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Abstract

Equal channel angular pressing (ECAP) is a promising
technique to produce an ultra-fine grain microstructure thus
improving the properties of the material. Several factors have
been acknowledged to have an affect on the microstructure and
mechanical properties of the material after an ECAP process
which include the operation temperature, number of passes, die
angle and also the processing route. Therefore, this review
paper gives a concise summary on the influence of ECAP
parameters towards the microstructure and mechanical
properties of magnesium alloys. Specific attention has been
given to the magnesium alloy microstructure evolution and its
mechanical properties after ECAP process. It was discovered
that refined microstructure with better mechanical properties
can be produced at lower temperature, higher number of passes
and smaller die angle. It was also noticed that using route B¢ of
ECAP process may give the best results by contributing about
28% of material hardness compared to the other routes.

Keywords: Magnesium alloys, ECAP processing parameters,
microstructures, mechanical properties.

1.0 INTRODUCTION

Equal channel angular pressing is one of the popular techniques
of severe plastic deformation. Severe plastic deformation
(SPD) is a viable technique that is commonly used for
generating ultra-fine grained metal and nano-grained
microstructure as to enhance the mechanical properties and
superplastic behaviour of the metals [1-3]. According to Dimic
et al., ultra-fine grained metal refers to the grain size produced
by SPD technique which is in the range of 100-1000 nm while

3855

for nano-grained microstructure, it is less than 100 nm [4]. This
method is said to be advantageous in strengthening metals and
alloy. Enhancement of high strength is due to their small grains
and high dislocation density characteristic [5]. There are
various techniques of severe plastic deformation (SPD) that
have been developed and applied in various applications. The
technique includes equal channel angular pressing (ECAP) [6-
8] with high pressure torsion (HPT) [9-10], accumulative roll
bonding (ARB) [11-12], constrained groove pressing (CGP)
[13-14], accumulative back extrusion (ABE) [15-16] and
tubular channel angular pressing (TCAP) [17-18].

In ECAP process, an aluminium sample is pressed through a
die with two channels intersect and shear strain is introduced
during the process. The strain introduced could cause changes
on its microstructure as well as the mechanical properties [19].
HPT technique is a combination of high pressure with torsional
straining. The sample size of HPT process which is small and
coin-shaped is the disadvantage of this process. The shear strain
at the rotation axis is zero and increases in the radial direction
if the geometry of the workpiece does not change. It causes the
material properties of the sample placed near to the rotation
axis to remain unchanged [19]. Another SPD technique is
accumulative roll-bonding (ARB). The process of rolling,
cutting, brushing and stacking may introduce a large strain
value in the sheet. This technique can be applied in the
production of metal-matrix composites [19]. In CGP process,
the sample is pressed using a grooved dies and followed by a
flat dies. At first pressing, the deformed region gives a strain
value of 0.58 and after second pressing, the accumulative strain
becomes 1.16. The process is continued by rotating the sample
for 180° [20]. Table 1 shows the schematic diagram of SPD
techniques mentioned above.
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Table 1: Schematic illustration of severe plastic deformation technique [19, 20].
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Magnesium was firstly identified by a British chemist, Sir
Humphrey Davy in year 1808. In year 1833, Mg metal was
produced by his assistant Michael Faraday by electrolysis of
fused anhydrous MgCl, [21]. The first sample of Mg was
presented in 1862 at World Exhibition London and was mostly
being used in pyrotechnical application [21]. Nowadays, the
application of magnesium has become popular and it is being

used in many applications especially biomedical, nuclear, and
automotive.

Since Mg has low ductility and excellent machinability
behaviour, there is great potential application for its in
mechanical products. Mg is broadly being used in the
automotive industry as its high strength to weight ratio can be
used for the reduction of vehicle weight as well as the fuel
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consumption [22- 23]. However, the HCP structure in
magnesium has a drawback of limited ductility at ambient
temperature.

