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This study evaluated the influence of mechanical milling time on the physical, mechanical, and
microstructural properties of Al metal matrix composites (MMCs) incorporating ZrB, ceramic
reinforcement. The mixing powders of aluminum with zirconium diboride were mechanically milled at
different times. Then, the achieved composite powder was heated, compacted, and turned into bulk material
by equal channel angular pressing (ECAP) at 250°C. SEM micrographs indicated that the size of the
obtained particles decreases by increasing the mechanical alloying time by up to 18 hours. However, the
particle size has increased after this time. The average size of fine particles reached 823nm using
mechanical alloying for 18 hours, while coarse particles were 8um. The size calculation of crystallites
using XRD examination implied that the rate of crystallite size reduction after 12 hours of mechanical
alloying is gradually reduced and reached its lowest level after 18 hours. Then, increasing the mechanical
alloying time led to an increase in the size of the crystallites and a decrease in the lattice strain. The
microstructure of resultant bulk composites has been characterized by optical microscopy (OM) and SEM.
The bulk composite samples processed by the ECAP method, with an optimum amount of ZrB, (5 wt.%),
had a relative density, hardness, shear yield stress, and ultimate shear strength of 99.3%, 170 HV, 125 MPa
and 151 MPa, respectively, utilizing powders which were mechanically milled for 24 hours.

https:/ldoi.0rq/10.30501/acp.2024.431922.1143d

1. INTRODUCTION

The preparation of materials with excellent strength
and flexibility has always been the interest of various

researchers worldwide.

(MMCs) are materials composed of one or more metallic

elements as matrix and reinforcement. The synthesis of
MMC powder is performed in different ways.
Mechanical alloying is one of the production methods of
MMC powder, which occurs through the reaction
between the surfaces of reactive materials. Other

matrix composites
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conventional methods cannot produce powders of metal
composites, intermetallic compounds, etc., fabricated by
this technique (Chak et al., 2020; Sharma et al., 2024). In
recent years, aluminum-based composites have generally
attracted the attention of several researchers owing to
their low weight and high corrosion resistance to the
harsh environment (Bhoi et al., 2019; Gajevi¢ et al.,
2022). The use of these composites in the automotive
industry, aerospace industry, and metal structures is
progressive (Bhat et al., 2021; Chandel et al., 2021;
Gajevi¢ et al., 2022). Strength is the most essential factor
in the selection of these composites (Lakshmikanthan et
al., 2022). The production of aluminum composites using
the mechanical alloying method has been widely
investigated (Erturun et al., 2021; Hamilton et al., 2021).
The reinforcement of aluminum-based composite with
secondary phase particles such as oxides, carbides,
borides, and nitrides makes a suitable combination of
physical and mechanical properties of both phases of the
composites. Furthermore, the amount, size, and
distribution of secondary phase particles determine the
main properties of the composite (Diler and Ipek, 2012).
ZrB,, as a reinforcing phase with a very high melting
temperature of 3250°C, high strength and hardness,
chemical stability, and suitable electrical conductivity,
has been the focus of many researchers in fabricating
metal matrix composites. Pure ZrB; is brittle, and its
combination with a soft metal could improve its
mechanical and corrosion properties (Kumar and Kumar,
2022). Combining this ceramic material with ductile
materials could result in composites with high strength
and toughness (Kumar et al., 2021).

The severe plastic deformation (SPD) techniques
cause changes in its mechanical and microstructural
properties by applying a very high strain to the metal
matrix composite (Brodova et al., 2021; Montazeri-Pour
et al., 2014). The initial and final cross-section areas
generally do not vary during straining in these processes
(Montazeri-Pour et al., 2015a). Different methods of
severe plastic deformation have been carried out. A few
of its common types are equal channel angular pressing
(ECAP) (Vishnu et al., 2020), high-pressure torsion
(HPT) (Edalati and Horita, 2016), and accumulative roll
bonding (ARB) (Ebrahimi and Wang, 2022), etc. (Faraji
et al., 2018; Montazeri-Pour et al., 2015b). The ECAP
process, as shown in Figure 1, is one of the most common
methods of extreme plastic deformation, in which the
sample is passed through an angular die, and the strain
applied to the sample creates an ultrafine grain (UFG)
microstructure. Improving mechanical properties results
from creating a UFG microstructure using this intense
plastic deformation (Montazeri-Pour et al., 2014).

