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ABSTRACT

Developing aluminum with good mechanical properties like hardness, tensile strength, and normal flow stress,
Equal Channel Angular Extrusion (ECAE) method has been suggested as a suitable metal forming process. The
load applied and extrusion temperature normally influences the flow stress behavior in extruded products and de-
termine their mechanical properties. Consequently, how these factors affect mechanical behavior and flow stress of
Al 6063 processed by ECAE was examined in this study. Extrusion temperatures were 350°C, 425°C, and 500°C
with die angles of 130°, 140°, and 150°. 5 mm/s of ram speed was applied. Each extrudate’s tensile strength and
hardness were measured using a Universal Testing Machine and a Rockwell hardness tester. Samples with equal
dimensions and properties were also modeled using the Qform software at the extended die angle and temperature
for proper analysis of flow stress in the extrudates. According to experimental results, the temperature had a greater
effect on the tensile strength and hardness of the billet than the die angle. The extrudates’ grains also became finer
as the billet temperature rose. Simulation findings showed that higher billet temperature led to a decrease in the
extrudates’ flow stress. The simulation also demonstrated that billet temperature had a greater impact on extrusion
load than die angle, with a maximum extrusion load of 5.5 MN being attained at 350 °C.
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INTRODUCTION

within the components [2]. Numerous improve-
ments have been made to the metallurgical and

Aluminum has become one of the popular
raw materials for engineering applications due to
its distinctive qualities, which include good duc-
tility, corrosion resistance, lightweight, thermal
conductivity, and other features [1]. Its wider
application in manufacturing, home appliance,
maritime, aviation, and construction industries

mechanical properties of aluminum products.
Extrusion is one of these methods, which entails
using a punch to push heated metal through a
die with the aid of load application from the hy-
draulic press [3]. To extrude metal into a variety
of shapes, plastic deformation is required [4].

can be attributed to these properties. Unfortu-
nately, aluminum products have poor fatigue
strength, inadequate hardness, and flow stress

Extruded materials undergo substantial changes
in terms of mechanical and metallurgical proper-
ties as a result of this process [5].
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Equal Channel Angular Extrusion (ECAE),
among all extrusion techniques has been proven to
be effective [6]. Due to severe plastic deformation,
ECAE enables the production of fine-grain struc-
tures in a single pass [7]. During the ECAE pro-
cess, two die channels have equal cross-sectional
areas and intersect at an angle that is typically be-
tween 90° and 150° [6]. When a material sample,
usually referred to as a billet, is pushed through the
die’s channel angle under high pressure, deforma-
tion occurs [8]. Materials of Equal cross-sectional
area flow out of the die after the extrusion process
when compared to the sample before extrusion [9].
This can be very helpful in numerous industrial
applications where bulk materials require refined
grain texture and structure [10].

According to several reports, ECAE’s ultra-
fine grain materials can maintain both high
strength and ductility. Mohammed and Senthil
[11], reported that metals can exhibit a special
blend of strength and ductility when their grain
is refined through severe plastic deformation. In
the creation of innovative structural components
for future generations, such excellent mechanical
properties are highly desired. However, further
processing is required to obtain a microstructure
that increases the material’s ductility [12].

ECAE products are characterized by expen-
sive manufacturing processes [13] which has af-
fected its production rate. There are also reported
cases of inadequate flow stress in extruded prod-
ucts, which causes low production quality [14].
Die angle and billet temperature inadequacies may
be the cause of these challenges [14]. The mate-
rial under consideration could get damaged, take
additional processing time, and result in higher
manufacturing costs if either the die angle or the
billet temperature is higher than necessary [15].
The products’ quality, including their hardness,
however, is diminished by inadequate die angles
or temperatures [16]. To have an excellent route
of quality aluminum 6063 production, it is neces-
sary to look at the flow stress, tensile strength, and
hardness of aluminum 6063 extruded at different
temperatures and die angles. This study employed
both experimental and modeling techniques.