In recent years, review studies on ECAP process have been
reported in the literature. A review on equal channel angular
extrusion as a deformation and grain refinement process has
been done by Adedokun in 2011 [24]. This article highlighted
the review of ECAP process including the advantages and
limitations, the parameters and also the material tested. In 2013,
Estrin and partner [19] wrote a review on the challenging parts
of SPD and some highlights to the potentials and limitations of
SPD technologies. Two years later, Kawasaki et al. [25]
discussed on achieving superplastic properties in ultrafine-
grained (UFG) materials at high temperature which study on
the occurrence of superplastic flow in a series of UFG
aluminium and magnesium alloys after ECAP and HPT. In
2015, a review on ECAP processing was done by Roodposhti
et al. [26] on the effect of ECAP process parameters including
pressing route, temperature, pressing speed, channel and
curvature angle and number of passes through the die to the
commercially pure titanium (CP-Ti) alloys.

Although some reviews have been done on ECAP, there has
been little reporting on the effects of ECAP parameters on
certain materials. Therefore, this review paper gives a brief
description of the effects of ECAP processing parameters on
the microstructure and mechanical properties of magnesium
alloy. The ECAP parameters discussed include die and
curvature angle, number of passes, processing route and
temperatures. The explanation on the effects of ECAP
parameters on microstructure and mechanical behaviour of
various magnesium alloy are also discussed.

2.0 ECAP GENERAL PROCESSING

Since earlier, ECAP has been known as a process that focusses
on producing an ultra-fine grained microstructure [27-29]. This
process was first introduced in 1972 by Dr. Segal and his co-
workers [30] at the Physical Technical Institute Academy of
Science of Buelorussia, Minsk. Initially, the aim was to focus
on development and application of equal channel angular
extrusion (ECAE) technology to different materials science and

industrial problems. After about 20 years later, the technique of
producing an ultrafine- grain and nano- grain materials was
discovered through ECAE process [30-31].

In 2005, Mishra and co. worker did a research on
microstructure evolution in copper processed by severe plastic
deformation [32]. They found that the grain refinement was the
most effective at the first few passes and became extra equiaxed
as the number of passes increased. They also discovered that
the process of obtaining ultra-fine grain microstructure
involved five stages as illustrated in Fig. 1.

Homogeneous dislocation distribution

\ 4

Elongated sub-cell formation

\ 4

Elongated sub-grain formation

A
Break-up of sub-grains into equiaxed units

A
Final equiaxed ultrafine structure

Fig. 1: Stages of grain refinement.

Previously, there have been many approaches on metals and its
alloy that have undergone ECAP process effectively, including
aluminium and its alloy [33-35], magnesium alloy [36-37],
copper and its alloys [38-40], and steel [41-42]. Most of the
research focuses on the effect of ECAP processing especially
on the microstructures and mechanical properties. Table 2
shows several studies that have been successfully done by
numerous researchers on the characteristic and performance of
materials after undergoing ECAP process.

Table 2: List of research done on ECAP process.

Authors Title

Obijectives

Y. G. Kim, Y. G. Ko, D. H.

Shin, S. Lee [33] routes on high

grained aluminium alloy

Effect of channel angular pressing
strain
deformation behaviour of ultra-fine

rate

e To investigate the fracture behaviour and HSR
deformation of ultra-fine grained aluminium alloy
after 1P and 8P ECAP at different routes.

e To examine the factors that affect tensile and
torsional properties and the potential for adiabatic
shear band formation.

J. Suh, J. Victoria-Hernandez,
D. Letzig, R. Golle, S. Yi, J.
Bohlen, W. Volk. [37]

AZ31 magnesium alloy

pressing

Improvement in cold formability of
sheets
processed by equal channel angular

e To investigate the microstructure development and
mechanical properties at room temperature.

e To correlate the results with the cold forming
behaviour.
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F. D. Torre, R. Lapovok, J.
Sandlin, P. F. Thomson, C. H.
J. Davies, E. V. Pereloma [38]

Microstructures and properties of
copper processed by equal channel
angular extrusion for 1-16 passes.

e To investigate the microstructure evolution from 0 to
16 passes of ECAE by using TEM and XRD analysis.
To study the mechanical properties of the material
after the process.

