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Abstract: Recycling aluminium alloys has excellent advantages to avoid bad environmental effects while
providing significant economic benefits. Many efforts are demanded to identify the appropriate applications,
especially in automotive and aerospace fields. It can be observed that various recycling methods have been adopted
and examined. However, it is generally agreed that there is still a need for improved recycling methods to fulfil the
needs of the required applications as shown by its primary resources. It is a massive challenge and an obvious
drawback in such materials due to the degradation of material’s properties related to damage, hence, must be
critically analyzed before the potential applications can be identified. Based on this motivation, the present study
establishes the effects of temperature and strain rate of hot-forged recycled aluminium alloys AA6061 via uniaxial
tensile test implementations. The test is conducted at elevated temperatures of 100°C, 200°C and 300°C, at two
different strain rates of 10*s™* and 10 s*. The tensile behaviour and damage are analyzed in terms of stress-strain
curves and microstructural analysis, respectively. The microstructure and fracture surface of such materials are
observed using Scanning Electron Microscope (SEM) and Optical Microscope (OM). Generally, the flow stress of
recycled AAB061 increases with increasing strain rate and decreases with increasing temperature. The quantity and
size of the micro-voids observed is enhanced with the increases in strain rate. It is due to the growth and
coalescence of the micro-voids. From the OM analysis, the gap between the grain boundaries become wider with
the increases in temperature; thus, the strength of the material decreases.
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1. Introduction

Aluminium alloys are widely used in many industries and applications ranging from the packaging beverages cans
to aeronautic application. It is due to the remarkable properties of aluminium alloys and has a combination of low
density and high strength profile [1], [2]. The high demand usage of aluminium alloys had been shifting the attention on
replacing primary resources with recycled aluminium alloys. Recently, many recycling approaches have been
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implemented in recycling aluminium alloys able to give a promising result. However, there is still a need for improved
recycling methods to explore the dynamic mechanical behaviour of such materials undergoing various strain rates and
temperatures. It is vital since aluminium alloys are usually performed under high temperature, especially in automotive
and aerospace application, and it may occur to collide with other objects at different impact velocities [3], [4]. Thus, it
is essential to characterize the effects of strain rate and temperature on the mechanical behaviour of recycled AA6061
to assure consistency and reliability.

In practice, different applications govern the materials deformation behaviour within different strain rate regimes.
It is generally divided into few categories with different mechanical dynamic loading test, as shown in Fig. 1. The
range of strain rate between 10® — 10° s is known as creep behaviour. It is typically inspected at elevated
temperatures, and a creep type laws are adopted to define such behaviour. The range of strain rate from 10 to 10 s is
associated with the quasi-static stress-strain curve. It can be obtained via a tensile test and compression test at a
constant strain rate. For an intermediate strain rate regime, it is in the range from 10° to 102 The stress-strain
behaviours may change, and specialized testing methods have to be adopted. Eventually, for a high strain rate response,
which ranging higher than 10° s, the material deformation governs within the inertia, thermal and wave propagation
effects. And its deals with shock wave propagation when the strain rate is higher than 10° s [5], [6]. In the present
study, a uniaxial tensile test is used to test the material behaviours at a constant strain rate; hence, a quasi-static strain
rate range is selected to obtain the stress-strain relations.
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Fig. 1 - Classification of mechanical dynamic testing

Previously, many researchers studied the effects of loading speed and temperature on different material. For
instance, Noradila et al. reported that Al-Zn magnesium alloys AZ31 is dependent on loading speed but not for AZ61
[3]. The effects of temperature and strain rates on the tensile behaviour of dual-phase steel DP800 also studied by Cao
et al., in which the increasing of strain rate causing higher yield strength and ultimate tensile strength (UTS) value with
the decreasing in temperature [7]. Further, Nor and Suhaimi had reported that the commercial aluminium alloys
AA5083 and AAG6061 are sensitive to the changes in temperature and strain rate [8]. Panov examined the mechanical
behaviour of aluminium alloys AA7010 and AA2024 concluded that AA7010 shows strain rate and temperature-
dependent response but AA2024 only dependent on temperature changes [5]. The tensile behaviour of AA7017 at
various strain rate and temperatures is studied by Bobbili et al. [9]. The results revealed that the flow stress decreases
with increasing temperature. The damage in the materials at a higher strain rate is worse compared to lower strain rates.