EXPERIMENTAL PROCEDURE

The Queentech Aluminum Company was
responsible for the supply of aluminum 6063
samples, which were then cut into a billet
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(12x12x42 mm?®) (Figure la). The billets were
processed using a milling machine to produce
a smooth surface finish (Figure 1b). Glow
Discharge Mass Spectrometer (BEL 2480) was
used to examine the parent material’s chemical
composition. The dimension of the billet was
selected to enable enough clearance against the
12.1x12.1x58 mm? (square cross-section) ECAE
die (Figure 2a). The samples were cleaned
before being subjected to heating at the desired
temperatures of 350°C, 425°C, and 500°C in
an electric furnace. Each heated billet specimen
was put into the lubricated ECAE die at a varied
angle (130, 140, and 150°). The ECAE die was
paired with the punch (Figure 2b), which was
used to drive the billet out of the die. A steady
6 MN load was applied to the hydraulic press
(BMT 520) while the billet, punch, and die
were assembled (Figure 2c¢). The full schematic
diagram of ECAE is presented in Figure 2d. Nine
experimental runs were conducted and the ram
speed was held constant at 5 mm/s.

Test for tensile strength and hardness

Samples were machined following ASTM
B321M standards and put through a tensile test on
the Universal Testing Machine (UTM). Rockwell
hardness testing equipment was used to measure
the samples” hardness after grinding and polishing
to obtain a smooth surface finish. These smooth-
ened samples were set up on a device for measur-
ing Rockwell hardness, from which the hardness
values were obtained. Three measurements of the
aluminum 6063 extrudates’ tensile strengths and
hardness were taken, and the average results were
computed and examined

ECAE process simulation

The Qform program, a commercial finite ele-
ment-based program for simulation, optimization,
and analysis of aluminum forming procedures was
used to simulate the ECAE process. The simula-
tion and analysis of the stress flow in the extruded
samples at different die angles and temperatures
were investigated. There are three stages to the
simulation process: preparation, processing, and
postprocessing [17]. Preprocessing involved con-
structing configurations equivalent to those used
in the experiments while imposing only a few
assumptions, like isotropic, homogeneous, and
visco-plastic deformation. The workpiece and the
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Figure 2. ECAE component (a) die with angle, (b) punch, (¢) die and punch
assembly, (d) schematic diagram of ECAE process

die experienced very little friction because of the
lubrication, and the press machine supplied com-
pressive load at 5 mm/s extrusion speed. Air was
used as the cooling medium while the plane strain
factor was considered

The typical extrusion material flow formula-
tion in the Qform platform, according to Nickolay
et al [18], consists of the dynamic, constitutive,
compatibility, incompressible energy balance,
and flow stress equations presented in equations
(1-6) respectively.

0yj,;= 0 (1)

ojj = EZ & j 2)

&j = % Vij + V50 3)

Vii=0 4)

pcT = (kTy),i+ fGé& (5)
G=3G(5ET) (©6)

where: &;,0;;,V;j — respectively strain rate,

stress, and velocity components.

& & 0 — respectively effective strain, ef-
fective strain rate, and effective stress.

p, k,c — respectively density, thermal
conductivity, and specific heat.

B, T —respectively the heat generation ef-
ficiency and temperature.

All the simulation’s input parameters came
from an earlier ECAE experiment that was car-
ried out. The simulation considered a load of 6
MN with die angles of 150, 140, and 130° at 500,
425, and 350 °C as presented in Table 2.

