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Numerical analysis is important to predict material behaviour without require an
experimental implementation. This manuscript focuses on a numerical prediction
establishment of a direct recycled aluminium alloys AA6061 undergoing Taylor Cylinder
Impact test using Johnson-Cook model in HyperWorks Radioss. The numerical setup
was first validated against the experimental data at the velocity range of 179 to 212
m/s. Good agreement between simulation and experimental data was obtained within
the range that exhibits a mushrooming shape fracture mode. A parametric study was
then conducted to study the deformation behaviour of the selected recycled
aluminium alloys within the validated range at various geometrical settings. The
analysis was made by focusing on the post-impact configuration of the projectile at
different impact velocities in terms of residual length, deformed diameter, and the final
length-to-diameter ratio. It was found that a broader projectile experienced a less
significant reduction in its final length (L¢/L, goes from 0.87 to 0.9 for projectile
diameter 9mm to 34mm) and a smaller increase in the deformed diameter compared
to a thinner projectile (D¢/D, goes from 1.18 to 1.12 for projectile diameter 9mm to
34mm). It was found that a thinner projectile experienced more diameter expansion
than length reduction post impact. In addition, a longer projectile experienced more
residual length reduction (L¢/L, goes from 0.92 to 0.87 for projectile length 2mm to
14mm) and more radial deformation compared to the one with a smaller initial length
(D¢/D, goes from 1.06 to 1.18 for projectile length 2mm to 14mm). All projectiles
showed more significant changes on the deformed diameter compared to the changes
in residual length post-impact. The results helped the understanding of a critical aspect
of the deformation behaviour of recycled aluminium alloy AA6061 more effectively
compared to experimental work implementation.
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1. Introduction

Aluminium alloys offer several advantages, including lightweight, high strength-to-weight ratio,
corrosion resistance, high thermal and electrical conductivity, and ease of fabrication. These
properties make aluminium alloys ideal for various applications in the aerospace, automotive,
construction, packaging, and electronics industries. The alloys can be easily formed into different
shapes and are resistant to environmental degradation, making them suitable for use in harsh
environments. Therefore, various efforts have been made to characterize aluminium alloys to
accommodate various industrial applications [1-5].

However, the manufacturing processes of the primary aluminium alloys have negative impacts
on the environment. One such impact is the energy consumption associated with the production of
aluminium alloys, which contributes to greenhouse gas emissions and climate change. Another
disadvantage is the release of toxic pollutants and waste products during the refining and smelting
of aluminium alloys, which can harm local water and air quality. Additionally, the production of
aluminium alloys often involves the use of hazardous chemicals, which can be harmful to both
workers and the environment if not handled and disposed of properly. The bauxite mining process,
used to obtain the raw material for aluminium production, can also have negative impacts on the
environment, such as deforestation, soil degradation, and the displacement of local communities.

Luckily aluminium alloys show recyclability potential which offers a significant positive impact on
the environment by reducing the amount of industrial waste produced, conserving energy and
natural resources, and reducing greenhouse gas emissions. By recycling aluminium alloys, the
amount of waste that is generated and sent to landfills is reduced. This helps to conserve space in
landfills and minimize environmental damage from waste disposal. Recycling aluminium requires
only a fraction of the energy needed to produce primary aluminium from raw materials. This can
result in a significant reduction in energy consumption, which in turn reduces greenhouse gas
emissions from energy production. By recycling aluminium, the need for new aluminium production
is also reduced to solve a supply chain issue of primary aluminium alloys by reducing the demand for
newly mined aluminium and conserving natural resources, leading to a reduction in greenhouse gas
emissions.

In recent years, there have been a lot of efforts conducted focusing on various recycling processes
aluminium alloys such as dry ball milling, powder metallurgy, cold compression, compressive torsion
processing, hot extrusion, and hot press forging to recycle aluminium scrap or chips [6-14]. There is
still room to further optimize the recycling parameters for the various techniques to achieve better
microstructure, wear resistance, and mechanical properties in the recycled aluminium alloys.
Another potential area is the development of new techniques for removing impurities and
contaminants from recycled aluminium chips, which could potentially improve the quality of the final
product. Following this, numerical simulations can be used to model and predict the behaviour of
aluminium alloys during different stages of the recycling process, such as milling and extrusion. This
can help researchers to optimize the process parameters to identify the optimal conditions for
producing high-quality recycled aluminium.

