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there is a challenge for such recycled aluminium to achieve the same application as the primary
sources due to material properties degradation related to damage. It is still an open study area to
be explored for a better understanding of the behaviours of recycled aluminium. Thus, in this work,
the Taylor Cylinder Impact test is used to investigate anisotropic-damage behaviour of recycled
aluminium alloy AA6061 undergoing high-velocity impact from 190m/s to 300 m/s using two length-
to-diameter (L/D) ratios. The recovered samples are observed under an optical microscope (OM)
and scanning electron microscope (SEM). A strong strain rate dependency can be seen as the
damage evolution is increasing as the impact velocity increase. Further, the corresponding digitized
footprints analysis exhibit plastic anisotropic and localized plastic strain in such recycled material.
This can be clearly observed from the development of a non-symmetrical footprint within the impact
surface. This test is the first to explore the deformation behaviour of recycled materials using high-
velocity cylinder impact in a high rate of strain deformation regime.

INTRODUCTION

Aluminium alloys are a standout amongst and most well-known material for some application and products in the
market as it has many benefits. There is a considerable measure of sorts, of aluminium. For pure aluminium combinations,
it has delicate and low-quality properties so with a specific end goal to improve its quality, others components, for
example, Magnesium (Mg), Silicon (Si), Copper (Cu), Zinc (Zn), Lithium (Li) and Manganese (Mn) are included and
mixed into an aluminium synthesis [1]. One of the most used high-strength materials in automotive application is
aluminium Al-Mg-Si AA6061 alloy. The chemical composition and mechanical properties of the AA6061 is shown in
Table 1 [2]. It was reported that the usage of such aluminium in a car could reduce CO, emission and benefit on fuel-
saving [3]. The high demand for the aluminium has led to a production shortage. Extracting aluminium from bauxite ore
is an energy-consuming process. The production of primary aluminium is 4,927 thousand metric tons in September 2017.
Based on the data observations, the demand for the aluminium is very high that requires high energy for the extraction
process. Therefore, to save energy, recycling aluminium is extremely encouraged which can save about 95% of energy.
This situation leads to the production of recycling aluminium. In recycling aluminium, two methods are conventional and
direct conversion recycling methods. In the direct conversion recycling method, the hot press forging technique proved
that this method has good potential can bring benefits whether in terms of enhancement of metals properties or
environmental [4].

Recycling aluminium had been well-explored and widely used in the automotive structure as it is a great option to
save energy and reduce the release of CO,. Also, many investigations had been conducted to establish the mechanical
behaviour before the specific applications can be identified [5]. Nevertheless, there is a challenge for such recycled
aluminium to achieve the same application as the primary aluminium source as there is degradation of the material
properties related to damage [6]. Thus, it is vital to understand the deformation behaviour of a material associated with
damage undergoing finite strain deformation. It can enforce a limitation on the potential application and failure of the
design if without a better understanding of the particular topic.
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Table 1. Chemical composition and mechanical properties of AA6061 [2]

Chemical Composition Content, (%) Mechan_lcal value
/ Elements Properties
Al 97.8 Ultimate Tensile
: Strength (UTS) 310 MPa

Si 0.62 9
Mg 0.87

Young Modulus (E) 68.9 GPa
Fe 0.16
Cu 0.32

Yield Strength 276 MPa
Mn 0.02
Cr 0.09 Elongation at break 17%
Zn 0.12 Density 2.7 glcc
Ti <0.01 Vickers Hardness 107

Damage can be characterized as an accumulation of lasting microstructural changes adjusting thermo-mechanical
properties (e.g., solidness, quality, anisotropy, and so forth) and acquire an arrangement of irreversible physical micro-
cracking forms due to the utilization of thermo-mechanical loading [7]. In aluminium composites, damage can be
identified with advancing microstructural highlights such as scanning electron microscope (SEM), optical microscope
(OM), etc. The failure mechanism in ductile materials is related to the nearby failure of second stage particles,
incorporations, intermetallic particles, and precipitates. For instance, [8] demonstrated that the splitting of particles in
A357 aluminium composite happens amid plastic deformation.