M. Eddahbi, M. A. Monge, T.
Leguey, P. Fernandez, R.

Pareja [42] ECAP

Texture and mechanical properties
of EUROFER 97 steel processed by

To study the capability of warm ECAP for
developing a stable grain structure and texture in
tempered EUROFER 97 that can enhance its
mechanical behaviour in its operational temperature
range.

Fig. 2 shows the general principle schematic diagram of ECAP
process. The process is performed by using a die equipped with
bent channel that goes through a sharp angle near the centre of
the die. Channel angle, ¢ and curvature angle, ¥ are the angles
between the two channels which are joined together. The first
sample is machined to determine the diameter and length to fit
the channel diameter. A plunger is used to push the billet
through the die with high pressure, P. Since the cross-sectional
dimensions are fixed, repeating process is carried out to get a
very high strains. The pushing process is repeated for several
times to get the desired microstructure [30, 43].

Pressed sample

Fig. 2: General principle of ECAP process [31].

The parameters of ECAP process play an important role in
changing the microstructure, mechanical properties, corrosion
resistance and also other properties. The effects of ECAP
parameters to the microstructure of the materials and its
properties have been studied by several researchers [44-49].
The parameters that have been considered for investigation are
temperature, number of passes, processing route, channel angle
and curvature angle. These experimental parameters are
controlled as to obtain the desired microstructure and
mechanical properties.

2.1 Channel angle and curvature angle

In ECAP process, a billet is pressed through a die by a plunger
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that consists of two channels with equal cross sections,
intersecting at certain angle [50]. The angle that exists between
the two channels plays an important role in defining the strain.
Typically, the channel angle used is between 90°-120° [51].
However, some literature reported that the angle can be as small
as 60° and a maximum of up to 135° [52]. It was reported that
the channel angle, ¢ and curvature angle, ¥ affected to the
strain present in each passes of ECAP. lwahashi et al. [53] and
Vincentis et al. [54], proposed the strain accumulated, ey during
the process which can be denoted as:

en = (NA3) (2 cot(D/2 + W/2) + W cosec(®/2 + ¥/2)) (1)

Where & and y are the corner and the die angles, respectively
while N is the number of passes. This model resolves that a
higher value of channel angle will contribute to a higher strain
value. In Vincentis work, the equivalent strain per pass
obtained was 0.67 when 120° of die angle was used in ECAP
process [54].

2.2

Applying a high operation temperature of ECAP process will
increase the rate of recovery and also lead to formation of low
angle grain boundaries [55, 56]. Increasing the temperature
may increase the size of grain and reduce the dislocation
density thus giving lower strength. However, by applying high
temperature, the pressing process might be easier compared to
lower temperature. On the other hand, a lower operation
temperature contributes to the smaller grain size which leads to
formation of high angle grain boundaries which have excellent
mechanical properties. This is proved by the study done by
Xirong and his colleague [57] in 2009 on multi-pass ECAP
processing of commercial pure titanium at room temperature.
Based on their analysis, the microstructure of pure titanium had
refined from 28 pum to 250 nm after doing four ECAP passes.

Temperature of operation

2.3

The material properties whether mechnical properties or
microstructure characterization after ECAP process are
influenced by the number of strain. The amount of strain can be
increased by increasing the number of passes as the original
cross section is maintained. This is one of the advantages of
ECAP processing.The number of passes in ECAP parameters
is the number of the sample being pressed into the die either
using route A, Ba, Bc or C (these are explained in the next
section). The ductility and strength increase after some passes

Number of passes
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due to the increase of high angle grain boudaries fraction and
the improvement on the homogeneity of microstructure [58].
Among these ECAP parameters, ECAP passes play the most
important role in enhancing the mechanical properties of a
material. This parameter is easy to control and the final results
are more favourable compared to others.

2.4 Processing route

The microstructure characteristic of alloys can be influenced by
the processing route in ECAP process. There are four
fundamental routes in ECAP process namely route A, Ba, Bc
and C. The differences between these four routes are in terms
of how the materials are being rotated between the passes. In
route A, the sample is pressed without any rotation, while in
route Ba, the sample is rotated by 90° in an alternate direction
between passes. On the other hand, in route B¢, the sample is
rotated by 90° in the same direction between passes and route
C is performed by rotating the sample by 180° between each
pass [50, 51, 59]. Fig. 3 shows an illustration of four
fundamental processing routes [51]. Among these four
different routes, route Bc is the most successful route to reach
a homogeneous microstructure for many alloys [60-62].