It can be observed that the finite element method is widely used for predicting stress-strain
behaviour when structures or components are subjected to mechanical or thermal loading [15-22].
There have been many published studies on the effects of strain rates and temperatures on material
behaviour, including the Johnson-Cook model, Mechanical Threshold Stress (MTS), and Zerilli-
Armstrong (Z-A) models. Researchers have used numerical analysis to investigate the flow stress
behaviour and evaluate the impact of strain rates and temperatures [23-25]. In industrial
applications, the Johnson-Cook model is widely incorporated into numerical simulation tools because
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the model constants can be characterized more easily [26]. Murugesan and Jung [26] used the
Johnson-Cook model, including a damage model, to characterize the flow stress behaviour of AlSI-
1045 medium carbon steel at elevated temperatures and a range of strain rates. The model constants
were determined using tensile test data, and a good agreement was obtained between experimental
and simulation results. Grazka and Janiszewski [27] used the Johnson-Cook model to predict the
deformation behaviour of copper Cu-ETP under the Taylor Cylinder Impact test and determined the
model constants with the help of ANSYS Autodyn software. The results showed that the modified
Johnson-Cook model provides a more accurate description of the flow stress behaviour of the
material under different temperature and strain rate conditions. Many other studies have used the
Johnson-Cook model, including Vedantam et al., [28] for mild and DP steels, Banerjee et al., [29] for
armour steel, Majzoobi and Dehgolan [30], and so on. In most of these studies, the simulation results
showed a good agreement with the experimental results, confirming the ability of the Johnson-Cook
model to predict material deformation behaviour.

Modifications have also been made to the Johnson-Cook model to improve its ability to predict
material deformation behaviour. For example, Gambirasio and Rizzi [31] implemented the Split
Johnson-Cook strength model for structural steel, pure metal, and stainless steel and found that this
new model provided better results than the original Johnson-Cook model. Zhao et al., [32] compared
the performance of the original and modified Johnson-Cook models for a laser additive
manufacturing FeCr alloy and found that the modified model, which considered thermal softening
and strain rate hardening, improved the accuracy of the original model. Stopel and Skibicki [24] used
a simplified Johnson-Cook model to characterize material deformation behaviour under the Charpy
test using LS-DYNA and obtained satisfactory results.

As discussed above, various efforts can be seen in numerical simulations aimed at predicting the
deformation of primary aluminium alloys undergoing finite strain deformation including modelling at
high-velocity impact [33,34]. Despite various attempts, predicting the deformation behaviour of
recycled aluminium alloys remains a challenge. This is due to the need for a significant amount of
experimental data, despite the significant characterization work that has already been performed
[35,36]. To date, the only effort that can be found was made by Ho et al., [37] where the authors
aimed to model the temperature and strain-rate dependence of recycled aluminium alloy AA6061
under different quasi-static strain rates ranging from 1x10“ s to 1x103 5%, at elevated temperatures
of 100 °C, 200 °C, and 300 °C. The study provides valuable information for researchers in the field of
materials science and engineering, as it helps to improve the understanding to model the behaviour
of recycled aluminium alloys under various conditions. Conversely, pertaining to the primary
aluminium alloy, efforts can be found in literature such as Nor [38], where a constitutive model is
prepared to predict the deformation behaviour of commercial aluminium alloy AA 7010 subjected to
high-velocity impact.

At higher strain rate levels, the Taylor Cylinder Impact test has long been used as a standard
method to assess the constitutive behaviour of materials [39]. This test has been refined in several
research studies [40,41]. This test involves striking a short, right-circular cylinder with a length-to-
diameter (L/D) ratio against a rigid, massive wall [42]. One of the researchers used this test to analyse
the deformation and fracture modes of steel projectiles during impact [43]. The results showed
several fracture modes, including mushrooming, void nucleation, tensile splitting, principal shear
crack, spiral shear, tensile splitting, and fragmentation. These various deformations and fracture
modes were attributed to the impact velocity and hardness of the projectiles [44,53]. All projectiles
that had an impact velocity lower than the critical velocity experienced mushrooming, while
projectiles with higher impact velocities experienced deformation related to damage fracture [43].
In [45], the damage behaviour of recycled aluminium alloys AA 6061 undergoing high-velocity impact
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was characterized using the Taylor cylinder impact test. The deformation was found to be anisotropic
in nature. However, there is no effort has been made to investigate the geometrical effects on the
deformation behaviour of recycled aluminium alloys, mainly due to costly experimental works. The
advancement of numerical modelling can help to improve the understanding more efficiently.

