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ABSTRACT: The application of severe plastic deformation (SPD)techniques to refine the microstructure and enhance the
mechanical properties of metallic materials presents a promising avenue for advancements in materials science. Amongst the
several SPD techniques, the high pressure torsion (HPT) and the equal channel angular pressing (ECAP) are the most explored.
Equal angular channel pressing (ECAP) is a severe plastic deformation technique in which billet is passed through a die at a specific
rate and undergoes shear deformation before coming out. ECAP which stands out as a promising and cost-effective technique for
processing various materials was performed on Al-Mg alloys at varied temperatures. In this study, Al-Mg alloy samples were ECAP
processed at temperatures of 90, 100, 120, 140 and 150°C for four (4) ECAP passes. Microstructural examination and mechanical
property assessment of ECAP processed billets was performed. The mechanical property assessments of the ECAPed processed
billets showed a notable increase in both Ultimate tensile strength (UTS) and Yield strength (YS) of the alloy. At 90 °C temperature,
the YS and UTS increased from 223 and 319 MPa to 271 and 387 MPa respectively. Similarly, an upward trend occurred at 100,
120, 140 and 150 °C. However, there was a significant reduction in percentage elongation at all temperatures with values 7.0 to
3.6 (90 °C), 7.7 to 3.3 (100 °C), 6.9 to 3.2 (120 °C), 6.7 to 3.1 (140 °C) and 6.5 to 3.0 (150 °C). The microstructure of the extruded
samples revealed the presence of blow holes and the sizes of individual grains could not be clearly distinguished at the different
temperatures for the first pass. However, as the number of ECAP passes increased, a notable increase in the quantity of shear
bands is revealed. Also, grains displayed elongations aligning parallel to transverse directions and after 4 passes, a significant
refinement occurred. ECAP was found to be a viable method for improving the mechanical properties and refining the grain size
of Al-Mg alloys.

KEYWORDS: Equal Channel Angular Pressing, Al-Mg Alloy, Temperature Variation, Microstructure, Mechanical Properties

1.0 INTRODUCTION

The continual quest for advanced materials with enhanced
mechanical properties has over the years given rise to the
introduction of severe plastic deformation (SPD) techniques.
Conventional plastic deformation methods such as rolling or
extrusion fall short in producing ultra-fine grained (UFG)
materials (Roberto et al., 2022). The development of the
principles of SPD techniques dates back to the 1930s to the
pioneering work of P.W Bridgman of Harvard university. His
work focused on the effects of a combination of large
hydrostatics pressures and simultaneous shear deformation
acting on solids. The main objective of this process is to
produce very strong and lightweight parts that would find
applications in engineering practice (Jia et al., 2023;
Muhammad et al., 2017). Severe plastic deformation (SPD)
techniques such as high-pressure torsion (HPT) and
accumulated roll bonding (ARB) have shown promise but are
not without limitations. HPT is constrained to certain
materials such as Cu, Ti, steel, and Mg alloys
(Thiyaneshwaran and Sureshkumar, 2013). On the other

hand, ARB faces challenges like material fracture and
remains at an experimental stage (Snopinski et al., 2019).

Equal channel angular pressing is used to deform materials
through shear deformation. Here samples are passed through
a die at a specific rate and undergoes shear deformation
before coming out. Equal Channel Angular Pressing (ECAP)
technique has emerged as a versatile method in metalworking
offering unique opportunities for the fabrication of ultra-fine-
grained metals and alloys. Furthermore, its ability to enhance
mechanical properties such as strength and hardness without
altering the sample’s cross-sectional dimensions has gained it
significant attention (Tsuji et al., 2003). ECAP can be used
for industrial application as a continuous flow process that
results in material grain refinement thereby increasing
material strength (Krajfiak et al., 2020). Numerous studies
have investigated the impact of ECAP on various alloys. For
instance, Snopinski, et al (2019) demonstrated that ECAP
enhances the mechanical properties of al alloy by refining the
grain structure. However, their work primarily focused on
effects of ECAP with helical die on microstructure, grain
refinement, and hardness of Al-3%Mg alloy. Another study
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by Hajizadeh, et al, (2023) explored the effects of ECAP
processing routes on the microstructural characteristics of
commercial pure titanium. Their study showed that different
processing routes can influence the degree of grain
refinement and mechanical properties of titanium.
Damavandi, E., et al (2019) investigated the effects of ECAP
on microstructure and tensile properties of A390 aluminum
alloy. Their study demonstrated that ECAP significantly
improved the tensile strength and refined the microstructure.
Thiyaneshwaran et al. (2013) noted that ECAP involves the
repetitive shear deformation of the material through an
angular channel leading to significant grain refinement and
alteration of dislocation density. Despite these advances,
most studies do not comprehensively address the role of
temperature in ECAP processing. The success of this process
is controlled by several factors with temperature emerging as
a vital parameter influencing the outcome. The role of
temperature in ECAP process cannot be overstated since it
not only affects the materials ductility or formability but also
influences the kinetics of microstructural evolution during
plastic deformation.

