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Abstract: Al2O3 is a traditional strengthening phase in aluminum matrix composites due to its
high hardness and melting point. At the same time, zirconium is an important alloying element
for heat-resistant aluminum alloys. However, its effect on the structure and properties of Al-Al2O3

composites remains unexplored at present. In this work, the effect of the addition of Zr (5 wt%) on the
microstructure and strengthening of the Al-10 vol% Al2O3 composite was investigated for the first
time. Composite materials with and without Zr addition were obtained through mechanical alloying
as a result of ball milling for 20 h followed by multi-directional forging (MDF) at a temperature of
400 ◦C. OM, SEM and XRD were used to study the microstructure and its parameters. The work
showed that the use of mechanical alloying and MDF contributes to the formation of dense composite
samples with a nanocrystalline microstructure and a uniform distribution of alumina particles. The
addition of Zr contributes to a 1.4-fold increase in the microhardness and yield strength of a compact
sample at room temperature due to the formation of Al3Zr (L12) dispersoids. It was been shown that
the largest contribution to the strength of both materials comes from grain boundary strengthening,
which is at least 50% of the yield strength. The resulting composites exhibit high heat resistance. For
example, their compressive yield strength at 350 ◦C is approximately 220 MPa.

Keywords: mechanical alloying; aluminum matrix composites; Al-Al2O3; microstructure;
microhardness; zirconium

1. Introduction

Traditional aluminum alloys can no longer meet the increased demands of modern
products operating in harsh conditions. Important alloying elements for heat-resistant
aluminum alloys are transition metals, such as zirconium [1–4]. However, their limiting
solubility in aluminum is extremely low, which reduces the strengthening potential of
the alloys. For the manufacturing of critical parts operating under extreme conditions,
aluminum matrix composites can be used instead of aluminum alloys. Aluminum matrix
composites have a number of advantages, including high strength properties at both
ambient and elevated temperatures [5–11]. Traditional reinforcing phases in composites
are ceramic particles, such as Al2O3, which are characterized by high hardness and melting
temperatures [12]. Al-Al2O3 composites are produced using various methods, including
stir casting [13,14], gas pressure infiltration [15,16], ultrasonic casting [17,18], squeeze
casting [19], semi-solid mechanical stirring [20], powder metallurgy [21] and mechanical
alloying [22–31]. Mechanical alloying [32–37] is the most effective method for forming
a homogeneous ultrafine structure. This method makes it possible to achieve a uniform
distribution of reinforcing particles in a metal matrix as a result of alternating processes
of welding and the destruction of powder particles of processed materials during ball
milling. At the same time, the severe plastic deformation that accompanies the mechanical
alloying process leads to the formation of a nanocrystalline structure that provides high
strength properties.
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Zebarjad and Sajjadi [25] showed that increasing the milling time of the Al-5%Al2O3
composite during mechanical alloying results in the formation of fine alumina particles
and their uniform distribution within the aluminum matrix. Increasing the milling time
in the steady state has no significant effect on their size distribution within the aluminum.
In another work [26], these authors showed that the mechanical and physical properties
of milled Al-5 wt% Al2O3 composites depend on the milling time. Thus, an increase in
the milling time leads to an increase in electrical resistivity, microhardness, compressive
strength and wear resistance with a simultaneous decrease in ductility. However, in the
steady state, increasing the milling time does not have a significant effect on the properties.
Toozandehjani et al. [27] also investigated the effect of the milling time on the morphology,
microstructure and physical and mechanical properties of Al-5 wt% Al2O3. It was shown
that increasing the milling time leads to a homogeneous dispersion of Al2O3 nanoparticles,
a decrease in their clustering and interparticle spacing and a reduction in the size of the
powder particles. In addition, ball milling contributes to crystalline refinement and the
accumulation of internal stresses due to intense plastic deformation. These morphological
and microstructural changes of composite powders caused by increasing the milling time
contribute to the improvement of density, densification, microhardness, nanohardness and
Young’s modulus of Al-5Al2O3 nanocomposites. Poirier et al. [28] successfully prepared
Al nanocomposites using Al2O3 particles of different sizes with contents up to 10 vol%.
The microhardness of a 10% composite powder was shown to be almost five times higher
than that of pure unground aluminum. Reducing the Al2O3 particle size from 400 to 4 nm
increases the microhardness of the composite powder by 11%. Wagih [29] investigated the
effect of different weight fractions of alumina (0, 2.5, 5 and 10 wt%) on the microstructure
and strength of Al/Al2O3 composites obtained through mechanical alloying. The results
showed that the addition of alumina particles accelerated the milling process, resulting
in higher work hardening rates, refinement of the composite powder particles and im-
provements in their morphology. Increasing the mass fraction of reinforcing nano-sized
Al2O3 particles results in their more uniform distribution in the Al matrix. The mechanical
properties of the composite increase with an increasing alumina content. Tavoosi et al. [30]
investigated the wear properties of Al nanocomposites containing different amounts of
nanosized Al2O3 particles (4, 8, 12 and 16 wt%) in dry sliding tests. The results showed that
hardness and wear resistance increased with an increasing Al2O3 content of the nanocom-
posites. The predominant wear mechanisms in the Al-Al2O3 system are adhesion and
delamination with lower and higher Al2O3 contents, respectively. Razavi Tousi et al. [31]
studied the particle size, morphology and compressibility of Al-20 wt% Al2O3 composite
powder as a function of milling time. It was shown that the addition of alumina particles
reduces the time required to reach the steady state where the distribution of particles in
the Al matrix is completely homogeneous. This makes it possible to increase the hardness
of the composite through the formation of a nanocrystalline metal matrix and dispersion
reinforcement mediated by oxide particles.