In the recent year, many researchers only focused on the optimization of the recycling process setting and addition
of reinforced material into the recycled material to enhance its strength properties. For instance, Ahmad et al. determine
the optimum extrusion temperature and ageing time for the heat treatment process in recycling aluminium via hot
extrusion. Three different extrusion temperatures (450, 500 and 550 °C) and ageing time (240, 360 and 480 minutes),
are used to determine the optimum hardness of the recycled product [10]. The results revealed that at the highest
extrusion temperature able to enhance the chip bonding and maximum hardness for 240 minutes ageing time
considered as the peak-aged [10]. Later, Ahmad et al. used the addition of aluminium oxide as a reinforced material
embedded in the aluminium matrix to enhance the hardness properties [11].

Furthermore, in the study by Yusuf et al., recycled AA6061 via hot press forging recycling process under different
operating temperature (430, 480 and 530 °C) and pressing time (60, 90 and 120 minutes), is conducted to obtain the
optimum hot-pressed setting. A high tensile strength recycled product is produced, and the result is comparable to the
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theoretical AA6061-T4 temper [12]. As mentioned in previous, a material can collide with other objects at different
loading condition in real-life. Even though the optimum settings are defined, and it is proved to enhance the strength of
the recycled material, the study focused only provides few characteristic, such as ultimate tensile strength and
elongation to failure, at ambient temperature. The data is still lacking on the detail of damage characteristics, such as
the quantity and size of micro-cracks and micro-voids in the material, undergoing finite strain deformation at various
temperature and strain rate conditions. It is utterly inadequate if the application in automotive and aerospace is admired.

Generally speaking, recycling aluminium alloys positively contributes to reduce pollution and to save energy as
compared to the primary aluminium alloys production. Nowadays, lack of analysis and data related damage initiation
and development, including fracture such material undergoing finite strain deformation have limited the identification
of its potential applications in automotive and aerospace industries. It is impossible to establish the application without
this primary data, the tensile tests of recycled AAG6061, therefore, are conducted in this work under various
temperatures and strain rates to scrutinize the tensile behaviour. Further, the corresponding fracture surfaces and
microstructural analysis are performed using a Scanning Electron Microscope (SEM) machine to review the damage
characteristics of such materials undergoing finite strain deformation.

2. Experimental Procedure

It is essential to understand the exact behaviour of a material undergoing finite strain deformation to probe the
potential of the material in the advanced application. The most applicable experimental procedure for material
characterization is the uniaxial tensile testing, as it is simple and cost-effective [8]. The experimental data obtained
from these testing can lead to a better understanding of recycled aluminium alloys behaviour, and it is also useful to
derive the related material’s behaviours which might be provided for further investigation via relevant simulation
model. In the present study, the experiment procedure is divided into two phases, as presented below.

2.1 Specimen Preparation

Fig. 2 shows the flow of the specimen preparation process. The AA6061 chips are produced using MAZAK
vertical centre Nexus 410A-11 CNC machine. Chips size with an average size of 5.2 mm x 1.097 mm x 0.091 mm can
perform better in term of strength [11], [12]. The chips machining parameters are shown in Table 1. Acetone solution is
used to clean the chips by using utilizing ultrasonic bath and then dried for about 30 minutes in the thermal oven at
60°C [13].

A hot press forging machine is used to form the chips into dog-bone shaped according to ASTM standard [14],
[15]. The dimension of the specimen is shown in Fig. 3, where ASTM E21 is used for testing at elevated temperature.
The hot press forging process is conducted at constant temperature and pressure at 530°C and 47 MPa (35.6 tonnes),
respectively. The holding time for the hot pressing process is 120 minutes, including four times of pre-compacting
cycle (2 minutes/cycles). Subsequently, the hot-forged specimen is quenched at a quench rate of 100°C/s and
immediately put in a 175°C thermal oven for 120 minutes artificial ageing process. The specimen going through this
complete heat-treated recycling process is denoted as T5-temper.

Mazak Vertical - Thermal Oven Thermal Thermal Oven
ST NS Ultrasonic 530°C / 47MPa Bathtub
410A-11 CNC Bathtub
Machine 60°C 12 grams 175°C
Acetone 60°C / 100°C/s
120 min

120 min

Fig. 2 - Flow of specimen preparation
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Table 1 - Chips milling parameter

Parameter Value
Cutting Speed, v 377 m/min
Diameter tool 10 mm
Feed, f 0.05 mm/tooth
Depth of Cut 1 mm
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Fig. 3 - Standard geometric of ASTM E21

2.2 Experimental Implementation

The tensile tests are performed using a universal testing machine of Zwick Roell Z030. The experimental design is
shown in Table 2. It can be seen that the specimens are tested at various temperatures of 100°C, 200°C and 300°C using
two testing speeds of 1.5 mm/min and 15 mm/min. The specimen is pre-heated for about 30 minutes at the test
temperature before the tensile load is applied. The fracture surfaces of the tensile specimens are examined under SEM
machine.

