piercing rivets were discussed and experiments were carried out. In 

comparison to the experimental test, the numerical findings revealed that it was time-consuming [10].  

Furthermore, Børvik et al. [11] investigated the perforation of an AA6005-T6 panel both experimentally 

and numerically. The explicit finite element algorithm LS-DYNA was used for numerical analysis. The 

experimental results are used to calibrate Johnson-Cook constitutive relations and the fracture criteria 

has been slightly changed. The numerical model is shown to be capable of accurately capturing the 

main physics in the experiment. The numerical value and the experimental result have a high level of 

agreement  [11]. Based on few authors had studied, numerical analysis shows a great agreement between 
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the numerical value and the experimental result. The methods of conducting the simulation are reviewed 

based on few past research papers. The types of software used for simulation and strain rate play a big 

role in the uniaxial tensile test. ABAQUS, LS-DYNA, and ANSYS are examples of numerical analysis 

software.   

Several material models can be used to forecast how materials will behave under this condition, 

including the Johnson-Cook model, Voyiadjis and Abed model, Preston-Tonk-Wallace model, Zerilli 

and Armstrong model, Khan-Huang-Liang model and Gao and Zhang model [12]. It is a common choice 

for high-strain-rate applications. It has been widely employed by numerous researchers to anticipate the 

behaviour of materials [13]. As a result, the Johnson-Cook model is employed to get a precise 

constitutive model. Many tests establish the deformation behaviour of materials such as tensile test, 

bending test, compression test, Taylor impact test and others. In this research, the uniaxial tensile test 

is used to analyse the deformation behaviour of materials. The tensile test is the most crucial test method 

in destructive material testing [14]. A standard dog bone specimen is uniformly loaded in the 

longitudinal direction with relatively small increased stress and record the elongated data. Different 

strain rates are considered to model the deformation behaviour of recycled aluminium alloys AA6061 

reinforced with alumina oxide under the uniaxial tensile test. Previous studies have shown that 

numerical analysis for recycled aluminium alloys AA6061 reinforced with alumina oxide has not been 

performed yet. However, the ability to predict the deformation behaviour of material has become a 

challenge to the designers and the user of metal structures. A thorough understanding of all the factors 

is required to simulate something. Otherwise, the simulations are difficult to create. 

At present, most analysis is focused on experiment test. However, numerical analysis has great 

significance than experiment test. In this research project, an investigation of the deformation behaviour 

of recycled aluminium alloy AA6061 reinforced alumina oxide subjected to various strain rates (6x10-

1s-1, 6x10-2s-1 and 6x10-3s-1) of the uniaxial tensile test are simulated using LS-DYNA software. In this 

study, the Simplified Johnson-Cook model with the least effort material constant is used. This research 

is based on the uniaxial tensile test experiment previously studied by Issek et al. [15]. The numerical 

results and experimental results are verified to show the finite element method and analysis capabilities 

used. 

2. Numerical Analysis  

2.1 Finite Element Model Development 

In this research, the material chosen is the recycled aluminium alloy AA6061 reinforced with 

alumina oxide which is consistent with the reference previous study by Issek et al. [15]. Specimen 

geometry of the uniaxial tensile test is formed according to ASTM-E8 dog bone shape as shown in 

Figure 1. 

 

Figure 1: Standard Geometric of ASTM-E8 for Tensile Test’s Specimen 

Figure 2 illustrates the finite element model development process. First of all, the material geometry 

is developed with standard geometric of ASTM E8. Then, the material input constants are applied to 

the finite element model with the characterization of the Simplified Johnson-Cook model. Next, the 
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finite element model is meshed using the 3D solid map method and quad source shell (square) shape 

with 0.5 mm of the element size. Subsequently, the boundary is set with a fixed constraint and force at 

the end of the model specimen. Lastly, the contact algorithm is set that used for problem analysis to get 

the stress and strain values.  

 

Figure 2: Flow of Model Development 

Based on the reference uniaxial tensile test experiment, the strain rate used for the test is shown in 

Table 1. The recycled aluminium alloy AA6061 reinforced alumina oxide is tested at a quasi-static 

strain rate (6×10-3s-1 to 6×10-1s-1).  

