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Enhanced Mechanical Properties of Aluminium Alloy EN AW 6082 Recycled without
Remelting
Jure KROLO, Branimir LELA, Petar LJUMOVIĆ, Petra BAGAVAC
Abstract: Main aim of this research was to investigate unconventional method for aluminium recycling. Recycling process presented in this research was performed in solid
state and therefore is called solid state recycling (SSR) or direct recycling. Main aim of direct recycling approach is to reduce greenhouse gasses emission compared with
primary aluminium production and conventional recycling. Other advantages are higher scrap material yield during recycling and energy savings. In this paper, SSR process
consisted of aluminium chips hot extrusion and afterwards severe plastic deformation process at room and elevated temperatures. Mechanical properties of the solid state
recycled samples obtained by presented process were comparable with samples obtained by conventional manufacturing. Furthermore, it was shown that additional plastic
deformation after hot extrusion significantly improved mechanical properties of the recycled samples compared with those recycled only by hot extrusion. Analysis of both
microstructure and density analysis was also performed.
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INTRODUCTION

Aluminium recycling is very important in sustainable
aluminium industry. More than 30% of total produced
aluminium is from recycling [1]. Energy consumption and
greenhouse emissions for aluminium recycling are 95%
lower than for the primary aluminium production [2]-[4].
Aluminium market is in constant increase and predictions
are that aluminium production will be increased by more
than 42% in period from 2015 to 2020 [1]. However,
greenhouse emissions should remain the same or even get
reduced [1], [5]. Therefore, the necessity for new
technologies development in the field of aluminium
recycling is of the main importance [5]. In the last few
years, various authors investigated solid state recycling as
novel method to reduce greenhouse emission in the
aluminium industry. Utilizing above mentioned process
significant energy also material savings can be achieved
[6]-[8]. High metal reactivity is responsible for lower
material yield in conventional recycling process [8].
Therefore, small size aluminium waste (e.g. machining
chips, wires) which has tendency to burn and mix with slag
during conventional recycling is usually recycled by SSR
process. According to previous investigation 90% energy
savings are possible with SSR compared with conventional
recycling [6]-[9]. Furthermore, during conventional
remelting greenhouse emissions are 0,3 kgCO2/kgAl [10],
while for SSR process performed utilizing direct hot
extrusion this was calculated to be only 0,01 kgCO2/kgAl
[11]. There are various methods used for SSR and most
promising and investigated method is direct hot extrusion
[12]. Lately, severe plastic deformation (SPD) processes
were also used for SSR because they fulfil some crucial
conditions which are necessary to improve recycled
samples properties. It has been shown by various authors
that the combination of high temperature, increased normal
contact stress, shear stress and strain lead to good material
bonding and quality recycled samples [6], [13]. Some of
the used SPD methods are friction stir extrusion (FSE)
[14], high pressure torsion (HPT) [15] and equal channel
angular pressing (ECAP) [16]-[18]. In [19] the authors
successfully utilized ECAP process for solid state
recycling. However, they integrated ECAP die into hot
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direct extrusion process (so called iECAP) in order to
recycle quality aluminium samples from machining chips
[19]. In [16] the authors used only ECAP process for
aluminium chips recycling. They performed ECAP at
490.°C with 3 material passes through ECAP die in order
to achieve good bonding between chips. However, visible
oxide layers and voids between recycled chips suggested
that further improvement of the process was necessary. In
[18] and [19] the authors successfully recycled titanium
alloy machining chips utilizing ECAP process on elevated
temperature.
Main aim of this research was to investigate
combination of hot extrusion and afterwards ECAP process
at room and elevated temperatures as method for solid state
recycling. Furthermore, process parameters were varied in
order to evaluate different parameters influence on SSR
samples quality and mechanical properties. Investigated
process parameters were temperature of direct hot
extrusion and ECAP process. Furthermore, number of
sample passes in ECAP die was investigated. In this
research, machining chips from aluminium alloy EN AW
6082 were recycled. In [20] mentioned parameters were
investigated for the same alloy in other to determine their
influence on micro hardness and electrical conductivity of
the recycled samples. However, additional research of the
quality of the SSR samples was done in this paper where
tensile tests were performed, as well as microstructure and
micro porosity analysis with scanning electron microscope.
According to the available literature SSR of mentioned
aluminium alloy was recycled only in two more papers,
however with different SSR processes than presented here
[21], [22].
Mechanical properties of the SSR samples obtained
with direct hot extrusion and following ECAP were
significantly improved in comparison with SSR samples
obtained only with direct hot extrusion. Analysis of density
of solid state recycled samples was also performed.
2