In general, Al-Al2O3 composites have been well studied. In addition to alumina,
transition metals, such as zirconium, can improve the strength properties of aluminum
materials at room and elevated temperatures through the formation of the strengthening
intermetallic particles Al3Zr. The Al3Zr (L12) phase is an effective aluminum hardener
and anti-crystallization agent in Al alloys [38]. Al-Aqeeli et al. [39] developed Al-Mg-
Zr nanocomposite materials through the mechanical alloying of elemental powders. He
showed that when Zr is added (up to 35 at.%) to the Al-Mg alloy, a solid solution and
an intermetallic is formed, resulting in structural stability and an increase in hardness.
Muthaiah et al. [40] studied the extension of the solid solubility of Zr (1–10 at.%) in
Al through mechanical alloying and the thermal stability of prepared Al-Zr materials.
It was shown that a nanocrystalline solid solution is formed during ball milling. The
formation of an Al3Zr intermetallic phase played an important role in stabilizing the
nanocrystalline grains. Srinivasarao et al. [41] used Zr and Al3Zr powders to develop
mechanically alloyed Al-Zr nanocomposite alloys. The alloys, after spark plasma sintering,
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consisted of Al with nano-sized grains and a finely dispersed Al3Zr (L12) phase due to
which these nanocomposites exhibited a high compressive strength of 1 GPa with 10%
plasticity. In our previous work [42], we investigated the effect of the Zr content (5–20 wt%)
on the strengthening of composites based on an Al-Cu-Mn alloy. It was shown that
mechanical alloying leads to an increase in the solubility of zirconium in aluminum up
to 20 wt%. When the Zr content increases, the microhardness of hot-pressed samples
increases to 520 HV due to precipitation hardening and the formation of a metastable
Al3Zr (L12) phase. The compact samples exhibited high strength at room and elevated
temperatures. Kaveendran et al. [43] synthesized in situ hybrid (Al3Zr + Al2O3)/2024
aluminum matrix composites using low-energy ball milling and reactive hot pressing. With
a total reinforcement content of 10 vol%, the synthesised Al3Zr and Al2O3 particles had
effectively reinforced the Al matrix.

In general, the effect of transition metals and intermetallic compounds on the struc-
ture and properties of Al-Al2O3 composites has not been well studied. These different
reinforcement phases may have a synergistic effect on the properties of the aluminum
matrix composite. Therefore, the aim of this work was to investigate the effect of zirconium
addition on the microstructure and strengthening of the Al-Al2O3 composite.

2. Materials and Methods

In this work, Al-10 wt% Al2O3 composites with and without the addition of 5 wt%
Zr were investigated to compare their microstructure and mechanical properties. The
starting components were Al and Al2O3 powders (average particle size of about 500 nm)
and zirconium chips of several millimeters in size. Stearic acid was added at 2 wt% to the
material without Zr addition to prevent welding. The starting materials were processed
in a Retsch PM400 planetary ball mill in an argon atmosphere at a speed of 300 rpm. The
ball-to-powder weight ratio was 20:1. The milling time was 20 h. To study the morphology,
the composite granules were mixed with acrylic powder in a holder and impregnated
with a monomer liquid. The samples obtained after curing were subjected to grinding and
polishing. The morphology of the granules and the microstructure were studied using
a TESCAN VEGA 3LMH scanning electron microscope. Microhardness was measured
using the Vickers method on a 402MVD instrument at a load of 50 g, as an average of
10 measurements. XRD analysis was performed using a D8 Discover diffractometer (Bruker-
AXS) with CuKα radiation.