Al-Mg alloys are known for their excellent corrosion
resistance and favorable strength — to — weight ratio. There
are widely used in aerospace, automotive and marine
industries. Optimizing their mechanical properties through
ECAP could lead to more efficient and high-performance
components (Khelfa et al., 2021). Furthermore, Al-Mg
alloy’s microstructure plays a very crucial role in the

Tablel: Chemical Composition of produced billet

determination of its mechanical properties and by subjecting
it to ECAP, an unprecedented improvement in its
performance is unlocked (Snopinski et al., 2019). However,
the influence of processing temperature on the performance
of Al-Mg alloys during ECAP is not yet fully understood.
This study aims to fill this knowledge gap by analyzing the
effect of varied temperatures on the mechanical properties
and microstructure of Al-Mg alloys processed through
ECAP.

2.0 MATERIALS AND METHOD

2.1 Material collection and preparation

The Al-Mg alloy was prepared using sand casting method and
machined into rods with dimensions 19.5 x 19.5 x 70 mm.
The full characteristics of the Al-mg alloy was determined
using optical emission spectroscopy (OES) machine with
model number MAXx LMF14 (see table 1). H13 Tool steel
was machined to match the dimensions shown in Figure 1 to
produce the ECAP rig. The ECAP die had a diameter of
20mm rectangular cross section with an inner channel angle
(¢) of 90° and a twist or outer channel angle () of 20°. The
die was polished for final smooth surface finishing. The
plunger was machined to dimension 19.5x19.5x170 mm. The
thermocouple (DTC XMTD-2301M) and heating elements
(immersion cartridge heating rods) were connected to a
digital temperature controller. The entire set up was
assembled as illustrated in Figure 2 and 3.

Elements Si Ag Cr Pb Zr Be Bi Fe Cu Mn
% Composition | 0.4 0.0028 0.031 <0.0010 0.00070  0.0029 0.0029 0.4 0.0.109 0.070
Zn Ti Cr Mg Al
0.050 0.037 0.07 4.611 Bal

2.2 Lab extrusion process
The ECAP die had an internal channel angle of 90° with an
outer radius of curvature of 20°. Billets were subjected to four
passes using route Bc (90° rotation between consecutive
passes). ECAP was conducted at temperatures 90 °C, 100 °C,
120 °C, 140 °C and 150 °C. The temperature range was
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selected based on a thorough review of literature and
preliminary experiments. Furthermore, a pressing speed of
2mm/s was maintained during the extrusion process.
Molybdenum disulfide was used as lubricant to reduce the
friction between the billet and the walls of the die.
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Figure 1: Schematic Diagram of ECAP Extrusion Rig.
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Figure 2: Assembly of ECAP Extrusion Rig

Microstructural examination was conducted on the ECAP
processed billets using an optical microscope with model
number MMO039BOOM in accordance to the ASTM F410
standard. Also, Vickers hardness measurements was

1™

performed on the ECAPed samples to ascertain the resistance
of the material to plastic deformation. Tensile tests were
conducted using a universal testing machine (WA-1000) to
evaluate the alloys mechanical strength and deformation
behavior under varying temperatures.