Previous researchers have utilized various plastic deformation and plasticity models, including
the classic Von Mises criterion, Johnson-Cook model, Steinburg-Guinan, and Zerilli-Armstrong model,
to simulate the Taylor Cylinder Impact test [46]. The Johnson-Cook model is commonly used in
analyzing high-velocity impact, fracture, and deformation in materials [47-51]. One advantage of
using the Johnson-Cook model in finite element analysis is that it considers strain, strain rate, and
temperature simultaneously and proportionally to the predicted flow stress [52].

In this study, numerical simulation was conducted to predict the deformation behaviour of
recycled aluminium alloys at the high-velocity impact of the Taylor Cylinder Impact test using the
Johnson-Cook model using HyperWorks Radioss. The numerical model was validated against
experimental data presented in [35] to demonstrate the predictive capability of the developed finite
element method. Based on the agreement observed in validation, a parametric study was then
conducted to analyze the effects of the length-to-diameter (L/D) ratio on the deformation behaviour
of this sustainable material subjected to high-velocity impact. This study is crucial for establishing the
deformation behaviour of recycled aluminium alloys under various geometrical settings within the
validated range.

2. Methodology

Figure 1 shows the FE model developed using HyperWorks. A full cylindrical shape of the
projectile is developed. A flat-faced cylinder with a 15 mm length x 8.45 mm diameter is developed
identically to the geometry adopted in the experimental test. Automesh was used to generate an
appropriate mesh for the created geometry. The final mesh consists of 19833 nodes and 19200 solid
elements. Table 1 shows the material properties of recycled AA6061 used in this study.

X

(a) (b)

Fig. 1. Geometry development of the projectile. (a) model (b) meshing

Table 1

Properties of Recycled Aluminium Alloys AA6061 [35]

Temperature (°C) Density Poi§son Strain rate (s)  Elastic modulus
(tonne/mm3) Ratio (GPa)

200 2.69x 1077 0.33 0.0005 62.61
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In this study, the material model M2_PLAS JOHNS_ZERIL of a Simplified Johnson-Cook model is
adopted with the inclusion of the damage parameter. Table 2 shows the parameters of the simplified
Johnson-Cook model of the recycled AA6061. For property assignment, P14_SOLID is used.

Table 2

Simplified Johnson-Cook parameters of recycled AA6061 [37]
Parameters Value

Yield stress constant, A 143.28 MPa
Strain rate hardening constant, B 1046.81 MPa
Strain hardening coefficient, n 0.7641

Strain rate coefficient, C -0.0129

The finite modelling of the Taylor impact test involves impacting the projectile towards the rigid
wall. Thus, a point velocity needs to be assigned to the projectile to represent the impact velocity.
Figure 2 shows the assignment of impact velocity on the projectile. The wall as mentioned above is
made rigid, while the bullet is a deformable solid body. The last step in modelling the Taylor cylinder
impact test was the creation of a rigid wall. In this study, the rigid wall is created by using an infinite
plane centered at the origin (0,0,0), thus, the assignment of a rigid boundary is unnecessary. The
linear axis of motion for the projectile is set in the x-direction. The digitized data of the deformed
footprint, major profile, and side profile will be taken at the y-z, x-y, and x-z planes, respectively.
Figure 3 illustrates the finite element model of the Taylor cylinder impact test. Contact Type 7 was
used as it is generally utilized for two bodies in contact.

z
VL’;-:

Fig. 2. Assignment of impact velocity on the projectile
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Fig. 3. Finite element model
3. Validation of the Numerical Model

Table 3 presents the published data used to validate the numerical model. The impact data
adopted in this analysis was limited to a fracture mode governed only by plastic strain deformation
of a mushrooming shape. This is due to the absence of damage and equation of state (EOS) that limits
the capability of the numerical analysis to accurately predict the fracture mode beyond mushrooming
shape.