RESULTS

Elemental composition, tensile strength,
and hardness result

The elemental makeup of the unprocessed
aluminum 6063 sample is displayed in Table 1.
The response agrees with the typical aluminum
6063 sample, in which Mg dominates at a
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concentration of 0.6%. The results of the extruded
samples’ tensile strength and hardness at various die
angles and temperatures are displayed in Table 2.
Tensile strengths are 252, 248, and 253 MP for
die angles of 130, 140, and 150°, respectively,
at a constant temperature of 350 °C. This gives a
maximum deviation of 5 MPa and ditto for other
temperatures. Nevertheless, when the die angle
was maintained at 130°, the tensile strengths
were 305, 300 and 252 MPa for extrusion carried
out at 500 °C, 425 °C, and 350 °C, respectively,
indicating the largest gap of 53 MPa. Likewise, at
the three levels of temperature, tensile strengths
of 248, 288, and 304 MPa are produced for a die
angle of 140°, and 253, 297, and 305 MPa for a
die angle of 150°. This implies that the mechanical
properties of the extrudate rely more on extrusion
temperature than the die angle. Figure 3 makes it
simpler to observe this variance. It is clear how
extrusion temperature is more relevant than die
angle in determining the hardness and tensile
strength of aluminum products.

The hardness values of the extruded samples
range from 94 to 112 HRB while the hardness
of the parent materials is 8 HRB. Hardness and
tensile strength results follow the same pattern.
The hardness values for 130, 140, and 150° die
angles are 94, 96, and 95 HRB, respectively,
suggesting the reduced impact of the die angle at
a constant temperature of 350 °C. The temperature
has a substantial impact because the hardness
values at 130° die angle are 94, 104, and 112 HRB,
respectively, at extrusion temperatures of 350, 425,

Table 1. Result of aluminum 6063’s chemical composition

and 500 °C [19]. The increased effect of extrusion
temperature on the die angle may be caused by
recrystallization and grain development at higher
temperatures [20]. The enhanced properties
are due to the grain structure refinement at this
temperature, which results in ultrafine grains with
multiple grain boundaries that naturally resist
dislocation movement during deformation [21].

Simulation result for the temperature
effects on the Flow Stress

Figure 4a-c depicts the extruded billets’ stress
flow at specified temperatures of 500, 425, and
350 °C with a die angle of 120°. The stress level
declined as temperature increased, indicating that
high temperature reduces stress in the stress flow.
Winholtz [22] asserts that a decrease in metal
yield strength results from greater thermal stress
induced by high temperatures. Metal experiences
microscopic plastic deformation at this temperature,
therefore, releasing parts of flow stresses.

The  plastic  deformation of the
billet generates the flow stress at 350 °C [23].
The flow stress dominates within the range of
254.4 and 176.5 MPa (Figure 4a). The minimum
and maximum stress values decreased to 110.8
and 183.3 MPa, respectively, at a greater
temperature of 425 °C (Fig. 4b). Similar results
were obtained at 500 °C extrusion temperature,
where the minimum and maximum flow stress
values dropped further to 60.28 and 109.4 MPa,
respectively (Figure 4c). Figure 5a demonstrates

Element Fe Si Cu

Mg

Mn Zn Cr Sr Ti

Composition (%) 0.17 0.44 0.004

0.6

0.01 0.001 0.002 0.05 0.01

Table 2. Hardness and tensile strength as an output variable to temperature and die angle

Input variables Output variables
S/N Die angle (°) | Temp (°C) TS (MPa) Hardness (HRB)

Control sample 245 84
1 130 350 252 94
2 140 350 248 96
3 150 350 253 95
4 130 425 300 104
5 140 425 288 98
6 150 425 297 102
7 130 500 305 112
8 140 500 304 110
9 150 500 305 112
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Figure 3. Variations in tensile strength and hardness due to variations in
extrusion temperature at die angles of 130, 140, and 150°

Max
Min

MPa

108

100

75
70

65

Max  [109.4
Min |80.28

Figure 4. Extruded specimen’s flow stress under temperature: (a) 350 °C, (b) 425 °C, (c) 500 °C
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the observed reduction in flow stress as
extrusion temperature approaches the melting
point of aluminum [21]. The figure further
highlights the significant role that temperature
plays in the ECAE process, particularly in
aluminum alloys [24]. As seen in Figure 4, it
appears that the flow stress in all samples is not
uniform with respect to variations in extrusion
temperature. To rectify this, the samples can go
through numerous extrusion passes to produce
aluminum with minimal stress gradients. Such
a smaller stress gradient is a quality indicator
of high-strength aluminum [25].