-
N\

Route Ba

X

§1wp
W N ®J N

Fig. 3: Four fundamental processing routes in ECAP process
[51]

i

Lin et al. [63] investigated on the microstructure evolution and
mechanical properties of a Ti-35Nb-3Zr-2Ta biomedical alloy
processed by equal channel angular pressing (ECAP). In this
research, route B¢ was used where the sample was rotated by
90° clockwise for each pass. It was evident that this route was
able to produce a maximum grain refinement and more
equiaxed grains in the alloy. In a research undertaken by
Komura and his co-workers [64], route B¢ was selected in their
experiment. It was also notable that this route can produce
equiaxed ultrafine grains in magnesium alloys.
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3.0

As mentioned previously, the ECAP parameters play an
important role in defining the microstructure behaviour and
mechanical properties. The parameters include number of
passes, temperature, angles and processing route. Table 3
shows the summary of the information gathered based on the
different parameters applied during the ECAP process. It is
noted that 1P, 2P, 4P refers to 1 number of pass, 2 passes and 4
passes respectively.

Effect of ECAP parameters

In year 2013, Avvari et al. [65] performed a research on the
effect of ECAP on AZ31 wrought magnesium alloys. The study
aimed to evaluate the grain size of wrought AZ31 alloy
processed by ECAP using a die with an angle of 120° for its
channel angle and 30° for curvature angle. In 2014, Jahadi et
al. [66] did a research to evaluate the effect of ECAP process
on the as-extruded, AM30 magnesium alloy and compared it
with another magnesium alloy which was AZ31B since it
exhibited similar properties that had been reported before.
Yamashita et al. [67] had done a research on improving the
mechanical properties of magnesium and magnesium alloy
through severe plastic deformation. The research objectives
were to test the potential of pure Mg and dilute Mg-Al in grain
refinement and to investigate the mechanical behaviour of these
materials at room temperature. A research by Minarik and his
co-workers in 2013 [68] focused on the evolution of
microstructure, mechanical properties and corrosion resistance
of AE21 alloy after ECAP. The research highlighted corrosion
behaviour besides microstructure and mechanical behaviour. In
recent years, a study on the evolution of mechanical properties
of LAE442 magnesium alloy processed by extrusion and ECAP
was done by Minarik et al. [69] focussing biodegradable
magnesium implant. LAE442 also having biodegradable and
biocompatible properties that are needed for implant material.
A research done by Dumitru and his co-worker [70]
investigated ECAP process on material ZK60. The material
was chosen because of its high strength but lower in plasticity
properties. In a paper reported by Poggiali et al. [71],
commercially pure magnesium (CP-Mg) was processed by
ECAP from two different conditions which were as-cast
condition and rolling condition. It was then followed by ECAP
process at different routes and number of passes. The paper
aimed to introduce a new preliminary step rolling before ECAP
process to obtain better mechanical properties and smaller grain
size of the material after ECAP compared to a material
processed by ECAP only. In 2014, a research done by Avvari
et al. [72] studied the influence of ECAP processing route on
the microstructure and mechanical properties of AZ31 after 2
passes at temperature 498K. All these research findings are
summarized in Table 3.
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Table 3: Summarization of research findings

Authors Material & Methods (ECAP | Findings

parameters)
M. Avvari, S. e Average grain size was reduced from 31.8um as received
Narendranath, H. S. || Material AZ31 to 8.0pm after ECAP process at 4P.