Table 3
Impact behaviour of recycled AA6061 [35]
Initial velocity, V Final length, L ;  Distance of Fracture
(m/s) (mm) major profile, mode

Dy (mm)
179.01 13.84 10.09 Mushrooming
195.28 13.58 10.65 Mushrooming
212.35 13.48 10.24 Mushrooming

Figure 4 shows the comparison between the experiment and simulation in terms of the deformed
footprint around the impact area. As can be seen, the data referring to length reduction also provides
the configuration of side profile deformation of the deformed cylinder. For the digitized data, the red
line represents the impacted surface obtained from the simulation, while the blue line denotes the
impacted surface obtained from the experiment. By direct observations, both deformed footprints
are nearly identical, while the major profile shows slight differences.

Table 4 and Table 5 summarize the analysis results of the validation stage. In Table 4, the
simulation results showed slight differences from the experimental results, which are 0.59%, 1.78%,
and 3.91% for each impact velocity in terms of the diameter of the major profile. In terms of length
reduction, the difference between the experiment and simulation results are only 0.49 mm., 0.47
mm, and 0.56 mm for each impact velocity, as taken in Table 5 accordingly.

96



Journal of Advanced Research in Applied Mechanics
Volume 121, Issue 1 (2024) 91-106

(a)

(b)

6 15
12
3
—#— Experiment
=3 —o— Simulation € 9 —#— Experiment
g0 £ —&— Simulation
~ =
-3
3
-6 0
-6 -3 0 0.5 1 1.5
Y (mm) Y (mm)
179.01 m/s
(a) (b)
6 15
12
3
—#— Experiment 9 .
€ —— Simulation = —&— Experiment
£ 0 £ —— Simulation
N > 6
-3
3
-6 0
-6 -3 0 0.5 1 15
Y (mm) Y (mm)
195.28 m/s
(a) (b)
6 15
12
3
—®— Experiment 9
E —— Simulation E —#— Experiment
é 0 é —&— Simulation
N > 6
-3
3
-6 0
-6 -3 0 0.5 1 15
Y (mm) Y (mm)
212.35m/s

Fig. 4. Comparison between experiment and simulation at various impact velocities (a) deformed

footprint (b) side profile




Journal of Advanced Research in Applied Mechanics
Volume 121, Issue 1 (2024) 91-106

Table 4

Comparison of the diameter of major profile between
experiment and simulation

Diameter of the major profile, D; (mm)

Impact velocity, V (m/s)

Experiment Simulation

179.01 10.09 10.03

195.28 10.65 10.46

212.35 10.24 10.24
Table 5
Comparison of final length and length reduction between experiment and simulation
Impact velocity,  Final length, L f (mm) Length reduction, AL (mm)
V (m/s) Experiment Simulation Experiment Simulation
179.01 13.84 13.35 1.16 1.65
195.28 13.58 13.11 1.42 1.89
212.35 13.48 12.92 1.52 2.08

The results were good enough to conclude that there is a good agreement between the
simulation results and experimental data within the tested range. Thus, this model is used to predict
the behaviour of varying geometric configurations of the recycled AA 6061 undergoing Taylor cylinder
impact test within this range of velocities.

4. Parametric Study

The parametric studies consist of an alteration of initial diameter and initial length to analyze
their effects on the final configuration of the projectile. Both studies adopted the same length-to-
diameter ratio, L/D ranging from 0.25 to 1.75 with an increment of 0.10. For the alteration of initial
length, the L/D ratio was varied by increasing the initial diameter from 9.09 mm to 33.33 mm while
keeping the initial length constant at 15.00 mm. On the contrary, the L/D ratio for alteration of initial
length was varied by decreasing the initial length from 14.80 mm to 2.11 mm while keeping the initial
diameter constant at 8.45 mm. The test matrix for parametric studies involving changes to the initial
diameter and initial length of the specimen is shown in Tables 6 and 7, respectively.