In addition, Balasundaram et al. [9] have proposed that damage in aluminium compounds is created by breaking of
intermetallic particles, development of voids at broke particles and void mixture. The investigation verified that the
heading of breaks under pressure loading was opposite to the heap course. Along these lines, the approach for
distinguishing damage of aluminium composite is essential for evaluating parts lifespan in the car, aviation, hardware,
and other metal-based industries. It should be noted that the damage is numerously related to the basic reaction of the
material microstructure subjected to various loading conditions. The deformation behaviour of such anisotropic materials
under dynamic shock loading has been discussed extensively in various works, see for example [10-16]. Besides, related
works examining the anisotropic influence on material behaviour undergoing finite strain deformation and shock waves
can be found in [17,18]. In this research, high-velocity impact test is adopted as an essential approach to investigate the
damage progression. The field of impact progression covers various circumstances and is important to engineers from
different distinctive areas. For instance, production engineers are keen regarding the matter in regards to its application
to rapid blanking and opening flanging forms while vehicle makers utilize their comprehension of the reaction of
structures to impact loading to enhance the functionality and safety of their items. Notwithstanding, high-velocity impact
essentially centered on primary metals explored by numerous analysts. Conversely, the recycling metals experience high-
velocity impact to a great extent unexplored. Most materials demonstrated considerable changes in the mechanical
reaction under expanded rates of stressing [19, 20].

In the field of crash and impact modelling, many experimental works can be utilized to test the impact deformation
of the material such as Taylor impact test, Split Hopkinson Pressure Bar test, Dynamic Tensile Extrusion test,
Gravitational Drop-weight test, and others. However, the Taylor impact test is the most common and usually adopted to
determine the material properties and strain rate dependent on the scope of dynamic deformation due to its simplicity and
the potential in determining the yield behaviour at high strain-rates [21]. Taylor cylinder impact test can be regarded as
one of the best approaches to investigate damage progression under high-velocity impact. The test is named after G. I.
Taylor who developed the test to screen materials in ballistic applications during WWII [22]. This test entails firing a
solid cylinder rod of material under consideration, typically 7.5 to 12.5 mm in diameter by 25 to 40 mm in length, at high
velocity against a massive and plastically rigid target. Taylor cylinder impact testing has previously been utilized to probe
both the deformation responses of metals and alloys in the presence of large gradients of stress, strain and strain-rate and
as a means to validate constitutive models [21, 23]. This axis-symmetric integrated test provides a readily conducted
experimental method to examine the large-strain high-strain rate mechanical behaviour of materials, at the same time
evaluating the accuracy of appropriate “physics” incorporation in constitutive models [24]. It is simple, inexpensive, and
exhibits large strains, high-strain rates at elevated temperatures. In this study, the Taylor cylinder impact test is adopted
to examine damage evolution in Taylor specimens due to high shock pressures and plastic strains during the test. The
deformable flat-nosed cylinders are fired against a fixed quasi-rigid wall that allows for material behaviour estimation at
high-strain rates, and the damage evolution of the specimen is described based on the deformation elastoplasticity
behaviour of the specimen. The elastoplasticity behaviour of the specimen can be refer to the deformed mushrooming-
shaped specimen, where the specimen can be divided into two parts separated by an elastic-plastic interface: (i)
mushrooming zone near the impact end where plastic deformation occurred, and (ii) undeformed zone at the rear end that
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described by back and forth movement of elastic wave [25]. The mushrooming is also defined as plastic deformation,
radial expansion and reduction in length without any visible cracks. When the impact velocity exceeds the material’s
limit, the mushrooming deformation might evolve to another fracture mode. Further detailed associated with fracture
mode are defined in Rakvag et al. [26] and Rakvag et al. [27].