Nayaka wrought o 1P- Afew coarse grains and elongated grains were spotted
[65] Mg alloy e 2P- observed that the grain has been deformed and
Route B. distributed heterogeneously

No. of passes | 4 o 3P- The average grain size was 9.4um and the distribution
Temperature 300°C of grains was more consistent.
Die angle 120° e 4P- The grain distributed more evenly as the dynamic
Curvature 30° recrystallization happened
angle e As-received alloy had a value of microhardness about
51HV and it increased up to 2P but then it decreased after
3P and 4P.
R. Jahadi, M. Sedighi, H. e The as-extruded sample showed a large grain size and after
Jahed Material AM30 Mg ECAP process at 1P, the size decreased drastically from
[66] alloy 20.4 um to 7.2 um.
Route B o After 1P, the grain size reduced gradually as the number of
No. of passes | 4 passes increased.
Temperature 275°C e For mechanical properties, the ultimate tensile strength
Die angle 90° were about 15 MPa in 1P and around 30MPa for 2P and
Curvature 20° 3P. However it was reported that after 4P the ultimate
angle tensile strength remained unchanged.
¢ Meanwhile, the ductility was increased with the increase of
passes.
e The hardness was increased with the number of passes but
it started decreasing at 2P
Akihiro Yamashita, Zenji o Grain size of Mg-0.9Al after 2P at different temperatures:
Horita, ~ Terence  G. | | Material Pure Mg i) 200°C - 17um
Langdon and Mg- i) 300°C - 48um
[67] 0.9wt% Al iii) 400°C - 78um
alloy e The tensile strength of the material after ECAP was
Route B. significantly higher than as- received.
No. of passes | 2,4 e The elongation before fracture for pure Mg was lower
Temperature 200, 300, compared to the Mg alloy with dilute Al.
400°C
Die angle 90°
Curvature 45°
angle
P. Minarik, R. Kral, M. The average grain size shows that the size was decreased to
Janecek, J. Pesicka Material AE21 Mg 1~2 pum from 4~5 pm in extruded sample.
[68] alloy ¢ For mechanical properties, the yield stress increased up to
Route B. 2 passes then it started to decrease.
No. of passes | 8 e While the maximum stress showed a decline value of
Temperature 180°C between 4P and 8P.
Die angle 90°
Curvature 0°
angle
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P. Minarik, R. Kral, J.

For the first pass, the average grain size decreased

Pesicka, F. Chmelik Material LAE442 drastically from 21um to 11um and after 12 passes, the
[69] Mg alloy grain size became 1.5pum.
Route B. o The tensile strength and ultimate tensile strength increased
No. of passes | 12 progressively up to 4 passes and after that the strengths
Temperature 180 — remained constant.
230°C o It shows that the elongation to fracture for the first pass had
Die angle 90° increase severely and increase slightly at 12 passes.
Curvature 0°
angle
F. D. Dumitru, O. F. e The grains became more equiaxed after 3P due to the
Higuera- Cobos, J. M || Material ZK60 Mg existence of recrystallization either during ECAP process
Cabrera alloy or the interpass time.
[70] Route Bc e In 4P, the grain size slightly increased due to
No. of passes | 4 recrystallization and rapid grain growth.
Temperature | 250°C e UTS value increased at first 2P from 285MPa for as-
Die angle 90° received to 326MPa.
Curvature 37° e UTS started to decrease after 3P.
angle e The elongation to fracture increased from 15HV to 30HV
after 4P.
F. S. J. Poggiali, C. L. P. | As- receive + ECAP: o For the first experimental procedure;
Silva, P. H. R. Pereira, R. | | Material Commercially e Material processed by ECAP exhibited higher flow stress
B. Figueiredo, P. R. pure Mg alloy compared to the as-received magnesium.
Cetlin (CP-Mg) e It gave higher yield strength and maximum stress.
[71] Route Bc e The grain size decreased from 300pm to 5pm.
No. of | 3 o In the second experimental procedure;
passes e Material processed by rolling exhibited higher yield
Temperature | 200°C strength and lower elongation compared to the material
Die angle 135° processed by rolling with ECAP.
Curvature | 20° « Material processed by ECAP exhibited higher hardening
angle rate which led to higher uniform elongation than processed
by rolling.
Rolling + ECAP: e The grain structure was refined after rolling for about
Material Commercially 10pum and completely refined to Sum after ECAP
pure Mg alloy
(CP-Mg)
Route C
No. of | 4
passes
Temperature | 200°C
Die angle 135°
Curvature 20°
angle
M. Awvvari, S. Route | Ave. Micro Tensile | Elongation
Narendranath, H. S. || Material AZ31 Mg Grain | hardness | strength | (%)
Nayaka alloy size (HV) (MPa)
[72] Route A B, C (um)
No. of passes | 2 As-R | 31.8 51 225 15.2
Temperature 225°C
Die angle 120° A 40 |60 302 314
Curvature 30 B. |133 |64 294 335
angle C 156 |54 274 23.63
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3.1 Effect of ECAP processing parameters on the
microstructure