The load versus distance for billets
extruded at various temperatures is shown in
Figure 5b. There are three main stages to the
deformation behavior [26]. The first stage
involves a quick increase in extrusion load
which is an indication that the billet is forced
downward toward the corner of the die. The
second stage is the load declination as the billet
reaches the angular portion of the die. The
dwelling of the extrusion load, which refers to
the stable state of the operation when billets are
continuously flowing through the corner of the
die, comes next as the third stage. This signifies
the maximum load at which extrusion occurs.
The load finally dropped to zero and indicating
that the deformation cycle is completed. The
maximum extrusion load of 5.5 MN is required
at a temperature of 350 °C, as noticed, and
reduces as the extrusion temperature rises [18].
It substantially decreases to 4.8 MN and 4.5
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flow stress falls with high temperature thus,
processing time decreases [27-28] and this can
be used as the justification for the considerable
reduction in load.

Impact of angularity on the flow stress

Using a die angle less than 130° indicated
no influence on the extrusion load of the ECAE
process, according to the simulation done so far,
but it has a visible impact on flow stress. This
is evidenced in Figure 6a, b, which shows that
the flow stress for extrusion performed at 150°
and 110° varies by just 12.3 MPa, with larger
stress observed at 110° die angle. However, the
flow stress seems to be more uniform at a 150°
die angle compared to 110°. This is most likely
due to the decreased deformation rate resulting
in decreased strain gradient [29]. Figure
6¢c-d further demonstrates that at a constant
temperature, the extrusion loads are equal
despite the variation in the die angle. Die angles
140 and 150° have equal 5.5 MN extrusion load
at 350 °C. Using similar die angles, the samples
were extruded at a load and temperature of 4.8
MN and 500 °C respectively. Theoretically,
5.4 MN is the maximum extrusion load
required for an aluminum billet treated at 350
°C to extrude [30] which is also in agreement
with the simulation results. The extrusion load,
which mostly dictates the energy consumption
in metalworking operations, is unaffected
by larger die angles, but, it may shorten the
extrusion time [31-32].

——500°C
® —— 425°C
—— 350°C

0 5 10 15 20 25 30 35 40 45 50 55 60
Distance (mm)

Figure 5. (a) Flow stress vs extrusion temperature (b) Load vs ram displacement curves
for extrusion performed with a die angle of 130° at various temperatures
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Figure 6. Extruded sample flow stress at 350 °C with a die angle of (a) 150°, (b) 110°,
(c) the extrusion load-displacement curve at different die angles, (d) curves for the load-ram
displacement during extrusion using die angles of 140° and 150° at two temperature ranges

Extruded and parent sample
microstructural examination

Figure 7 displays optical microscope images
for the original sample and extrudates surface
texture. The grain transformation in a sample
extruded at 350 °C (Figure 7b) compared to
the original material (Figure 7a), showed no
noticeable differences in micro-structural change.
At 350 °C, both the parent aluminum 6063 and
the aluminum that has been extruded have a
coarse surface structure. At 500 °C, fine-grain
microstructure development is observable (Figure
7¢). This is because the development of subcells
is a result of the increased dislocation volume
caused by the high temperature, which refines

the grains and is assumed to be the cause of the
improved strength and hardness [5, 31-32].

CONCLUSIONS

This study established that, for all
temperatures and angles taken into consideration,
the temperature has a greater impact on ECAE
process parameters than the die angle. However,
the stress rose to its highest level of 184.7 MPa at
die angle 110° from 172 MPa at die angle 150°.
High temperatures can reduce the load required
for extrusion to take place. It also made it possible
for aluminum processed by ECAE to have a more
homogeneous flow stress spread. Microstructural
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Figure 7. Optical microscope images of (a) original Al 6063 specimen,
(b) extruded Al 6063 at 350 °C, (c) extruded Al 6063 at 500 °C. Mag: x1000

pictures show that the components extruded at a
different temperature have smaller grains than the
parent material.