EXPERIMENTAL PROCEDURE

In order to perform SSR, aluminium machining chips
were taken from industrial manufacturing process. Chips
were collected from turning and milling in different shapes
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and sizes. Fig. 1a shows various sizes of chips obtained
after different machining processes. Due to excellent
machinability of the selected EN AW 6082 aluminium
alloy, machining chips are widely available. Chips
collected from manufacturing processes were not from
same material batch. Therefore, chemical composition
presented in Tab. 1 is given according to commonly used
EN-573-3 standard, where each alloying element is defined
from minimum to maximum possible value. However,
during waste material collection it was necessary to pay
attention to avoid mixture of different aluminium alloys or
mixture with steel or copper chips. Chips obtained by
machining process are usually contaminated with cooling
and lubrication oil, so the first step needed to perform solid
state recycling was cleaning of the chips. In this research
cleaning was performed with ultrasonic bath (ASonic
PRO60). For the cleaning purposes universal detergent was
used and bath temperature was set at 60 °C. Duration of the
cleaning process was 20 minute with 40 kHz ultrasonic
frequency. In order to avoid contamination with cooling
and lubrication fluid dry machining or cooling with
compressed air can be employed. Second phase was cold
compaction of the machined chips into billets with 300 kN
force, Fig. 1b. Billets diameter and height were 38 mm and
70 mm, respectively. Compaction was performed on
hydraulic press while the force was measured with
HBM1MN load cell. Prior to hot extrusion, compacted
billets were preheated on selected extrusion temperature in
a time of 30 minutes. Hot extrusion temperatures were
400.°C, 450 °C and 500 °C with 7,1 extrusion ratio. Fig. 1c
shows extruded bar with 15 mm in diameter. Extruded bars
were ECAPed at room (20°) and elevated temperature (160
°C and 300 °C). At room temperature and at 160 °C one,
three and four passes were applied, while at 300 °C only
one pass was applied.
Table 1 Chemical composition of aluminium alloy EN AW 6082
Element
Si Fe Cu Mn Mg Zn Ti
Cr
Others
Min. (%) 0,7 0
0
0,1 0,6
0
0
0
0
Max. (%) 1,3 0,5 0,1 0,4 1,2 0,2 0,1 0,25
0,15

Figure 2 Utilized ECAP tool

The lubrication used at room temperature and 160 °C
was graphite grease, while at 300 °C lubrication based on
MoS2 was utilized. Both temperature measurement and
control were performed with Omron E5CC temperature
controller. Every sample was preheated for 10 minutes
inside ECAP tool. After pass through ECAP samples were
heated for another 10 minutes. In order to achieve semicontinuous process samples were pressed one on the other
inside ECAP. Mechanical testing was performed according
to ASTM E8 standard for metal material tensile testing.
The used device was "Instron 8801" 50 kN universal
testing machine. Tensile specimens were prepared with
gauge original length 10 mm, reduced section length 16
mm and diameter 2,5 mm, Fig. 1d. Samples were machined
from the central part of the recycled samples in order to
obtain homogeneous microstructure. Tensile testing was
performed at room temperature with the initial strain rate
of 1,8×10−3 s−1. Optical microscope "OPTON Axioskop"
was used for metallography analysis. Samples were
brushed, polished and finally etched in duration of 180 s at
20°. Used reagent was common mixture of 0,5 mL of HF
(Hydrofluoric Acid) dissolved in 100 mL of distilled water.
More detailed surface metallography analysis was
performed with scanning electron microscope (SEM) and
energy-dispersive X-ray spectroscopy (EDX). Finally,
Mettler Toledo density kit "MS-DNY-43" was used for
density measurement.
3

a)
b)
c)
d)
Figure 1 a) aluminium chips, b) compacted billet, c) extruded bar, d)
machined recycled sample after ECAP