3.1.1 Channel angle and curvature angle

It has been observed that the angle could affect the grain size.
It has been reported in the literatures that most of the
experimental works use an angle between 90° to 120° in their
research. There are limited work on comparing the properties
of material using different channel angles. The larger angle can
make the sample easier to be pressed compared to the smaller
angle. Fig. 4 shows the ECAP setup for an experiment done by
Murlidhar et al. [65]. The study shows that the smaller the
angle, leads to an increase in the amount of strain and results in
smaller grain size. In contrast, higher die and curvature angle
may reduce the dead zone of the die as shown by Muralidhar et
al.’s study [65]. Compared to an experiment that uses die angles
of 90° and 120°, the grain size obtained in higher angle is not
as fine as the grain size obtained by using the lower angle. The
higher angle has been recorded to produce a grain size of 13.3
um after a single pass then decreased to 8 um after 4 passes
[65]. Whereas, lower channel angle can give smaller grain as
shown by a research done by Jahadi et al. [66] where the grain
size was recorded at 7.2 um after only 1 pass and can reach to
the smaller size of 3.9 um after 4 ECAP passes. Figs. 5 and 6
show the microstructure of AZ31 after using 120° die and
AM30 after using 90° as its channel angle during ECAP
process respectively. It clearly illustrates that the
microstructure of the material using smaller angle in ECAP
process exhibits smaller grain size. These Figs. are also used to
compare the material behavior after 4 ECAP passes at different
angles. The comparison are based on different materials of
AM30 and AZ31. This is due to lack of information on material
AM30 while AZ31 is reported to have similar properties with
AM30 [66].

Punch/Ram

ECAP Die

Die Channel

Deformed Materia

Fig. 4: Equal channel angular pressing setup for die angle and
curvature angle of 120° and 30° [65].

|

» BBAB 18wm OB0E0

Fig. 5: SEM image of AZ31 using 120° channel angle after 4
ECAP passes [65]

KYKY-EM3200 SN:0038

10 um

25 KV

Fig. 6: SEM images of AM30 using 90° channel angle after 4
ECAP passes [66].

1.00 KX

3.1.2  Operation Temperature

The operating temperature is also one of the influential
parameters that can alter the properties of the material.
However, it has been reported to give less effect on the grain
refinement as compared to increasing number of passes. A
research done by Yamashita et al.[67] in 2001 proved that the
temperature of ECAP process can change the material
characteristic. It was recorded that the grain size of the alloy
incereases as the applied temperature increases. A graph of
grain size versus number of passes at different temperatures is
shown in Fig. 7. It shows that the presence of Al dilution helped
to reduce the grain size of the material. Fig. 8 shows the
microscopic image of microstructure of Mg-0.9%Al processed
at different ECAP temperatures after 2 passes. This proves that
smaller and finer grain size can be obtained at lower operating
temperature. This finding is supported by previous works
where the Mg alloy processed by ECAP at low temperature of
100°C produced ultra-fine grain structure [73, 74].


http://www.sciencedirect.com/science/article/pii/S2213956713000601#gr1
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Fig. 7: Grain size versus number of passes at each different temperatures [67].

Fig. 8: Microstructure of Mg- 0.9% Al at different temperatures (a) 200°C, (b) 300°C and (c) 400°C after two passes [67]

3.1.3  Number of Passes

Refering to Table 2, it is resolved that all the parameters
absolutely affect the material properties. In 2013, Minarik et al.
Conducted a study on the evolution of the microstructure,
mechanical properies and corrosion resistance of AE21
magnesium alloy after ECAP. Two years after that he
replicated the research using different material which was
LAE442 magnesium alloy [68, 69].
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It was observed that as the number of passes increased, the
grain size was reduced and the distribution was much better for
both research. Fig. 9 shows a micrograph of TEM of AE21
alloy for each pass. It shows that in the first and second passes,
the microstructure are inhomogeneous. But in the second pass,
the sub grain boundary was revealed. At the end of 8 passes,
high angle grain boundaries (HAGBs) were formed and the size
was about 1 — 2 pm.
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Fig. 9: TEM micrograph of AE21 at different passes where () 1 pass, (b) 2 passes, (c) 4 passes and (d) 8 passes [68].