The aim of this study is to evaluate the properties of
the aluminum-zirconium diboride metal matrix
composites with UFG structure obtained by the
mechanical alloying process, where different times of
milling have been considered to determine the optimal

time required to attain the desired mechanical and
physical properties as well as the formation of a UFG
structure. Then, the bulk samples were obtained using the
warm ECAP method, and their mechanical properties and
microstructure were examined by performing mechanical
tests, optical microscopy and SEM observations.

Test Material

Figure 1. A schematic of the pressing method in ECAP die

2. MATERIALS AND METHODS
2.1. Initial Materials

The starting materials applied in this study were
aluminum powders (99 wt.% purity and mean particle
size (D) <20pm) and ZrB; (99 wt.% and D <5um), which
were purchased from the Chinese company of Jiaozuo
Huasu Chemical Co.

SEM micrographs related to pure Al powder and
primary ZrB, powder are given in Figure 2.

Figure 2. SEM images for (a) pure aluminum powder and
(b) pure zirconium diboride powder

2.2. Production of Composite Powders

Pure aluminum powder and a mixture of 5 wt.% ZrB;
plus pure aluminum powders were milled at room
temperature under an argon atmosphere for 1, 6, 12, 18,
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and 24 hours using a planetary ball mill with a capacity
of 200ml and a rotation speed of 360rpm. The container
was made of hardened steel, and the balls used in this
process were made of stainless steel.

The total powder weight for this process was 20g, and
the weight ratio of balls to powder was 1:15. Stearic acid
(2 wt.%) was used as a process control agent (PCA) to
prevent excessive cold welding of powder particles. The
numbers, weights, and sizes of the balls are given in
Table 1.

TABLE 1. Specifications of the balls used in the mechanical
alloying process for the synthesis of Al-ZrB2 MMC powder

Diameter (mm) | Weight (g) | The number of balls
5 0.65 30
8 2.09 20
10 4.02 15
13 8.96 13
20 32.52 2

2.3. Compaction of Composite Powders

Bulk samples were produced using the warm ECAP
method in a die with an angle of ®=90°. For this purpose,
the desired powder was first placed in a copper sheath, as
illustrated in Figure 3. The powder sheath in the copper
tube was performed to reduce the friction of the sample
with the mold and prevent the powder's dispersion during
compaction. The average applied pressure was 20
tons/cm?, the punch movement rate was 1.5 mm/s, and
the working temperature was 250°C. The mold's inlet and
outlet channels diameter was 12.70mm, and the lubricant
used was MoS; powder.

Tube

Rear Plug
\

Figure 3. The copper sheath used in the compaction of powder
by the warm ECAP method

2.4. Characterization of Produced Samples
Scanning electron microscopy (SEM) and optical
microscopy (with a polarized camera) were used to
examine the microstructure. An X-ray diffraction (XRD)
test is utilized to identify the phase. Williamson-Hall
Equation was used according to the following formula to
evaluate the size of crystallites and lattice strain:

K .
Bcosb = E +4¢ sin (1)

where 0 indicates the diffraction angle of the peak,
denotes the width of the peak at half of the maximum
height, and A presents the X-ray wavelength.

The Archimedes equation was used according to the
Equation 2 to measure the density of the samples (ASTM
B311-22, 2022):

air

W [pwa(er _00012]
o W o, —00012]
0.99983[W, - W, ]

where W,ir and Wyaer represent the weight of the
sample in air and in distilled water, respectively.
The density ratio (pair/pwater) 1S Set to 0.0012 (Gao et al.
2021).

The samples used for the shear punch test were cut
from a longitudinal section with a dimension ratio of
H/D=1.5 (Figure 4 (a)), and then they were polished with
soft sandpaper. The shear punch test device used was
Datek, and the surface of the device jaw was lubricated
to prevent friction between the jaw and the sample.

First, the samples were cut transversely from the
middle part to perform the Vickers micro-hardness (HV)
test on the samples (Figure 4 (b)), and the hardness was
taken from different points using a Bohler micro-
hardness tester with a load of 25, 120, 200, and 400gf.
Finally, sandpaper 600 was used to prepare the surface of
the samples to check the hardness more closely.