The main goal of the ECAP process was to refine
microstructure. However, in this research ECAP should
also assist in aluminium waste bonding improvement
because of the process characteristic to introduce
significant plastic strain into recycled material. ECAP
geometry defined inner die angle and outer die angle [20].
ECAP tool in this work has inner die corner angle value
90°, while outer die corner had 3 mm radius which forms
outer die angle of 12°. The diameter of the ECAP tool
channel is 15,1 mm. Fig. 2 shows ECAP tool used in this
research.
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RESULTS ANALYSIS AND DISCUSSION

Results after tensile testing for recycled samples are
presented in Tab. 2. Furthermore, in Tab. 2 process
parameters used for solid state recycling are defined. Fig.
3 shows engineering stress vs. engineering strain diagrams
for solid state recycled samples. According to the results
for all SSR samples obtained with direct extrusion (DE)
and following ECAP process, the ultimate tensile strength
(UTS) and yield strength (YS) had increased, compared
with SSR samples obtained only with DE (samples 10 and
11). Only sample ECAPed at 300 °C had lower UTS and
YS, however elongation (δ) was increased.
Furthermore, according to the results ECAP
temperature had the most influence on mechanical and
physical properties of the recycled samples. Samples
ECAPed at 20 °C had UTS, YS and δ in range from 249
MPa to 287 MPa, 228 MPa to 254 MPa and 5,6 % to 6,9
%, respectively. Tested mechanical properties were
comparable
with
minimum
requirements
for
conventionally extruded EN AW 6082 in T6 temper
condition. Sample 2 ECAPed at 20°C had maximal UTS
Technical Gazette 26, 5(2019), 1253-1259
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and YS and compared with recycled sample obtained only
with DE at 450 °C (sample 11) it had 79,4% and 159,2%
higher UTS and YS, respectively. However, elongation
was 67,4% lower, Fig. 3. Sample 2 was recycled with 4
ECAP passes at room temperature and as was expected
additional strain and grain refinement contributed to UTS
and YS increment. In [23] four ECAP passes at room
temperature were applied in order to obtain 1 µm grain size
for same aluminium alloys as used here. Therefore, similar
grain refinement was expected in this research. Average
UTS, YS and δ for samples ECAPed at 160 °C were 196
MPa, 163,5 MPa and 12,4%, respectively. These tensile
testing values were comparable with minimum
requirements for conventionally extruded EN AW 6082 in
T4 temper condition. Average UTS, YS for SSR samples
ECAPed at 160 °C compared with sample 11 were 22,5%
and 66,8% higher, respectively. However, elongation was
27,9% lower. Sample 9 ECAPed at 300 °C had enhanced
elongation (21,6%), however UTS and YS remained low,
140 MPa and 74 MPa, respectively (Fig. 3). Solid state
recycled sample extruded at 500 °C and then ECAPed at
160 °C (sample 8) had enhanced mechanical properties
compared with other SSR samples ECAPed at 160 °C,
Fig. 3. It was already proven that higher extrusion
temperature was desirable in order to obtain quality solid
state recycled samples. Higher extrusion temperature had
beneficial effect on successful waste bonding. Main reason
for that is reduction of the aluminium flow stress with

Sample
1
2
3
4
5
6
7
8
9
Sample
10
11

4

increased temperature, which contributed to the
elimination or/and reduction of voids and cracks inside
SSR samples [24], [25]. Furthermore, according to the
previous studies about billet processing prior extrusion for
aluminium 6xxx series alloys, it was concluded that higher
extrusion and preheating temperature (500 °C) probably
lead to partial dissolution of Mg2Si phase which finally
lead to solid solution and therefore precipitation
strengthening with a greater extent compared with samples
extruded at 400 °C and 450 °C [26], [27]. For samples
ECAPed at 20 °C using 3 passes through ECAP die,
slightly higher mechanical properties had sample
previously extruded at 500 °C compared with sample
extruded at 400 °C, however these differences were small.