In short, aluminium alloy has outstanding applications and the primary sources have become depleted day by day and
an alternative for secondary sources (recycled aluminium alloy) is needed to replace the primary sources. In fact, recycled
aluminium alloy has several damages that can lead to the failure of the materials. Before an application is applied, the
damage behaviour of the material is important as any object could occur impact or collide with another body in real life.
Thus, in this study, the plastic anisotropic and damage behaviour of the recycled AAG061 is evaluated via the Taylor
impact test.

SPECIMEN PREPARATION

Figure 1 represents the process flow of the test specimen preparation. A vertical center CNC machine (MAZAK Nexus
410A-11 CNC Mill) is used for chips production with an average chips size of 5.2 mm x 1.097 mm x 0.091 mm using 377
m/min of cutting speed.

The chips then are cleaned with Acetone solution using an ultrasonic bath and dried in a 60°C thermal oven.
Subsequently, the hot press forging technique is applied to form the recycled specimen. The process is performed at
530°C and 47 MPa (35.6 tonnes) with 2 hours holding time, including four times the pre-compacting cycle [28].
Subsequently, the specimen is quenched at 100°C/s quench rate to perform rapid cooling into ambient temperature, and
then artificial aging at 175°C thermal oven for 120 minutes. The final specimen is then denoted as T5-temper. The
electrical wire cutting machine is eventually used to form a symmetrical cylinder specimen shaped, as shown in
Figure 2.

Side View Top View

Figure 2. Cylindrical shaped specimen
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EXPERIMENTAL IMPLEMENTATION

The Taylor cylinder impact test is conducted by launching a cylindrical specimen from a smooth bored gun barrel to
the rigid massive hardened stainless-steel target. To ensure the effect of friction is ignorable, the target surface is polished
to a mirror-like finished. The recycled aluminium alloy specimens are prepared into two different L/D ratios: 1.25 and
1.75, with the corresponding length £10.55 mm and £14.75 mm, respectively. Both L/D ratios set with the same diameter
+8.45 mm. The pressure and specimen size are selected based on the limitation of the gas gun machine. Table 2 shows
the test matrix for this impact test. Figure 3 shows the arrangement of the impact gas gun machine used in this research.

First, the bullet specimen is inserted into the gas gun tunnel, and pressure is used as a force to launch the bullet toward
the target. After the bullet is launched, a high-speed camera is utilized to capture the movement of the bullet towards the
target. The impact velocity is then measured and calculated based on the video captured. The deformation behaviour of
the specimen is observed. Eventually, the specimens are cold-mounted, grind, polished, and etching for observation under
SEM. It should be noted that enough energy is required by the specimen to hit the target, and generate permanent plastic
deformation. Once plastic deformation is obtained, the data is valid for analysis. This plastic deformation behaviour can
be clearly observed around the footprint of the impact surface, as compared to the initial footprint. Therefore, in this work,
a minimum pressure was first identified and validated in the preliminary test. An adequate energy is also important to
avoid too much wobbling of the specimen.

3]‘ i‘ }‘

: : : .
. ' Gas Gun Tunnel s
SN | GasGun Tumel e
S = : Yo

—

( 1 ‘\‘ B Target Holder
= i I

High Speed Camera + Spotlight Chamber Box Pressure Control System

Figure 3. Impact gas gun machine

Table 2. Test matrix for Taylor cylinder impact test

Pressure (Bar) L/D Length, L (mm) Diameter, D (mm) Remark
1.75 14.75 8.45 Al
° 1.25 10.55 8.45 B1
1.75 14.75 8.45 A2
10 1.25 10.55 8.45 B2
1.75 14.75 8.45 A3
o 1.25 10.55 8.45 B3
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RESULTS AND DISCUSSIONS

The experimental results are shown in Table 3. First, it can be seen that the specimen with a lower L/D ratio produces
higher velocity compared to the one with a higher L/D ratio, due to the contained mass. However, the localized plastic
strain deformation is less severe referring to the maximum diameter measured around the footprint. The largest and the
smallest diameter are obtained in the recovered specimens A3 and B1, respectively. Figure 4 shows the SEM micrograph
of specimens Al and B1 that tested at pressure 6 bar (velocity range from 190 — 210 m/s). This figure shows that an
obvious influence of significant localized plastic strain deformation is due to the growth of cracks and voids propagation.
As can be seen, the number of voids that are leading to micro-cracks (damage evolution) is increasing in the recovered
specimen Al (higher L/D ratio) compared to B1 (lower L/D ratio).