Sample

/ P N,
/ ; \
H Y. | Cross-Section
! Area

2

(a) (b)

Figure 4. Cut samples prepared for use in (a) shear punch test
and (b) Vickers micro-hardness (HV) test

3. RESULTS AND DISCUSSION
3.1. Powders Characteristics
3.1.1. X-Ray Pattern of Powders

XRD experiment was performed on samples at
various times. The XRD of pure Al and Al-ZrB; powders
mechanically milled from 1 hour to 24 hours is given in
Figures 5 and 6, respectively.

As shown in Figure 5, the peaks related to (100), (200),
(220), and (311) aluminum planes appeared at the
diffraction angles of 38.463°, 44.723°, 65.073°, and
78.183°, respectively. In Figure 6, the (0001) plane
appeared at an angle of 36.573° for the resulting Al-
5wt.% ZrB, MMC powder in addition to the mentioned
planes.
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Figure 5. XRD of pure Al powder samples milled for 1, 6, 12,
18 and 24 hours
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Figure 6. XRD of composite powder samples of Al-ZrB:
(5wt.%) milled for 1, 6, 12, 18 and 24 hours

The possible reason for the peak appearance of the
active (0001) plane of the hexagonal ZrB; structure is due
to the lower energy of these planes compared to the
aluminum FCC structure. In addition, the emergence of
this peak is also likely due to the high percentage of ZrB;
with a hexagonal structure (5% by weight). The peak of
the reinforcing material is not observable in lower
amounts (less than 1% by weight) due to the smaller size
of the particles and their low dispersion compared to the
matrix powder (Yue et al., 2017). A noteworthy point in
the X-ray diffraction analysis of the samples is the
absence of the aluminum oxide (Al>Os3) peak in the graph,
which is consistent with previous studies (Zhang et al.,
2016).

Crystallite size and lattice strain were measured, and
an analysis was performed on the samples using the
Williamson-Hall formula, Equation (1). According to
Figure 6, increasing the milling time leads to eliminating
or reducing the intensity of additional peaks. Figure 7
shows the change in the position of the peaks relative to
those of the initial samples during one up to 24h
mechanical alloying. According to Figure 7, the peak
angle has changed and is inclined to the left with the

increase in the milling time due to the rise in the
dissolution of the secondary phase. The diffusion of ZrB;
into the aluminum lattice and its dissolution could be the
reason for this issue. This phenomenon is consistent with
the findings of other researchers (Patra et al., 2016;
Suryanarayana, 1999). As shown, the intensity of the
peak increased after 6 hours, and then the intensity of the
peak decreased, but its width increased.
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Figure 7. The changes in the position of peaks by increasing
milling time for a mixture of pure Al and 5wt.% ZrB2 powder

The graph of crystallite size and lattice strain of the
powder samples is illustrated in Figure 8. The size of the
crystallites decreased with the increase of milling time,
and the lattice strain (calculated by the Williamson-Hall
relation) increased. The equilibrium point of the curve
means the time as the increase rate of the lattice
parameter is declined, which specifies the equilibrium
time of the two samples. This increased rate may be
considered when finding the optimal time.

The change in the shape of powder particles during
milling increases crystal defects such as point defects and
dislocations. Defects increase the lattice strain and its
internal energy and instability. The dislocations arrange
themselves into a lower energy state, leading to low-
angle boundaries forming. In longer milling times, the
misalignment angle between the sub-grains increases due
to more plastic deformation and more dislocations, and
their boundaries become high-angle boundaries. Thus,
the sub-grains become sub-micron grains. In addition, the
size of crystallites for Al-ZrB, MMC powder is smaller
than that of Al powder for each milling time, which could
be due to the high hardness of ZrB; particles, reducing
crystallite size during milling and facilitating the
formation of nano-crystalline particles. In general, the
decrease in the size of the crystallites with the increase in
the milling time may be attributed to the generation and
propagation of dislocations due to severe plastic
deformation.
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Figure 8. Changes in (a) size of crystallites and (b) lattice
strain for Al and Al-5wt.% ZrB2 MMC powders in terms of
milling time at 1, 6, 12, 18 and 24 hours

In addition, the lattice strains increased up to 24 hours
for both powders. This issue may be caused by
dislocations, impurities, and other lattice defects during
milling. Milling for more than 18 hours does not
significantly affect the strain level. In addition, the lattice
strain for each milling time is higher for the metal matrix
composite than pure Al due to the presence of ZrB,. The
diffusion of ZrB; in the Al lattice and its interaction with
dislocations may have increased the density of
dislocations and then enhanced the strain in the particles.