Figure 3: Experimental set up for extrusion of billets

3.0 RESULTS

3.1 Hardness Test

Variation of the evolution of hardness for Al-Mg alloy at
different processing temperature after each ECAP pass is
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shown in Figure 4 (a and b). The results showed that ECAP
processing temperature have significant influence on the
hardness of the extrudes. However, this influence changes
with the applied temperature.
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Figure 4: a: Plot of microhardness against extrusion temperature; b: Plot of microhardness against number of Passes.
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The result (Figure 4a) showed that reducing the processing
temperature increased the hardness of the ECAPed billet. At
90 °C processing temperature, the processed samples
revealed a notable increase in HV values from the as-cast
value (76HV) to 101.6HV (1P), 104.5HV (2P), 107HV (3P),
and 107.9HV (4P) respectively. Similarly, HV values
increased with increase in the number of passes for 100 °C,
120 °C, 140 °C and 150°C processing temperatures. This is
because increase in temperature leads to an increase in
thermal energy which aids dislocation movement and reduces
resistance to deformation (Gupta et al., 2022). Furthermore,
the cumulative effects of plastic deformation and strain
hardening during each ECAP pass increases the hardness of
the material (Gupta et al., 2022; Afifi et al., 2018). The
optimum HYV value for processed samples was obtained at 90
°C temperature(107.9HV) after 4P. This phenomenon is in
agreement with studies by Snopinski et al., (2019) who noted
at lower ECAP temperature and 4 number of passes, high
microhardness of processed alloy can be obtained whereas at
higher extrusion temperatures, the microhardness of Al-Mg
alloy could be affected. This is because higher deformation
temperature and lower strain rate leads to formation of coarse
grains resulting in lower material hardness (Snopinski et al.,

2019)
The result (Figure 4a) is negatively linear and is related by
the equation Y = - m(x)+b where Y represents the

independent variable (hardness), x represents the independent
variable (temperature), m is the slope of the line which is the
rate of change of (Y) with respect to (x) and b is the y-
intercept, indicating the value of (y) when (x) is zero. This is
because elevated temperatures can promote grain growth
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which may result in decreased hardness since larger grain
sizes are generally associated with lower strength and
hardness (Dhankne et al., 2022). Also, the result (Figure 4b)
is positively linear. This is because as the number of ECAP
passes is increased, its hardness tends to increase. This trend
can be used to predict the material behavior during the ECAP
process relative to the number of passes and temperature.

3.2 Tensile Test

Yield strength, ultimate tensile strength and percentage
elongation for ECAPed Al-Mg alloy are shown in Figures 5
to 7 respectively.

The result of yield strength and ultimate tensile strength
(Figure 5 and 6) showed that processing temperature
influences the strength of the extrude. However, this varies
with the number of passes employed. The result (Figure 5a &
6a) showed increasing the processing temperature leads to
reduction in strength for the extrudes. This is attributed to
several factors such as low deformation, accumulated strain
and work hardening. Figure 5b & 6b showed that across all
temperatures explored, an increase in the number of passes
increased the yield strength and ultimate tensile strength of
the ECAPed al-mg alloy. This further confirms the findings
of a study by Damavandi et al, (2019) which investigated the
effect of ECAP on the microstructure and tensile properties
of A390 aluminium alloy. Their study noted that ECAP
significantly improved the tensile strength of the extrudes and
refined the microstructure. Thiyanshwaran and Sureshkumar
(2013) also found that enhanced tensile strength and wear
resistance is achieved through ECAP extrusion process.
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Figure 5: a: Plot of yield strength against temperature; b: Plot of yield strength against number of passes.

The result also showed that at processing temperature 90 °C,
a gradual increase in the values of 6y and our (223 MPa and
319 MPa) occurred for the first ECAP pass. The values of oy
and oy continued to increase up until the 4™ pass (271MPa
and 387MPa). This is because, the material becomes harder

and more resistant to plastic deformation with each
successive ECAP pass. Furthermore, the rise in yield strength
shows significant strengthening effects and changes in the
materials microstructure induced by severe plastic
deformation (Snopinski et al., 2019).
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Figure 6: a: Plot of ultimate tensile strength against temperature; b: Plot of ultimate tensile strength against
number of passes.
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Figure 7: Plot of % Elongation against temperature

Yield strength and ultimate tensile strength tends to vary with
temperature (see Figure 5a &6a). this indicates that elevated
temperatures influence the yield strength and ultimate tensile
strength of extrude. The result agrees with the findings of the
study by Injor, (2023) who noted that significant
improvement in the tensile properties of extrudes is achieved
using ECAP. A decrease in percentage elongations was seen
(see Figure 7) across all temperatures employed with 150 °C
after 4 ECAP passes possessing the lowest percentage
elongation value of 3.0%. Generally, the mechanical
properties, that is yield strength, ultimate tensile strength, and
percent  elongation,  exhibit  temperature-dependent
characteristics with increasing strength and decreasing
ductility with higher temperatures and more extrusion passes.
The tensile test results are reasonably in good agreement with
microhardness data as described by Shaeri et al., (2016).

Negative linear trend for yield strength ultimate tensile
strength and % elongation against temperature as shown in

figures 5a, 6a and 7 respectively. This trend revealed that
material behaviors is influenced by temperature variations.
The trend is characterized by the equation Y = -m(x) + b
where Y represents the independent variable (pressing
pressure), X represents the independent variable
(temperature), m is the slope of the line which is the rate of
change of (YY) with respect to (x) and b is the y-intercept,
indicating the value of (y) when (x) is zero. Also, Figure 5b
and 6b is characterized by a positive linear trend indicating
an increase in material mechanical property with increase in
number of passes.