Table 3. Result of Taylor impact test

Velocity . . Footprint/
Remark (mis) Side Profile Fracture Mode
\ o
: o 1060
Al 193.13 A
Mushrooming shape
B1 206.25
A2 228.65
B2 235.15

edge

Mushrooming shape
with crack around the
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Remark

. . Footprint/
Side Profile Fracture Mode

A3

B3

Mushrooming shape
with crack around the
edge

Mushrooming shape
with an obvious crack

SU1510 15.0kV 10.4mm X500 SE

Micro-voids

N I,;

; _Q

Micro-cracks

100um Q@ SU1510 15.0kV 8.3mm x500 SE

Figure 4. SEM micrographs of specimen Al (L/D 1.25) and B1 (L/D 1.75)

Generally speaking, the results show a strong plastic anisotropic of the recycled AA6061 undergoing finite strain

deformation. This is observable from an ellipse (non-symmetrical) footprint of the post-specimens. In addition, a ductile
fracture is clearly observed by a mushrooming shape development within the recovered specimens driven by voids
initiation, growth and coalescence. No visible exterior cracks can be seen unless in specimens B2, A3 and B3 of Table 3.
Figure 5 and Figure 6 illustrate the OM micrograph of specimen Al and A2, respectively. These figures show that the
fracture occurs around the edge of the footprint (Figures 5(a) and 6(a) while crack initiation and void evolution start at
the center of the specimen (Figures 5(b), 5(c) and 6(b), 6(c). This indicates crack is progresses due to localized plastic
strain expand radially from the center to the edge of footprint. Some factors that affect the dynamic growth of void such
as heat generated by plastic deformation, inertial effects associated with displacement and wave interactions [19]. It can
be observed that the damage at the edge of the A2 footprint is severer than experienced by Al which is proportional to
the impact velocity for A2 and Al; 228.65 m/s and 193.13 m/s, respectively, due to the damage development of voids
initiation, growth and coalescence that leading into cracks during the deformation.
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Fractured
surface at the
edge of
footprint

Crack initiation

Void development

Figure 5. Optical microscope analysis on footprint of specimen Al: (a) edge, (b) crack initiation, and (c) void
development

Fractured
surface at the
edge of footprint

Crack initiation

Void development

Figure 6. Optical microscope analysis on footprint of specimen A2: (a) edge, (b) crack initiation, and (c) void
development

Figure 7 shows the corresponding SEM analysis of specimens Al and A2. The pre and post micrographs are provided
to examine damage development in the specimens deeply. Ductile fracture is clearly observed driven the damage
development. First, voids can be seen initiated in the test specimen of the recycled AA6061 nucleated during the
specimen’s preparation. The voids grow and coalesce further during the impact to form many more voids leading to result
in micro-cracks in the specimen as shown in this figure. Also, the specimens show strong strain rate dependency as the
damage evolution is increasing as the impact velocity increases cause severe localized plastic strain deformation as
observed in the footprint radial expansion.
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Before Impact ) ¢ After Impact

Figure 7. SEM micrographs of specimen: (a) Al and (b) A2, before and after impact

Figure 8 depicts side profiles of the sample of the specimen with a high L/D ratio (L/D= 1.75), which impacted at v=
247.85 m/s (Specimen A3). It can be observed that the length of the specimen reduced from an initial length of 14.75 mm
to about 10.75 mm, and a radial expansion from an initial diameter of 8.45 mm to approximately 12.88 mm. Another
example with the L/D ratio of 1.25, impacted at v= 235.15 m/s (Specimen B2), is shown in Figure 9. There is also a
reduction in length from 10.55 mm to about 8.95 mm and expansion in diameter from 8.45 mm to 10.89 mm. The radial
expansion can be noticed clearly in the digitized footprint plotted in Figure 10.