3.1.2. The Microstructure of Powders

SEM images related to pure aluminum and Al-5wt.%
ZrB; MMC powders resulting from the mechanical
alloying process are shown in Figures 9 and 10,
respectively.

Figure 9. SEM images for samples of pure aluminum powder
obtained from milling for (a) 1 hour, (b) 6 hours, (c) 12 hours,
(d) 18 hours, and (e) 24 hours

The particle size decreased with increasing milling
time. However, a more homogeneous structure was
obtained by increasing the time to 12 hours. The
dominant phenomena in the process of mechanical
alloying are cold welding between particles and their
fractures. In the early stages of milling (up to 6 hours),
cold welding is the dominant phenomenon due to the
softness of the particles. As a result, particle size is
expected to increase, and the average particle size at this
stage is 16pum. The phenomenon of fracturing the
particles leads to their refinement after this stage, and
along with the hardening of the particles, this
phenomenon reaches its maximum value at 18 hours
(Figure 10 (c) and (d)), which could be due to the balance
of the two mentioned phenomena. Meanwhile, fine
particles have taken up most of the powder volume, but
some coarse particles are still visible in the structure. The
average size of the refined grains at this stage has reached
823nm, and the coarse grains have reached 8um. The 18
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hours of mechanical alloying could be the optimum time
to obtain a homogeneous microstructure. The
determining mechanisms were in balance at this stage;
however, after this stage, an average increase in the size
of the particles was seen (Figure 10 (e)).

&) ¢

SOMMAG 500 | SEMIV 1508V
Dot €

WO .74 men

Figure 10. SEM images of Al-ZrB. MMC powders obtained
from mechanical alloying of pure Al and 5wt.% ZrB2 mixture
powders for (a) 1 hour, (b) 6 hours, (c) 12 hours, (d) 18 hours
and (e) 24 hours

The formation of spangle-shaped particles (Figure
11) after 12 hours of pure aluminum powder milling is
observed by SEM in the microstructure of the samples.
The reason for this could be the asymmetric
accumulation of hardened particles and the cold welding
of aluminum particles.

SEM MAG: 300 x SEM HV: 15.0 kV
WD: 12.83 mm Det: SE
Date(m/dly): 05/23/21 | View feld: 482 pm

RAZI FOUNDATION

Figure 11. SEM images of milled aluminum powder
representing the formation of spangle-shaped particles after
12 hours of milling

3.1.3. The Effect of Milling Time on Particle Size

Figure 12 demonstrates the size of Al particles and
Al-ZrB, MMC powder obtained from mechanical
alloying in terms of time. Increasing the time of
mechanical alloying up to 12 hours has led to a
significant reduction in the size of the particles. However,
no significant reduction in the size of the particles has
been achieved after this time. Increasing the mechanical
alloying to more than 18 hours led to an increase in the
particle size, indicating that 18 hours is the time to reach
a stable state. The cold welding and particle fracture
reach equilibrium (Maurice and Courtney, 1994). As
shown, the slope of the variations between different
milling times is higher for Al-ZrB,, indicating that the
addition of 5% ZrB, by weight has a significant effect on
reducing the particle size by milling.

MeanParticle Size (jum)

0 1 6 12 18 24
Milling Time (h)

Figure 12. The effect of milling time on the particle size of
pure Al and Al-ZrB2 powders

3.2. Characteristics of Samples Subjected to ECAP
3.2.1. Physical Features of Bulk Samples

The warm ECAP method was used at 250°C to
manufacture bulk pure aluminum and composite samples
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from powders obtained by the mechanical alloying
process. The consolidation of the 1-hour milled powders
could not be performed, and the sample was incapable of
bulking. The relative density and porosity percentage of
the resulting bulk samples are given in Figure 13. As the
milling time increased further, the porosity percentage of
the resulting samples decreased. Activating dynamic
recovery by increasing the milling time eliminates the
effect of work hardening and causes new particles to start
the densification process. This issue leads to the
placement of a larger volume of particles in the grain
boundaries, and the relative porosity of the samples
decreases after ECAP (Ashwath and Xavior, 2014).