3.3 Microstructure

The microstructure of the extrude at varied temperatures for
4 ECAP passes obtained using the optical microscope are
shown in Figures 8,9,10 and 11.
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Figure 8: Optical micrograph of Al-Mg alloy ECAPed at 90°C for (a) 1 pass (b) 2 pass (c) 3 Pass and (d) 4 Pass

Processing of the As-cast al-Mg alloy by ECAP for 4 passes
across all processing temperatures resulted in a gradual
microstructural grain refinement. No coarsening was
observed across all processing temperature employed. The
result (Figure 7) showed that for the first ECAP pass at 90°C,
change in the grain structure of the material was noticed and
the size of individual grains cannot be clearly distinguished.
Similar trend was revealed for 100°C, 120°C and 150°C after
the first pass. This can be attributed to the presence of slip,

o

HOMOGENEOUS
DEFORMATION

(b)

(d)

shear and micro shear bands thereby forming a band-like
microstructure. However, as the number of ECAP passes
increased, there was a noticeable reduction in grain size,
indicative of grain refinement. This is in agreement with Injor
(2023) who noted that reduction in grain sizes occurs with
increase in the number of ECAP passes. The quantity of shear
bands increased as the number of passes increased indicating
a change in the original coarse grain structure of the As-cast
billet.
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Figure 9: Optical micrograph of Al-Mg alloy ECAPed at 100°C for (a) 1 pass (b) 2 pass (c) 3 Pass and (d) 4 Pass
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Figure 10: Optical micrograph of Al-Mg alloy ECAPed at 120°C for (a) 1 pass (b) 2 pass (c) 3 Pass and (d) 4 Pass
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Furthermore, grains were observed to be elongated and
parallel to transverse direction and after the fourth pass, a
greater grain refinement was observed. Though optical
microscopy may not directly visualize dislocations, the
changes in the grain structure and morphology indirectly
shows the accumulation of dislocations within the extruded
samples. Microstructural features observed under the optical
microscope are consistent with previous studies on ECAP-
processed materials performed by Snopinski, (2019), Krajiiak
et al., (2020), Damavandi et al., (2021) and Jia et al., (2023),
which have reported similar trends of grain refinement and
microstructural homogenization.

It can also be concluded that the extrusion temperature
inadvertently affects the grain size and refinement. At
elevated temperature of 150 °C, a significant increment was
noticed following the simple grain growth rule whereas at 90
°C, finer and more refined grain structures are observed

4.0 CONCLUSION
The performance analysis of ECAP on Al-Mg alloy at varied
temperatures showed several factors are responsible for

5.0 LIST OF ABBREVIATIONS
Abbreviations

HOMOGENEOUS
DEFORMATION BAND

« ©)
Figure 11: Optical micrograph of Al-Mg alloy ECAPed at 150°C for (a) 1 pass (b) 2 pass (c) 3 Pass and (d) 4 Pass

efficient and successful use of ECAP for refining Al-Mg
alloy. The analysis revealed increasing the processing
temperature reduces the hardness of the extrude since
increase in temperature promotes grain growth. The optimum
HV value for the processed sample was obtained at 90 °C
temperature (107.9HV) after 4P. However, regardless of the
temperature employed, an increase in the number of ECAP
passes leads to improved material hardness. Same trend was
obtained for tensile properties (yield strength and ultimate
tensile strength) with optimum values (271 and 387 MPa)
been obtained at 90 °C temperature after 4P. Microstructural
examination showed reduced grain sizes at lower temperature
resulting in an increase in grain refinement of the alloy.
Generally, ECAP was found to be reliable in the grain
refinement and mechanical property enhancement of Al-Mg
alloy. Furthermore, the predictive trend relation between
temperature and tensile properties and number of passes can
be obtained linearly using the equations Y = -m(x) + b and Y
=m(x) + b respectively.

Full Meanings

Al-Mg Aluminum-magnesium

ARB Accumulative roll bonding
ASTM American Society of Testing and Materials
ECAP equal channel angular pressing
HPT high pressure torsion

MPa Mega Pascal

OES optical emission spectroscopy
oM Optical Microscopy

SPD severe plastic deformation
UFG ultra-fine grain

uTsS Ultimate Tensile Strength

YS Yield Strength
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