Acknowledgements

The efforts of Adejumo Samuel Miracle of the
Federal Polytechnic Ado Ekiti Nigeria are well
appreciated in the completion of this research work.

REFERENCES

1. Esezobor D.E., Adeosun, S.O. Improvement on the
strength of 6063 aluminum alloy by means of solu-
tion heat treatment. Materials Processing Challeng-
es for the Aerospace Industry. 2006; 1: 645655

2. Nurul, M.A., Syahrullahi, S. Study of alternative
lubricant for cold extrusion process of A1100
pure aluminum. Jurna Teknolologi, 2014; 71(2):
139-143.

3. Oyinbo, S.T., Ikumapayi, O.M., Jen, T.C. et al.
Experimental and Numerical prediction of extru-
sion load at different lubricating conditions of alu-
minium 6063 alloy in backward cup extrusion. En-
gineering Solid Mechanics. 2020; 8(2): 119-130.
https://doi.org/10.5267/j.esm.2019.10.003.

4. Mohan, R., Santhosh, M.I., Venkata, K.G. Improv-
ing mechanical properties of al 7075 alloy by equal
channel angular extrusion process. International
Journal of Modern Engineering Research. 2013;
3(5): 2713-2716.

5. Rusz, R.S.,Malanik, K. Using severe plastic deforma-
tion to prepare ultra-fine grained material by ECAE
method. The Journal of Achievements in Materials
and Manufacturing Engineering. 2007; 28: 683—687.

6. Azeez, TM., Mudashitu, L.O., et al. Mechanical
properties and stress distribution in aluminium
6063 extrudates processed by equal channel angu-
lar extrusion technique. Australian Journal of Me-
chanical Engineering. 2021; 14: 1-9.

7. Murty, D.V., Ramulu, M. Deformation study of

352

dual equal channel lateral extrusion. International
Journal of Engineering Studi.2009; 3: 161-168

8. Raghavan, S., Qingyou, H., David, S. et al. Con-

tinuous severe plastic deformation processing of
aluminum alloys. 2006. [Online]. Available: www.
osti.gov.

9. Parshikov, R.A., Rudskoy, A.l., Zolotov, A.M.

Technology problem of equal channel angular
pressing. Reviews on Advanced Materials Science.
2013; 34: 26-36.

10. Roschowski, A. Processing metals by severe plas-
tic deformation. Solid State Phenomena. 2005; 10:
13-22.

11. Mohammed, 1.U., Senthil, K.S. Application of re-
sponse surface methodology in optimizing process
parameters of twist extrusion process for aluminum
aa 6061-T6 alloy. Measurement. 2016; 94 :126-138.

12. Xu, S. Finite element analysis and optimization of
equal channel angular pressing for producing ultra-
fine grained materials. Journal of Materials Pro-
cessing Technology.2006; 184: 209-216.

13. Tor-Swiatek A, Garbacz £.. UV Degradation influ-
ence on the selected physical properties of extruded
PVC/Ceramic composites. Advances in Science
and Technology Research Journal. 2022; 16(3):
282-294. doi:10.12913/22998624/150400.

14. Azeez, T.M., Mudashiru, L.O., Asafa, T.B. et al.
Mechanical properties of Al 6063 processed with
equal channel angular extrusion under varying pro-
cess parameter. International Journal of Engineer-
ing Research in Africa. 2021; 54: 23-32.

15. Avitzur, B. Metal forming processes and analysis,
2nd ed. New york: Wiley interscience, 2007.

16. Seung, C.B., Yuri, E.H., Hyoung, S.K. et al. Calcu-
lation of deformation behavior and texture evolu-
tion during equal channel angular pressing. Materi-
als Science Forum. 2002; 408: 697-702.