3.2.2. X-Ray Pattern of Bulk Samples

XRD patterns of bulk pure Al samples created by
applying the ECAP process on the powders milled at
various times of 6 to 24 hours are represented in Figure
14. As shown, increasing the initial milling time has a
significant increase in the intensity of the peaks appeared
in the bulk samples. The appearance of a new peak
related to the (221) plane indicates the effect of the
applied strain due to severe plastic deformation
compared to the initial powder samples.

The X-ray diffraction patterns of the bulk composite
obtained from applying ECAP on Al-ZrB, powder are
shown in Figure 15. The intensity of the peaks has
reached its maximum value for samples that have been
mechanically alloyed for up to 12 hours, and then their
intensity has decreased, but the width of the peaks has

increased. After 18 hours, the trend of reducing the size
of the crystallites stopped, and with additional milling, no
noticeable changes could be seen in their size. The time
of 12 hours of milling is considered the turning point and
the time after which the rate of particle size reduction
slows down and reaches a stable state. The increase in
grain boundary energy, which results from very high
applied strain, prevents the particles from fracture, and
the grain boundaries act as places for the accumulation of
dislocations. Dynamic recovery has occurred here,
resulting in a decrease in particle energy, and as a result,
particle refinement has been stopped (Montazeri-Pour et
al., 2014).

The diffraction lines of ZrB, disappear due to the
decrease in the size of ZrB; particles to the sub-micron
size with the increase of mechanical alloying time. This
issue is associated with the apparent change of the Al
peak towards lower angles. Milling for more than 18
hours leads to the broadening of Al peaks and a decrease
in their intensity, which indicates a reduction in the size
of the crystallites and the accumulation of heterogeneous
strain in the material (Zhang et al., 2016).

As mentioned, the appearance of new peaks in the
samples consolidated by the ECAP method compared to
the original powder samples (Figures 5 and 6) is
definitely due to the high strain applied by the severe
plastic deformation process, leading to the activation of
new slip planes.
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Figure 13. The density and the porosity of the bulk samples made by applying ECAP on the powders milled at 6, 12, 18, and 24

hours
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Figure 14. XRD diagrams of bulk pure aluminum samples
fabricated by the applying ECAP process on powders
resulting from milling for six up to 24 hours

Figure 16 shows the changes in crystallite size and
lattice strain for the bulk samples obtained by applying
the ECAP process to pure Al and Al-ZrB; powders milled
at varying times.
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Figure 16. Column charts of (a) crystallite size and (b) lattice
strain for the bulk pure Al and Al-ZrB2 samples obtained from
powders milled at various times of 6 hours up to 24 hours
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Figure 15. XRD of bulk Al-ZrB2 samples produced by
applying ECAP on powders resulting from mechanical
alloying for six up to 24 hours

As shown in Figure 16, the size of the crystallites of
Al-5wt.% ZrB; MMC is finer than that of Al. In addition,
the Al-ZrB, MMC sample obtained a higher lattice strain
than the pure aluminum sample, and 12 hours of milling
could be chosen as the turning point of the crystallite size
reduction curve. The rate of crystallite size reduction
decreased after 12 hours and remained almost constant
after 18 hours. Hence, 18 hours could be selected as the
optimum time for milling.