Figure 3 Engineering stress vs. engineering strain

Table 2 Process parameters and mechanical properties of solid state recycled samples
Properties of solid state recycled samples obtained utilizing DE+ECAP process
ECAP temperature (°C)
ECAP pass
DE temperature (°C)
UTS (MPa)
20
3
400
266
20
4
450
287
20
1
450
249
20
3
500
279
160
4
400
186
160
1
400
175
160
3
450
194
160
1
500
227
300
1
450
140
Properties of solid state recycled samples obtained utilizing DE process
DE temperature (°C)
UTS (MPa)
YS (MPa)
400
150
95
450
160
98
Conventionally produced EN AW 6082 extruded bar properties
State
UTS (MPa)
YS (MPa)
O
≤160
≤110
T4
≥205
≥110
T6
≥295
≥250

MICROSTRUCTURE ANALYSIS

According to the microstructure analysis all samples
had characteristic Al-Mg-Si phases. For used aluminium
alloy commonly these phases are characterized as
Al(FeMn)Si and (MgSi) phase particles [23], [28]).
Furthermore, all recycled samples obtained with
combination of direct extrusion and ECAP process had
good microstructure without any voids and cracks. This
was also confirmed with density measurement where
average density measurement for solid state recycled
samples (1 to 9) was 2698 kg/m3. This is similar density as
in conventional aluminium EN AW 6082 alloy, 2700
kg/m3. Material density measurement is a good method to
Tehnički vjesnik 26, 5(2019), 1253-1259

YS (MPa)
240
254
228
248
162
130
165
197
74

δ (%)
6,9
5,6
5,7
6,4
12
16,3
11
10,1
21,6

δ (%)
16,9
17,2
δ (%)
≥14
≥14
≥8

determine possible material porosity, however when only
some microporosity is present in material metallographic
analysis gives much better insight into recycled material
quality. Fig. 4 shows samples 3 and 8 with homogeneous
microstructure which is characteristic for almost all
recycled samples obtained with DE and ECAP.
Furthermore, in some SSR samples oxide layers
between chip boundaries could be detected, Figs. 5 and 6.
However, these layers were fractured and they had
negligible influence on mechanical properties of solid state
recycled samples. Fig. 5b shows cracked oxide layers on
chip boundaries. According to the results, sample 4
presented in Fig. 5 had visible chip boundaries, but
enhanced mechanical properties, Tab. 2. There was not a
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general rule when chips boundaries will occur in SSR
samples during metallographic analysis. Authors
considered that main reason for that is randomized mixture
of the chips with different shapes and sizes. In this research
the real industrial environment was simulated and all kinds
of chips were randomly collected from different machining
processes. Therefore, in some parts of the samples recycled
from smaller chips more chip boundaries occurred than in
those recycled with larger aluminium chips.
Figure 7 SEM microstructure images: a) the conventionally extruded EN AW
6082 bar in T6 condition b) solid state recycled sample 4

Figure 4 Optical microscope microstructure images of solid state recycled
samples with 100× magnification: a) sample 3, b) sample 8

Figure 5 Optical microscope microstructure images of solid state recycled
sample 4: a) 100× magnification of chips boundaries, b) 500× magnification of
fractured chips boundaries

Figure 8 SEM microstructure images and EDX analysis: a) MgSi phase particles
on sample 4; b) Al(FeMn)Si phase particles on commercially produced EN AW
6082 T6 extruded bar; c) EDX results for MgSi phase particles; d) EDX results
for Al(FeMn)Si particles