Table 1: Test Matrix for Uniaxial Tensile Test [15] 

Ambient Temperature 

28֯ C 

(ASTM E8) 

Strain Rate 

(s−𝟏) 

Crosshead Speed 

(mm/min) 

Extensometer 

(Gauge length) 

(mm) 

6×10−3 0.15 25 

6×10−2 1.50 25 

6×10−1 15.00 25 

 

2.2 Simplified Johnson-Cook 

Simplified Johnson-Cook is chosen as the constitutive model. The material constants for the chosen 

constitutive model are derived from uniaxial tensile test experiment raw data by Issek et al. [15] and 

utilised as input parameters for the finite element model. 

The Simplified Johnson-Cook model is simplified from the original Johnson-Cook model, which 

discards the temperature dependence. The simplified Johnson-Cook model is a plastic model based on 

strain, strain rate and four constants that need to be fully defined. The flow stress model is expressed 

as: 
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 𝜎𝑒𝑞 = [𝐴 + 𝐵𝜀𝑝𝑙
𝑛 ][1 + 𝐶 𝑙𝑛𝜀̇∗] 𝑬𝒒. 1 

Here, 𝜀𝑝𝑙 represents the effective plastic strain and 𝜀̇∗ =
𝜀̇

𝜀̇0
 is the dimensionless strain rate for reference 

strain rate (𝜀0̇). A, B, n, and C denote the material input constants. A is the yield stress of the material 

under reference conditions, B is the strain hardening constant, n is the strain hardening exponent and C 

is the strain rate dependence coefficient. 

In order to simplify the process of finding the constants, the reference strain rate factor is set to be 

the strain rate of one of the experiments. In the present study, the reference strain rate (𝜀 ̇0) is set as 

6x10-3s-1. To determine the material constants A, B and n, the strain rate dependence effect [1 + 𝐶𝑙𝑛𝜀̇∗] 
is assumed equal to be 1. Hence, when the stress rate is equal to the reference strain rate factor, Equation 

𝑬𝒒. 2 is simplified as: 

 𝜎𝑒𝑞(𝜀̇ = 𝜀0̇) = [𝐴 + 𝐵𝜀𝑝𝑙
𝑛 ][1 + 𝐶 𝑙𝑛𝜀̇∗] = [𝐴 + 𝐵𝜀𝑝𝑙

𝑛 ] 𝑬𝒒. 2 

Next, the solver function in Microsoft Excel is used in this study to compute the material constants. 

Using the value of true stress and effective plastic strain obtained from the experiments of which the 

strain rate is equal to the reference strain factor, the material constants of A, B and n are calculated.  

After deriving A, B, and n, rearrange Equation 𝑬𝒒. 1 to calculate the value of C that controls the 

effect of strain rate. For constant C, the experiment data of strain rate 6x10-2s-1 and 6x10-1s-1 experiments 

must be considered. The solver function in Microsoft Excel is then used to calculate the constant C.  

The material constants A, B, n and C are calculated as shown in Table 2. 

Table 2: Parameter Simplified Johnson-Cook model A, B, n and C 

Yield Strength, A 

(MPa) 
Strain Hardening, B 

Strain Hardening 

Exponent, n 

Strain Rate Constant, 

C 

212.5223 363.7547 0.5155815 0.0098 

 

2.3 Finite Element Analysis 

In this stage, the strain rates (6x10-1s-1, 6x10-2s-1 and 6x10-3s-1) are subjected to the finite element 

model and the result are revealed through LS-DYNA and Ls-Prepost software. The stress, strain and 

deformation results are obtained and tabulated. The results obtained are compared with the published 

experimental uniaxial tensile test to validate that the computer simulation able to capture the result. 

3. Results and Discussion 

Element analysis was performed using the MAT_098 material model: Simplified Johnson-Cook 

model in LS-DYNA. The test used dog bone specimen made of recycled aluminium alloy AA6061 

reinforced alumina oxide with ASTM E8. The experimental tests were carried out with three strain rates 

6x10-1s-1, 6x10-2s-1 and 6x10-3s-1 respectively. Figure 3 below illustrates the comparison of the 

experimental stress-strain curves with the simulation stress-strain curves. 
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(a) Strain rate at 6x10-3s-1                                                      (b) Strain rate at 6x10-2s-1 

 

(c) Strain rate at 6x10-1s-1 

Figure 3: Flow Stress Results Comparison between Simulation and Experiment Data 

From the simulation results as shown in Figure 3 above, it can be noticed that the adopted material 

model, Simplified Johnson-Cook is capable to predict the elastoplastic deformation behaviour of the 

recycled AA6061 reinforced alumina oxide correctly with the derived input parameters. The flow stress 

of the simulation results shows a good match compared to the experimental data. The elastic slope is 

nearly identical to the experimental data. Although there have some differences in the plastic region, it 

is still within the accepted differences. The comparison of the simulation data and the experimental data 

are summarized in Table 3.  