Table 6

Test matrix for parametric studies involving changes to the initial diameter

Test No. Length to diameter Alteration of initial diameter, Do (mm) with fixed
ratio, L/D initial length Lo =15 (mm)

1 1.65 9.09

2 1.55 9.68

3 1.45 10.34

4 1.35 11.11

5 1.25 12.00

6 1.15 13.04

7 1.05 14.29

8 0.95 15.79

9 0.85 17.65

10 0.75 20.00

11 0.65 23.08

12 0.55 27.27

13 0.45 33.33
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Table 7

Test matrix for parametric studies involving changes to the initial length

Test No. Length to diameter ratio, Alteration of initial length, Lo (mm) with fixed
L/D Initial diameter, Do =8.45 (mm)

1 1.75 14.80

2 1.65 13.95

3 1.55 13.10

4 1.45 12.25

5 1.35 11.40

6 1.25 10.55

7 1.05 8.87

8 0.95 8.03

9 0.85 7.18

10 0.75 6.34

11 0.65 5.49

12 0.55 4.65

13 0.45 3.80

14 0.35 2.96

15 0.25 2.11

The result of the numerical analysis, including the validation of the preliminary data and the
parametric studies, was summarized in the following section.

4.1 Results and Discussion

In the parametric studies, the post-impact configuration of the projectile is defined in terms of
residual length (L¢/Lo), and deformed diameter (D¢/D,). Figure 5, Figure 6, and Figure 7 present the
final configuration of the deformed projectile using a variation of the initial diameter. In contrast,
Figure 8, Figure 9, and Figure 10 illustrate the final configuration using a variation of initial length.
Both settings were tested at different impact velocities; 179.01, 195.28 and 212.35 m/s.

0.98
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0.94
0.92

0.9
0.88

L/L,

0.86
0.84
0.82

0.8

Lo/Do=1 —@—179.01 m/s
—@—195.28 m/s —&=—212.35m/s
.".‘Hf.\././.—-/-.
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9 14 19 24 29 34

D

o

Fig. 5. Comparison of the residual length vs initial diameter
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Fig. 6. Comparison of the deformed diameter vs initial diameter
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4.1.1 Effect of the initial diameter changes on the final configuration

In this section, the change in residual length (Lf) and deformed diameter (Ds) with respect to the
change in initial diameter (Do) post-impact are presented. Figure 5 exhibits that, increasing the initial
diameter value may cause the residual length to initial length ratio (L¢/Lo) to approach 1 from values
lower than 1. This shows that a broader projectile experienced a less significant reduction in final
length compared to a thinner projectile. This effect is prominently observed in specimens having a
Lo/D, ratio below 1.0 (where the diameter of the projectile is greater than its length). While for the
specimen having a Lo/Do ratio above 1 (where the length of the projectile is greater than its diameter),
the change in final length with respect to diameter is observed at a smaller degree. This trend holds
at all tested velocities. Additionally, with an increase in velocity, a more significant reduction in
residual length is observed.

In radial deformation, as depicted in Figure 6, it can be observed that increasing the initial
diameter causes the deformed diameter to initial diameter ratio (D¢/Do) to decrease for specimens
with Lo/Do ratio below 1. The ratio tends to approach 1 from values above 1. This concludes that a
broader projectile will undergo a smaller increase in the deformed diameter after impact. For
specimens with Lo/D, ratio above 1, no clear trend is observed. In some instances, such as going from
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a Do 0of 9.09mm to 10.34mm at 212 m/s, the ratio D¢/D, increases, while with a subsequent increase
of Do to 11.11mm, it reduces. In general, the ratio D¢/D, seem to hover around the same region for a
specimen having a Lo/D, ratio above 1 with minimal changes limited to a factor of about 0.05,
suggesting a minimal change in deformed diameter post-impact with respect to change in initial
diameter with no clear trend. Additionally, D¢/D, ratio is observed to be increasing with an increase
in impact velocity.