17. Azeez, T.M., Mudashiru, L.O., et al. Assessment
of microstructure and mechanical properties of As-
Cast magnesium alloys reinforced with organically
extracted zinc and calcium. Advanced Manufactur-
ing Technology. 2021; 6(5): 45-55.



Advances in Science and Technology Research Journal 2023, 17(1), 346—353

18. Nickolay, B., Sergey, V., Alexey, V. Material form-
ing simulation environment based on QFORM
software system. Moskow, 2014.

19. Arty, A.B., Ze’ev, S.B., Frage, N. Teaching metal-
forming process using a laboratory micro-extrusion
press. The Minerals, Metals and Materials Series.
2020; 55-67, doi: http://doi.org/10.1007/978-3-
030-36556-1.

20. Namrata, G., Sanchin, M., Arshad, N.S. Multipass
FSP on AA 6063- T6 Al: Strategy to fabricate sur-
face composites. Materials and Manufacturing Pro-
cesses. 2017; 15(2) : 1-7.

21.Nemati, J., Majzoobi, G.H., Sulaiman, S. et al. Ef-
fect of equal channel angular extrusion on Al-6063
bending fatigue characteristics. International Jour-
nal of Minerals, Metallurgy and Materials. 2015;
22(4): 396-404.

22. Winholtz, R.A. Residual stresses: macro and micro
stresses. Materials Science and Technology. 2001;
49: 46-55.

23.Keste, A.A., Sarkar, C. Design optimization of pre-
cision casting for residual stress reduction. Journal
of Computational Design and Engineering. 2016;
3(2): 140-150.

24. Zhenhua, L., Xianhua, C., Qiangian, S. Effects of
heat treatment and ECAE process on transforma-
tion behaviour of TiNi shape memory alloy. Materi-
als Letters. 2004; 59: 705-7009.

25.Maoyu, Z., Zhengzheng, M., Chunyan, T. et al.
The relationship between tensile strain and resid-

ual stress of high strength dual phase steel sheet.
MATEC Web of Conferences. 2018; 1-5.

26. Nemati, J., Sulaiman, S., Majzoobi, G.H. et al. Finite
element study of deformation behavior of Al-6063
alloy developed by equal channel angular extrusion.
Advanced Materials Research. 2014; 1043: 119-123.

27.Flitta, 1., Sheppard, T. Effects of pressure and tem-
perature variations on FEM prediction of deforma-
tion during extrusion. Materials Science and Tech-
nology. 2005; 21(3): 339-346.

28.Lontos, F.A., Soukatzidis, D.A., Demosthenous,
D.A. et al. Effects of extrusion parameters and die
geometry on the produced billet quality using fi-
nite element method. International Conference of
Manufacturing Engineering. 2008; 215-228.

29. Jandrlic, J., Reskovic, S., Brlic, T. Effect of defor-
mation rate on low carbon steels mechanical prop-
erties. Materials and Engineering. 2018; 1-6.

30. Wang, X., Zhang, M., Tang, N. et al. A forming load
prediction model in BMG micro backward extru-
sion process considering size effect. Physics of Non
Crystalline Solid. 2013; 146-151.

31. Ikumapayi, O.M., Oyinbo, S.T., Bodunde, O.P. et
al. The effects of lubricants on temperature distri-
bution of 6063 aluminium alloy during backward
cup extrusion process. Journal of Materials Re-
search and Technology. 2019; 8(1): 1175 -1187.
https://doi.org/10.1016/j.jmrt.2018.08.006.

32. Azeez, T.M., Mudashiru, L.O., Asafa, T.B. et al.
Effects of temperature, die angle and number of
passes on the extrusion of 6063 aluminium alloy:
experimental and numerical study. International

Journal on Interactive Design and Manufacturing.
2022. https://doi.org/10.1007/s12008-022-01046-1

353