Dumitru et al. [70] stated that there are two steps of refinement
process. The first one is formation of low angle grain
boundaries (LAGBSs) through first and second passes and the
second one is recrystallization process which appears at the
boundaries. Another researcher wrote on comparison of as-
received material combined with ECAP and rolling process
combined with ECAP process [71]. The output shows that the
second experimental procedure which is rolling combined with
ECAP gave better material properties in term of their grain
structure and mechanical properties.
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3.14

Awvvari and his co- worker [72] investigated on the effect of
processing routes on AZ31 alloy by severe plastic deformation.
In this research, 3 different routes have been selected to access
its efficiency. It was found that the average grain size of the
material after processing was decreased to 15.9 um for route C,
14.0 um for route A and the smallest grain obtained by route
BC with a size of 13.3 um. As observed in route Bc, the alloy
exhibits a maximum deformation due to the grain refinement
compared to route A and C. Fig. 10 shows the microstructure
of route A, C and B after 2 passes at a temperature of 498 K.

Processing Route
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Fig. 10: Microstructure of AZ31 using (a) route A, (b) route C and (c) route Bc after 2 passes at 498K [72].

Among these three different routes applied, the most
conventional reported to achieve a homogeneous
microstructure for most alloys is route B¢ [75]. According to
Komura et al. [76] the optimum super plastic ductility is
achieved by route B¢ due to the most rapid generation of
equiaxed grains with the high angle of grain boundaries.
Stolyarov et al. [77] indicated that route Bc is the most effective
while route Ba is the least efficient in terms of grain refinement.
Route Ba and C tend to form elongated grains. Tong et al.[78]
conducted a review based on the microstructure and
mechanical properties of Mg alloy with the ECAP route
process where the result for route Bc is the most capable in
grain refinement while route A is the least capable. Kim and
Namkung et al. [79] stated that routes A and Ba have the lowest
strain distribution homogeneity while routes C and Bc face the
highest strain spread uniformly.

3.2 Effect of ECAP processing parameters on the
mechanical properties

The mechanical behaviour of material after ECAP process are
obtained by performing tensile test and microharness test.
Tensile strength is conducted according to certain standard
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depending on the condition of the samples. For example, in a
research done by Awvari et al. [72], the samples were rod-
shaped, hence the tensile test were done by following standard
ASTM E-8 which the gauged length and diameter of the
specimen to be 15 mm and 5 mm respectively.

3.21 Channel angle and curvature angle

In the research done by Avvari et al. [65] and Jahadi et al. [66],
the microhardness properties showed the same trend where it
was increased up to 2 passes before decreasing for the next
passes. The highest value of vicker’s microhardness that can be
reached by AZ31 using 120° of ECAP die was 69 HV after 2
passes. As for ECAP die with chnnel angle of 90°, the highest
value was 64.4 HV also after 2 passes. The reduction of
material hardness was related to the ductility and the tensile
strength of the material. Tensile strength of the material after
being processed by using 90° ECAP die was basically slightly
higher than by using the larger angle [82-84]. But it showed
similar decreasing trend after several passes. The tensile
strength was decreased due to the changing of the material
texture [85-87]. Increasing the number of passes lead to an
increase in the strain hardening thus the elongation percentage
observed was increased [65, 66].
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3.2.2  Operation Temperature

Lower operation temperature could produce finer grain size
hence increasing the hardness properties. On the other hand,
lowering the processing temperature while increasing the
number of passes increase the alloy hardness. The ultimate
tensile strength of the Mg- 0.9%Al was increased by decreasing
the operation temperature. The results obtained in a research
done by Yamashita et al. [67], at 200°C, showed that the tensile
strength went up to 225MPa while at a higher temperature, the
strength obtained was 200MPa. The elongation before fraction
also increased at low temperature. Compared to pure Mg, the
Mg with dilute Al exhibits better properties in term of their
mechanical properties and microstructure. It is also mentioned
that the existance of dilute Al leads to higher ductility