3.2.3. Microstructure of Bulk Samples

The microstructure obtained by optical microscopy
for the Al and Al-ZrB; samples consolidated by ECAP is
given in Figures 17 and 18, respectively. Visible holes in
the obtained microstructure (Figure 17) result from
burning impurities and electro-etching of the surface of
the samples. All microstructures have fine precipitates in
the matrix, which are finely dispersed throughout the
grain boundaries in the structure of Al, and thus,
homogeneity of composites increases (Asadipanah and
Rajabi, 2015; Mohanavel et al., 2020). Herein, ZrB;
particles appeared as spherical, angular, sub-angular, and
scaly forms and distributed without forming
agglomerates into the Al matrix (Alem et al., 2020b).
Micrographs of an Al sample consolidated by the ECAP
method with random morphology are shown in Figure 17
(a) up to (d). Al phase precipitates within and outside of
grains make up the Al matrix, indicated with a white
color (Alem et al., 2020a). A homogeneous dispersion of
ZrB; particles significantly inhibits the development and
expansion of large grains, as shown in Figure 18 (a) up
to (d). Smaller particles have a stronger fixing impact on
boundaries than larger particles. Dendritic structures
indicate that ZrB; particulates are evenly distributed and
the porosity is low, which motivates the development of
a structure with more ZrB; in the Al matrix. Figure 18(d)
shows that the dendrites are greatly enlarged.
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Figure 17. The optical microscopy images for the ECAP
processed samples of pure Al produced by using powders
milled for (a) 6 hours, (b) 12 hours, (c) 18 hours, and (d) 24
hours

Figure 18. The optical microscopy images obtained for bulk
samples of Al-ZrB2 produced by using powders resulting
from mechanical alloying for (a) 6 hours, (b) 12 hours, (c)
18 hours, and (d) 24 hours

The submicron structure obtained for the composite
material is much more homogeneous than pure Al. The
presence of hard ceramic particles and the accumulation
of dislocations in the sub-grain and grain boundaries are
the main motives for the UFG formation after the ECAP
process. The obtained SEM images for bulk samples of
Al-ZrB; milled at 6, 12, 18, and 24 hours are given in
Figure 19. As can be seen, most grains contained small
amounts of the secondary phase. Few grains contain
cellular microstructures from the secondary phase, and

their formation may have resulted from the secondary
phase's sedimentation and agglomeration in the dendritic
structure.

The difference in grain size from the surface to the
center was due to the dynamic recovery phenomenon
activated at this stage. As shown in Figure 19 (b),
increasing the milling time by up to 12 hours has led to
the diffusion of ZrB; particles in the grain boundaries. As
shown in Figure 19 (d), increasing the mechanical
alloying time up to 24 hours has led to larger grain sizes
due to dynamic recovery as the dominant mechanism at
this stage. The particles might not have had time to
dissolve, so they diffused more at the grain boundaries.
The increase in milling time and the crushing of
aluminum particles decrease the amount of ZrB; in the
grain boundaries, which is the reason for the dominance
of the solid dissolution process in the more extended
times of mechanical alloying. In addition, increasing the
milling time leads to an increase in temperature, which
increases the possibility of oxidation of aluminum.
Finally, the defects created during the mechanical
alloying time of 24 hours can be observed in Figure 19

).

Figure 19. SEM images for ECAP processed bulk samples of
Al-ZrB2 produced by wusing powders resulting from
mechanical alloying for (a) 6 hours, (b) 12 hours, (c)18 hours,
and (d) 24 hours

As shown, the desired homogeneous microstructure
corresponds to the milling time of 18 hours (Figure 19
(c)), indicating that the grains have completely refined at
this stage. Therefore, the desired microstructure and,
consequently, the desired mechanical properties are
expected to be related to this case of mechanical alloying.

3.2.4. Micro-hardness of Bulk Samples

The effect of mechanical alloying time on the
hardness properties of the bulk samples was evaluated
using a micro-hardness tester. The results can be
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observed in Figure 20, showing that the resulting micro-
hardness increases at a high rate with the rise of
mechanical alloying time up to 12 hours, but after this
time, its rate is reduced until 24 hours when the trend of
its increasing rate reaches its lowest level. Two active
mechanisms could explain the increase in hardness of
pure Al samples and Al-ZrB, MMC samples. One reason
is the change in grain size and, consequently, the rise in
grain boundaries, which in turn increases the hardness.
The other mechanism is the increase in the density of
dislocations due to the plastic deformation of particles
during mechanical alloying and ECAP processes, which
is known as the work hardening phenomenon. Aside
from the two active mechanisms for both pure Al and Al-
ZrB, MMC, there is also increased microhardness
gradients for the Al-ZrB, MMC sample due to the high
hardness of ZrB, particles and the hardening resulting
from the dissolution of the secondary solid phase,
compared to pure Al.