Finally, figure 7 compares the residual length change (L¢/Lo) to the deformed diameter change
(D#/Do). All of the specimens result in values lower than 1. This means that all projectiles undergo
more significant changes in deformed diameter compared to changes in residual length post-impact.
From the specimen having a Lo/D, ratio below 1, a clear trend is observed at all velocities as the ratio
{(L¢/Lo)/ (D¢/Do)} is observed to be approaching 1 from values lower than 1 with an increase in initial
diameter. This suggests that a broader projectile will observe length reduction to a more similar
degree/extent as the final diameter increase. However, in all cases, the changes in deformed
diameter outweigh the changes to the residual length. Similar to previous observations, no clear
trend is observed in specimens with Lo/D, ratio above 1. The changes in value occur at a maximum
scale of 0.03 while most of the speciments hover around 0.75.

4.1.2 Effect of the initial length changes on the final configuration

In this section, the effect on residual length (Lf) and deformed diameter (Do) with respect to
changes in initial length (Lo) are shown. First, as shown in Figure 8, increasing the initial length value
will cause the residual length to initial length ratio (L¢/Lo) to decrease to values below 1. This shows
that a projectile having a shorter length experienced a lower reduction in the final length. Conversely,
a projectile with a larger initial length experienced more residual length reduction. This trend is
observed in both types of specimens (ones having a Lo/D, above 1 and the ones having a Lo/D, below
1). However, it is more prominently observed in specimens with a Lo/D, below 1. Additionally,
increasing the velocity will result in a more significant final length reduction.

According to Figure 9, increasing the initial length caused the deformed diameter to initial
diameter ratio (D¢/Do) to increase from values above 1. This result indicates that larger projectile
experiences more radial deformation compared to a smaller one. Increasing the velocity results in
more radial deformation.

Figure 10 compares the residual length change (L¢/Lo) to the deformed diameter change (Ds/Do).
As observed in Figure 7, all of the specimens result in values lower than 1. This means that all
projectiles undergo more significant changes in deformed diameter compared to changes in residual
length post-impact. In Figure 7, an increase in the ratio of residual length to deformed diameter was
observed with increasing initial diameter. However, when increasing the initial length, the ratio
decreases to values lower than 1. Suggesting a longer projectile undergoes much more radial
deformation compared to smaller ones.

5. Conclusion

This research investigates and models the deformation behavior of recycled aluminium alloys
undergoing finite strain deformation and analyzes the effects of parametric studies on recycled
aluminium alloys at high-velocity impact. During the validation stage, the numerical analysis could
predict three modes of fracture, including mushrooming, tensile splitting with cracks, and petalling
at various impact velocities. The digitized data of the deformed footprint, major profile, and side
profile of the simulation possess remarkable similarities with the experimental results, which proves
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that the selected Johnson-Cook model and the inclusion of damage parameters are capable of
validating the preliminary data. However, it is limited to the mushrooming mode only due to the
absence of equation of state (EOS) activation. The validated numerical settings are then used to
conduct the parametric studies to analyze the effect of geometrical alteration on the final
configuration of the projectile made of recycled aluminium alloys. These types of parametric studies
are crucial in establishing the behaviour/properties of a relatively new material such as the recycled
AA 6061 obtained through hot press forging. Generally, these studies would require extensive
experimentation to investigate the desired relationship between the behaviour of the material and
the geometrical alterations. But, through FEA, we can reasonably predict the behaviour up to a
verified range.
The following trends are observed from the parametric studies carried out in this work:

i. A Broader projectile experienced a less significant reduction in final length and a smaller
increase in the deformed diameter compared to a thinner one.

ii. A broader projectile will observe length reduction to a more similar degree/extent as the
final diameter increase compared to a thinner one.

iii. A projectile with a larger initial length experienced more residual length reduction and
more radial deformation.

iv.  Alonger projectile undergoes much more radial deformation compared to smaller ones.

v. All projectiles undergo more significant changes in deformed diameter compared to
changes in residual length post-impact.

The results of this FEA can be used as the baseline for further enquiry into the behaviour of the
material undergoing Taylor cylinder impact tests. With a better numerical model, a wider range of
velocities can be tested in the future. The results for recycled AA 6061 can be compared with the
primary AA 6061 undergoing the same tests to help establish where the recycled counterpart of the
AA 6061 alloy stacks up compared to the primary form. This intern will help identify some practical
uses for the material. Additionally, the impact perforation behaviour or resistance can be
investigated for this material with slight changes to the model as the dynamics for perforation tests
and Taylor cylinder impact tests are similar.
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