Table 2 - Test matrix

Temperature Loading Speed  Strain Rate
O (mm/min) (1/s)
15 5.8 x10*
100
15 5.8x10°
15 5.8x10*
200
15 5.8x10°
15 5.8 x10*
300
15 5.8x10°

3. Results and Discussions

Fig. 4 shows a sample of the post-test specimen. It can be observed that the deformation occurs within the gauge
length of the specimen. The fractured surface shows a quite sharp and rough cup and cone shear fracture without an
obvious necking. This behaviour confirms ductility of the material due to an adequate plastic strain energy (plastic
deformation) that driven by ductile fracture mechanism of voids initiation, growth and coalescent in the material.

3.1 Stress-Strain Curve Analysis

The experimental data is summarized into stress-strain curves as depicted in Fig 5. In general, it can be concluded
that the recycled material sensitive to the changes of temperature and strain rate. The range of the ultimate tensile
strength (UTS), yield strength and Elastic’s modulus are mainly within 209 MPa — 224 MPa, 158 MPa — 188 MPa and
69 GPa — 70 GPa, respectively. As depicted in Fig 5(a) and 5(b), the flow stress is generally increasing as the strain rate
increases. This behaviour is clearly observed at 300 °C; however, it is less pronounced at 100 °C and 200 °C. Bobbili
et al. [9] reported that the flow stress decreases with the decreasing in strain rates for aluminium 7071 as low strain rate
required a longer time to energy accumulation, which thus reduces the stress level. Besides, Latif et al. [16] reported
that the flow stress of magnesium alloy AZ31 and AZ61 increased at increasing strain rates due to high dislocation
density and the activation of critical resolved shear stress of non-basal slip systems for magnesium alloys. Ma’at et al.
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[17] also reported that the flow stress of AA6061 increases with the strain rate increasing and temperature decreasing.
This phenomenon is generally due to the effects of strain rate hardening.

Fig. 4 - Sample of post-test specimen
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Fig. 5 — Stress-strain curves of recycled AA6061-T5 at different temperature: (a) 100 °C; (b) 200°C; (c) 300 °C
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Fig. 6 - Stress-strain curves of recycled AA6061-T5 at various temperature at loading speed of: (a) 1.5 mm/min;
(b) 15 mm/min

In the present study, it can be observed that the total elongation at a lower strain rate is smaller compared to the
elongation obtained at higher strain rate. It should be noted that the increment of fracture elongation is influenced by
the strain rate hardening or work hardening. Local strain rate hardening controls the necking evolution and diffuses the
necking regions at high strain rate, causing the necking area becomes stronger compared to other areas. Consequently,
the elongation increases with the increment of strain rate. Generally speaking, it can be accepted that flow stress, and
total elongation of such recycled material is strain-rate dependent. In other words, the material capable of sustaining a
finite plastic strain deformation without fracture (good ductility) at a higher strain rate 5.8 x 10-3s* compared to strain
rate 5.8 x 10 s within the elevated temperatures. However, there is no specific trend of response to temperature
changes. In other words, there is no direct correlation between temperature towards yield strength and elastic’s modulus
of the material.

The response of recycled AA6061 under elevated temperatures is shown in Fig. 6. As can be seen, there is no
specific trend of response towards temperature changes at the beginning of the plastic yielding. The trend of flow stress
at the plastic region is not consistent with the increases in temperature. However, softening effects is observed in the
specimen with the increment of temperature at plastic region as the plastic modulus is still exist as evident in Fig 6.
Softening effect is normally observed during the decreases in stress as the elongation increases upon onset of the yield
point. Therefore, it can be accepted in general that the flow stress decreases with increasing temperature.
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Fig. 7 - SEM micrographs of recycled AA6061 (a) before and (b) after (100 °C, 5.8 x 10“s™)
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3.2 Damage Initiation and Progression