By referring to Figure 8 and Figure 9, it can be seen that the digitized side profiles exhibited severe mushrooming
shape, and the footprint expands non-symmetrically (ellipse shape footprint), as shown in Figure 10. This confirms the
plastic anisotropy of such recycled material. As an exhibit in other ductile materials, the mushrooming shape only
develops in a certain region from the footprint as the reflected wave of plastic strain ceases in the middle of the specimen.
As depicted in Figures 8 and 9, the geometrical changes of side profiles stop at approximately 6 mm and 8mm from the
footprint (impact surface), respectively. This indicates that the plastic strain energy is more significant at higher impact
velocity, but still can be fully absorbed by the specimens even having low L/D ratios.

In addition, the deformed footprint that develops a non-symmetrical ellipse-shaped is depicted by the black colour
line in Figure 10. As aforementioned, this is due to plastic anisotropic characteristics and localized plastic strain around
the impact surface. In the event of an impact, the footprint of anisotropic materials experiences different responses in
various directions within the impact surface. It can be seen in Figure 10 that the deformed footprint shows a different
value along the x-axis and z-axis for both the specimen A3 and B2. Again, this is due to the different mechanical properties

in different directions of such material. It seems the same response sustains in the recycled form of aluminium alloys

AAGO61.

Major Side Profile

() Minor Side Profile (b)
12 12
Q
10 § 10 8
9 9
8 & 8 9
. : . ¢
£ g Es 9
. 9 9
4 g’ 4 ?
/ P
2 ,P E Id
gy P
- o &
-8 -6 -4 2 0 2 4 6 8 -8 6 4 2 0 2 4 6 8
X {mm) X {mm)
—e— Right —e— Right
--0-=Left —=0--Left

Figure 8. Major and minor side profiles for post-test geometry A3 (v=247.85 m/s): (a) minor side profile and (b) major
side profile
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Figure 9. Major and minor side profiles for post-test geometry B2 (v=235.15 m/s): (a) minor side profile and (b) major
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Figure 10. Digitized footprints for specimen: (a) A3 (v=247.85 m/s) and (b) B2 (v=234.15 m/s)

CONCLUSIONS

This paper investigates the anisotropic-damage behaviour in the recycled aluminium alloy AA6061 undergoing high-
velocity impact using the Taylor cylinder impact test. From the deformed specimen, a non-symmetrical ellipse locus of
the footprint is shown by such recycled AA6061, which pronounced anisotropic behaviour of such material undergoing
finite strain deformation. The impact velocity is influenced by the pressure applied and also the weight or L/D ratio of
the specimen. The higher the impact velocity, the radial expansion on the impact surface is getting larger. The critical
impact velocity of such recycled AA6061 is found to be lower than 235 m/s. Cracks form around the edge of the impact
surface after exceeding the critical impact velocity.

Moreover, from the observation of the microscopic analysis, it showed the value of impact velocity directly influences
the void growth. Further, the void progression and ductile damage seem been affected by the void developed within the
impact area, as shown in the microscopic analysis. The microstructural comparison between pre and post-test samples
reveals the location of the fracture happened at the very edge of the impact face. First, it must be emphasized that the
recycled specimen of AA6061 exhibit ductile fracture, which strong dependent on microstructure. It can be seen that
damage development in both L/D ratios is significantly influenced by void initiation, growth and coalescence specifically
within the impact surface. This damage evolution is leading to the radial expansion of impact surface and reduction in
specimen length. The microstructural comparison between pre and post-test specimens reveals the mechanism. This
analysis proves that the difference in microstructural properties leads to variation in the failure mechanism.
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