It was noticed that Mg — 0.9% Al tested at temperature 200°C
can withstand up to 2 passes only. More than 2 passes may led
to occurence of cracking. The fact that the processing
temperature must be above 200°C to avoid cracking can be
found as reported by Agnew et al. [80]. A research done by
Kang et al [81] on AZ31 also testified that magnesium alloy
will exhibit fracture characteristic when the temperature is
below 200°C.

3.2.3 Number of Passes

The tensile strength and ultimate tensile strength observed from
both studies [80-81] show the same patern where it is increased
up to 4 passes before remaining constant for the next passes. In
aresearch done by Minarik and his co-worker [69] on evolution
of mechanical properties LAE442 magnesium alloy processed
by extrusion and ECAP, the increase of LAGBs fraction at first
pass led to lower segregation of calcium in LAE442 along the
grain boundaries thus giving higher elongation. The small
amount of calcium in LAE442 caused intergranular fracture in
magnesium alloys thus decreasing the elongation to fracture
due to the separation of calcium [69]. For the following passes,
the LAGBs fraction decreased and resulted in an increase in the
grain boundary fraction. Then the calcium may be dispersed

evenly in the material so that the ductility was almost
unchanged [69].

The ultimate tensile strength of AE21 and LAE442 are
displayed in a graph in Fig. 11. The graph shows the same trend
where the strength increased as the number of passes increased.
For AE21 magnesium alloy, the tensile strength were increased
up to 4 passes then decreased while for material LAE442, it
increased up to 4 passes before it saturated [68,69]. The
changing of tensile strength depended on the texture evolution
and density dislocation [88].

3.24  Processing Route

According to Avvari et al. [72], route B¢ exhibited the highest
microhardness value and also in percentage of elongation
compared to others. Fig. 12 shows the graph of microhardness
and elongation versus type of route used. The microhardness
increased from 51HV up to 60HV, 64HV and 54HV for as-
received material, route A, Bc and C respectively. Route Bc
improved by about 25.5% on its material hardness followed by
route A with 17.65% while route C sample contributed the least
increment of hardness percentage relatively to the as-received
condition. The hardness of material increased when the grain
size decreased. The tensile strength of the materials also
increased as it undergo ECAP process. On the contrary, the
tensile strength of the material after the process using ECAP
route A exhibit highest value of 302MPa followed by route B¢
with 294MPa compared to the as-received sample value of
225MPa. On the other hand, the elongation to fraction of route
Bc sample shows highest value of 33.5% followed by route A
with percentage of 31.4%. It can be concluded that route Bc is
more suited to deform the material in all plane since the main
advantage of ECAP is to increase the elongation percentage
with increased strength [72].
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Fig. 11: Tensile strength of LAE442 and AE21 alloys at different number of passes [68, 69].
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4.0 CONCLUSION

ECAP is one of the important techniques to produce an ultra-
fine grain microstructure. This process could be used to
improve the mechanical properties of magnesium alloys. The
parameters of ECAP have an influence on the material
behaviour after the process. It can be concluded that:

i.  The grain size of magnesium alloys becomes smaller as
the number of ECAP passes increased up to 4 passes.

The increase in temperature increases the grain size due
to increasing time of recovery. The production of low
angle grain boundaries is greater than high angle grain
boundaries.

iii.  Route Bcgives the best final material properties as it can
produce the finest grain size compared to other routes.

Channel angle of ECAP die has a significant effect on
the microstructure of the Mg alloys. Larger angle die
with lower processing temperature and higher number of
ECAP passes (i.e 4 passes), produced a smaller grain
size and better mechanical properties for the Mg alloys.

The number of ECAP passes plays an important role in
improving the strength of material. ECAP processing
route has been ranked as second place on its efficiency
to improve the material strength and while operation
temperature plays the least role in improving the
material properties.
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