Fig. 7 presents a sample of scanning electron microscope (SEM) micrographs of the specimen before and after
(temperature=100 °C, strain rate= 5.8 x 10*s?) loading deformation. The damage, such as micro-voids, is initiated at
the specimen before deformation (Fig. 7 (a)). The chip’s boundary indicates the bonding between the chips in the
material. The more and obvious the chip’s boundary line, the weaker the bonding behaviour and strength of the
material. It can be seen that chip’s boundary is observed in the specimen before loading deformation, which indicated
that the bonding between the chips is not fully bond even after going through the hot press forging recycling process.
Furthermore, the chip's boundary is enhanced with the force applied and micro-crack is formed (Fig. 7(b)) due to the
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coalescence and growth of the micro-voids. The crack propagation happens by joining of micro-voids and finally
results in the fracture of the specimen. Simultaneously, it can be observed that the micro-voids in Fig. 7(b) are lesser
compare to Fig 7(a) and the dimples getting more after the loading deformation. This observation clearly shows the
evolution of the damage where the micro-void is growth and evolve into a dimple. The dimples and voids growth and
coalescence become crack during the loading deformation.
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Fig. 8 - SEM micrographs of fracture surface of specimen tested at: (a) 100 °C & 5.8 x 10 /s; (b) 100 °C & 5.8 x
103 /s; () 200 °C & 5.8 x 10*/s; (d) 200 °C & 5.8 x 103 /s; (e) 300 °C & 5.8 x 10 /s; () 300 °C & 5.8 x 103 /s

The fracture surface of recycled specimens tested at different testing settings under SEM with x1000 magnification
is depicted in Fig. 8. Noticeable chips bonding boundary is observed on the fracture surface; particularly the specimen
tested at low strain rate deformation, which indicated that the bonding of the chips might be not fully completed.
Similar observations of visible chips boundary and micro-voids in the recycled AA6061 chips were obtained by [18],
[19]. By comparing the micrographs of the deformed specimens at the same temperature, it is noticed that the micro-
voids are growth and coalescence, resulting in the formation of dimples and micro-cracks with an increasing strain rate.
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According to the study by Bobbili et al. [9], during dynamic loading condition, the increase in quantity and the size of
the dimples may result in ductility enhancement. It is also noticed that at a constant strain rate, a higher testing
temperature prompts an increase in the quantity and size of the dimples. Still, the differences are not very obvious and
significant. In Fig 8 (b), (d) and (f), the fracture surface shows a rough morphology with many deep and large dimples
distributed randomly and densely among the surface. In contrast, in Fig 8 (a), (c) and (e), less amount of dimples is
observed and are not densely distributed. Generally, dimples were formed perhaps by the dislocation mechanism where
during the tensile deformation, dislocation shifted towards the grain boundary and enhanced the dislocation density and
resulting in intergranular fracture [20].

Fig. 9 shows the optical microscopic micrographs of recycled AA6061 after loading deformation at different
temperature with the same strain rate of 5.8 x 10*s™. It can be observed that the gap between the grain boundaries is
getting wider with the increases in temperature. According to interpretation by Yusuf et al. [12], the closer the gap
between the grain boundary indicated that the welding between the chips is enhanced. Moreover, in the study by
Russell and Kok [21] which compared the tensile behaviour of single crystal and polycrystalline aluminium with
different grain size. They concluded that the smaller the grain size could lead to a denser space barrier (the gap between
the grain boundary) to dislocation which capable of enhancing the strength of the material.

Boundary
Lines

Boundary
Lines

Boundary
Lines

Fig. 9 - OM micrographs of recycled AA6061 at strain rate of 5.8 x 10 at temperature of: (a) 100 °C; (b) 200
°C; (c) 300 °C

4. Conclusion

This paper investigates the tensile behaviour of recycled aluminium alloy AA6061 at different strain rates and
temperatures. In short, it can be concluded that the recycled AA6061 exhibit a strain-rate dependent response. The flow
stress is increasing with the increases in strain rate. The total elongation of the recycled AA6061 is proportional to the
increment in strain rate. The increment of the total elongation is generally due to the strain rate hardening or work
hardening effect. Also, softening effect is observed proportional to the increment of temperature after the plastic
deformation. According to the SEM micrographs of the fracture surface, the quantity of the micro-voids is enhancing.
The micro-voids are growth and coalescence, resulting in the formation of dimples and micro-cracks with the increase
in strain rate. There are no much differences with the increases in temperature. From the observation under an optical
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microscope (OM), the gap between the grain boundaries is getting broader with the increases in temperature. In
general, the closer the gap between the grain boundaries, the better strength properties of the material.
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