Figure 6 SEM microstructure images of solid state recycled sample 4: 2000×
magnification of fractured chips boundaries, microporosity and phase particles
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More detailed analysis was performed with scanning
electron microscope and energy-dispersive X-ray
spectroscopy with technical designation TESCAN VEGA
5136MM. Samples were brushed, polished and finally
etched with 0,5% solution of the HF dissolved in distilled
water in time of 8 seconds at room temperature. SEM
analysis of the sample 4 showed more heterogeneous
microstructure (Figs. 6 and 7 b) compared with the
conventionally extruded bar of the EN AW 6082
aluminium alloy in T6 condition (Fig. 7 a). Heterogeneous
Technical Gazette 26, 5(2019), 1253-1259
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surface of the sample 4 was pronounced because phase
particles were distributed randomly inside samples. Main
reason for that is significant plastic deformation in cold and
hot conditions of aluminium waste without any additional
heat treatment. Therefore, heat treatment should assist in
more homogeneous phase particles distribution as for
conventional sample, Fig 7 a. Furthermore, on the surface
of sample 4 both cracked oxide layers on chip boundaries
and some microporosity were visible, Figs. 6 and 7b.
However, according to Fig. 7b, sample 4 does not have any
large cracks and voids. Despite the fact that waste material
was collected from real industrial environment SEM
analysis showed that on observed recycled samples there
were not any significant contaminations with impurities.
However, it is very important to avoid any mixture between
different aluminium alloys, steel or cooper chips, in order
to preserve material homogeneity. Furthermore, some
impurities such as dust or small pieces of non-metallic
particles (i.e. plastic) can behave as weakening points
inside material which will lead to lower mechanical
properties.
Furthermore, during scanning electron microscopy
analysis Al(FeMn)Si and MgSi phase particles were
clearly visible, Figs. 6, 7 and 8. SEM and energy-dispersive
X-ray spectroscopy analysis confirmed that dark spots
were MgSi phase particles (Figs. 8a and 8c), while the
bright spots were Al(FeMn)Si phase particles (Figs. 8b and
8d). For conventionally extruded EN AW 6082 bar in T6
condition MgSi phase particles were in a form of the fine
precipitates and they cannot be clearly distinguished with
used magnification, Fig. 7a. During SEM + EDX analysis
in this research any significant contaminations with
impurities such as dust or some other metallic materials
alloy than aluminium (i.e. steel chips) were not found.
According to the metallographic analysis and tensile
testing results it seems that 1 ECAP pass at room
temperature is sufficient to produce quality solid state
recycled samples, Figs. 3 and 4. However, increase in
number of ECAP passes at room temperature increased
mechanical properties of the recycled sample. Number of
ECAP passes at 160 °C and 300 °C had negligible
influence on mechanical properties. This research clearly
shows that mechanical properties of the solid state samples
can easily be manipulated with different SSR process
parameters. In [24], [25] and [29] it was concluded that
direct hot extrusion process with small extrusion ratio
(λ<10) was not sufficient to obtain SSR samples without
microporosity and cracks. However, this research clearly
indicated that hot extrusion with low extrusion ratio
(λ=7,1) in combination with afterwards ECAP process
could be used for successful solid state recycling.
Furthermore, even lower extrusion temperatures (400 °C)
can be used. Lower extrusion temperatures are desirable
because of the lower energy consumption. However, as
mentioned before higher temperatures can have beneficial
effect on porosity reduction. In this research, visible
microporosity inside recycled sample does not have
pronounced influence on tensile testing results. However,
influence of microporosity can be problematic in case of
the material fatigue behaviour and therefore fatigue testing
is recommended for some future investigations.
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CONCLUSION

This research showed that quality SSR samples from
EN AW 6082 machined chips waste can be obtained with
presented SSR process (direct extrusion followed by
ECAP). Mechanical properties and density measurements
of the recycled samples were comparable with minimum
requirements for conventionally extruded EN AW 6082
aluminium alloy. Generally, solid state recycled samples
ECAPed at room temperature had mechanical properties
comparable with commercially EN AW 6082 extruded bar
in T6 condition, while recycled samples ECAPed at 160°C
had mechanical properties comparable with EN AW 6082
extruded bar in T4 condition. Significant improvement of
the mechanical properties compared with samples recycled
only with direct extrusion was determined. For solid state
recycled sample 2 ultimate tensile strength and yield
strength were 79,4% and 159,2% higher. Furthermore,
higher direct hot extrusion (500 °C) in presented SSR
process increased mechanical properties of the recycled
samples compared with samples recycled with lower
extrusion temperature (400 °C and 450 °C). However,
these differences were small. Furthermore, number of
sample passes through ECAP at 160°C had negligible
influence on mechanical properties. When ECAP was
performed at room temperature increase in number of
ECAP passes significantly increased mechanical properties
of the SSR samples. Furthermore, it was shown that even
lower extrusion temperature (e.g. 450 °C) and extrusion
ratio (λ=7,1) could be used for SSR process if the only one
ECAP pass was applied afterwards at room temperature or
at elevated temperature (160 °C). These conclusions are
important due to the energy savings. Furthermore, SSR
samples ECAPed at 300 °C had low mechanical properties
and this high ECAP temperature is not necessary. All
presented results are without any additional heat treatment,
however heat treatment should assist for further
mechanical properties improvement. Therefore, use of
higher ECAP temperature could assist in microporosity
reduction and with additional heat treatment mechanical
properties should be increased. Finally, future research
should be based on combination of heat treatment and solid
state recycling using the presented process. In order to
determine negative influence of possible microporosity
inside recycled samples fatigue testing is suggested.
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