The dynamic recovery mechanism in the samples is
expected to affect the trend of the grain size decrement
during a further increase in milling time. Consequently,
the rate of hardness increase would be reduced. Hence,
the upward trend of increasing hardness continues until
24 hours of milling, but its increasing rate decreases after
12 hours of milling.
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Figure 20. Micro-hardness (HV) changes for bulk pure Al and

Al-ZrBz samples produced using powders milled for 6-24
hours

3.2.5. The Shear Punch Test of Bulk Samples

As summarized in column chart of Figure 21, the
results of the shear punch test for ECAP-processed bulk
Al-ZrB; samples indicate that the samples that have been
mechanically alloyed for up to 24 hours have the highest
strength due to having the minimum crystallite size.
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Figure 21. The shear punch test results of bulk samples produced by applying ECAP on pure aluminum and Al-ZrB2 powders

milled at different times

Conducting ECAP to compact samples causes the
strength of the samples to be increased by a higher rate
up to 12 hours of milling, and their strength changes
slightly after that, up to 24 hours. The highest ductility is
related to ECAP-processed samples produced using 6
hours of milling of pure Al and Al-ZrB, MMC powders,

and the lowest ductility is related to bulk samples
prepared using 24 hours of mechanical milling of both
samples. This subject might be caused by the application
of very high strain by the warm ECAP process (Iwahashi
et al., 1996; Montazeri-Pour et al., 2014) and the work
hardening phenomenon due to the deformation of
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powders during the milling procedure (Suryanarayana et
al., 2001).

In general, the absorption of dislocations by grain
boundaries and the balance between work-hardening
caused by severe plastic deformation and dynamic
recovery have led to a decrease in the rate of grain size
reduction (Montazeri-Pour and Parsa, 2016; Montazeri-
Pour et al., 2014). Based on the calculated grain size, the
rate of grain size reduction with increasing milling time
was higher for Al-ZrB, MMC. The increase in the density
of dislocations and their presence in the grain boundaries
and the precipitation hardening resulting from Al-ZrB;
MMC at higher times could lead to equilibrium or
dynamic recovery. This issue is consistent with the lower
grain size and the higher rate of grain size reduction of
Al-ZrB, MMC compared to pure Al. The finer size of the
crystallites and the increase of the lattice strain imply the
grain size reduction with the increase of the milling time.
The dominance of dynamic recovery over the hardening
caused by the decrease in grain size can lead to the
reduction of grain fracture rate. A dynamic
recrystallization process and a relative increase in grain
size are possible after 24 hours of milling. The border
between the particles is the energy-rich area and the best
area for the agglomeration of particles and the
accumulation of impurities. The decrease in the density
of holes in the boundary between grains shows that the
energy of grain boundaries might be decreased during 24
hours of milling. In other words, a decrease in grain
boundaries can have been happening, which confirms
dynamic recovery at times longer than 18 hours of
mechanical alloying (Alem et al., 2020b; Yadav Kaku et
al., 2018).

4. CONCLUSIONS

Applying the warm ECAP process at 250°C on the
Al-ZrB, composite powder obtained by milling for up to
24 hours improved the mechanical and physical
properties of the obtained samples. The achieved
microstructure became more homogeneous with the
increase of the milling time. In addition, producing
samples using the ECAP method significantly affected
the homogeneity of the microstructure and the refinement
of the grains. The milling time of 12 hours is introduced
as the turning point of the mechanical alloying time.
After that, the mechanical properties increased slowly,
the grain size reduction rate decreased, and consequently,
the microstructure homogenization rate decreased.
Performing severe plastic deformation by the ECAP
method on powder samples, turning them into bulk
samples with this method, and increasing the mechanical
alloying time improved the mechanical properties of Al-
5wt% ZrB, MMC samples. However, its rate decreased
after 12 hours of mechanical alloying, and finally, it
reached a stable state after 18 hours, and no significant
changes were observed in mechanical properties up to 24
hours. The results of the shear punch test of Al-5 wt.%

ZrB, MMC samples indicated that the samples that have
been mechanically alloyed for up to 24 hours had the
highest strength. Therefore, the production of Al-ZrB;
MMC by powder metallurgy method found a favorable
result through the ECAP process for the consolidation of
powders milled for 24 hours.
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