Table 3: Simulation Result vs Experiment data of Uniaxial Tensile Test 

Loading speed, 

(mm/min) 

Strain rate,  

(1/s) 
Data 

Young’s 

Modulus,  

E (GPa) 

Yield 

Strength, σ 

(MPa) 

Ultimate Tensile 

Strength,  

UTS (MPa) 

0.15 6𝑥10−3 
Experiment  61.78 221.82 234.80 

Simulation 62.182 225.2837 245.00 

1.5 6𝑥10−2 
Experiment  62.80 226.72 235.29 

Simulation 62.203 229.6312 245.1738 

15 6𝑥10−1 
Experiment  63.56 223.93 254.44 

Simulation 62.076 225.00 256.433 

 

In term of elasticity, the simulation value of elastic modulus for each test are very close agreement 

against the experimental data. The differences are only about 0.402 – 1.484 (percentage error: 0.65% – 

2.33%). Furthermore, at the yield point, the differences in the yield strength for simulation results and 

experimental data are about 1.07– 3.4637 (percentage error: 0.48% – 1.56%). Based on the ultimate 

tensile strength value, the differences between the simulation data and experimental data are within 
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1.993 – 10.2 (percentage error: 0.78% – 4.34%). However, the simulation results are still accepted since 

the percentage error for overall flow stress is not more than 5%.  

In addition, the results have shown that the ultimate tensile strength is very sensitive to strain rate. 

When the strain rate increases from 6×10−3s−1 to 6×10−1s−1, the ultimate tensile strength tends to 

increase. The ultimate tensile strength showed an increasing trend with the increase of strain rate, which 

is similar to the experiment. 

In short, the deformation behaviour of recycled aluminium alloy AA6061 reinforced alumina oxide 

at different strain rates has been examined. Also, the derived input parameters for the chosen material 

model are successfully validated. The capabilities of the material model MAT_098 – Simplified 

Johnson-Cook Model in predicting such recycled material is proved. A good agreement is shown in 

each of the tests compared to the experimental data. 

4. Conclusion 

As a conclusion, this research objective considers successfully achieved which to study the 

deformation behaviour of the recycled aluminium alloy AA6061 reinforced alumina oxide undergoing 

several strain rates (6x10-1s-1, 6x10-2s-1 and 6x10-3s-1) of the uniaxial tensile test via numerical analysis. 

Based on the experimental data by previous study, the input constants for the Simplified Johnson-Cook 

model are derived. The illustration obtained from the numerical work can be proof that the Simplified 

Johnson-Cook model capable to predict and reproduce the experimental test results. The numerical 

analysis results with implemented the Simplified Johnson-Cook material model can be clearly seen that 

the flow stress of simulation results is similar to experimental tests conducted beforehand. The 

percentage error for overall flow stress is not more than 5% that is still acceptable.  Besides, the results 

have shown that the ultimate tensile strength is very sensitive to strain rate. When the strain rate 

increases from 6×10−3s−1 to 6×10−1s−1, the ultimate tensile strength tends to increase.  

In this study, the results are beneficial to other researchers in the future. At the same time, various 

applications can be explored with such material without requiring much experimental efforts. By 

applying numerical analysis, it contributed to environmental protection and safety engineering that are 

not normally feasible under real-world or laboratory conditions. Due to climate change and awareness 

of environmental issues, recycling and sustainability issues had become the focus of attention. The 

recycling of aluminium alloy is a green technology that is beneficial to the economy and reduces 

pollution. The high demand for primary aluminium alloys has leaded to insufficient supply and the 

greenhouse effect. The form of recycled aluminium alloy can well replace the main resources that 

widely used in various industries. 

Since the numerical analysis results show a lack of some percentage of error in comparison between 

the properties, further work is needed to develop great agreement results in both experimental test and 

numerical analysis. Further research includes predicting the deformation behaviour and the fracture 

modes to be more accurate, different material models such as the Zerilli-Armstrong (ZA), Steinberg-

Cochran-Guinan-Lund (SCG), Mechanical Threshold Stress (MTS) and Preston-Tonks-Wallace (PTW) 

needed to be considered. This research work by implementing the Simplified Johnson-Cook model will 

result in a good indication and as an overview for more appropriate material models should be 

considered in future to help towards a better understanding of the uniaxial tensile test. 
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