The composite powders were precompressed through hot pressing at a temperature
of 350 ◦C and a pressure of 400 MPa in a steel matrix with a rectangular hole. The samples
obtained had the shape of a parallelepiped with dimensions of 9 × 9 × 18. Multidirectional
forging (MDF) was then carried out at 400 ◦C. The specimen was placed vertically in the
same die and deformed to a value of e = 0.8 of the true strain at a cross-head velocity of
5 mm/min, corresponding to an initial strain rate of 5 × 10−3 s−1. Deformation occurred
along two of the three axes, and the geometry of the specimen remained constant after each
pass. In order to work out all the axes of deformation in the specimen after each pass, the
specimen was rotated 90◦ from its original position after each operation. Three passes with
two rotations constituted one forging cycle. In total, 6 passes or 2 complete deformation
cycles were performed with a cumulative strain of ∑e = 4.8. A detailed scheme of specimen
rotation during isothermal multidirectional forging is presented in [44].

The density of the compacted samples was measured via hydrostatic weighing. Com-
pression tests were performed on a Zwick Z250 universal testing machine at a temperature
of 350 ◦C with an initial strain rate of 10−3 s−1.

3. Results and Discussion

Figure 1 shows images of powder particles (granules) of the composites studied in
the plane of the section after mechanical alloying. These granules were formed through
repeated alternating processes of welding and the destruction of powder particles during
milling as a result of severe plastic deformation. These processes take place under the
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impact and abrasion of the milling balls. From Figure 1a, it can be seen that the edges of
the Al-10% Al2O3 granules were uneven and their size was about 100 µm. At the same
time, with the addition of 5 wt% Zr, the shape of the granules became more regular and
their average size decreased to about 40 µm, indicating the development of greater work
hardening in this material and the predominance of the destruction mechanism.
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Figure 1. Morphology of granules of (a) Al-10%Al2O3 and (b) Al-10%Al2O3-5%Zr composites after
20 h of milling.

The residual porosity was significantly higher at the surface of the samples after hot
pressing for both alloys studied, while a high porosity was defined at the periphery of
the samples and a smaller fraction in the center (the example for the Al-10%Al2O3-5%Zr
material is shown in Figure 2a,b). At high magnification, the boundaries between the
granules were observed (Figure 3b). The subsequent MDF resulted in a strong decrease in
porosity and discontinuities along the granule boundaries in both the central and peripheral
parts of the samples (Figure 2c,d and Figure 3d,e), indicating the increase in sample quality.
Meanwhile, some residual discontinuities were detected in the Zr-bearing material. The
porosity reduction also supports the density change analysis. The density of the samples
increased from 2.47 to 2.73 g/cm3 and from 2.69 to 2.81 g/cm3 for samples without Zr and
with Zr addition, respectively.
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Figure 2. Porosity of Al-10%Al2O3-5%Zr after hot pressing (a,b) and MDF (c,d) at the periphery
(a,c) and center (b,d).

The microstructure of both materials showed light gray Al2O3 particles uniformly
distributed in the aluminum matrix (Figure 3). The average size of the ceramic particles
was about 400 nm. Their distribution was independent of the material composition and
accumulated strain. The white inclusions were impurity iron particles introduced into the
material through the abrasion of steel grinding balls during mechanical alloying.
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Figure 4 shows the X-ray diffraction patterns of the Al-10%Al2O3 and Al-10%Al2O3-
5%Zr composites in the as-milled state and after forging. The XRD analysis of both
materials showed the presence of Al2O3 phase lines in all two states. At the same time, after
mechanical alloying, there were no zirconium lines in the Al-10%Al2O3-5%Zr material,
and the lattice parameter of Al increased from 0.4049 to 0.406 nm compared to the Al-
10%Al2O3 powder, as shown in Figure 5. The lattice parameters were calculated using the
Nelson-Riley extrapolation function [45]:

a = ϕ(θ) =
1
2

(
cos2 θ

sin θ
+

cos2 θ

θ

)
(1)
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The disappearance of the Zr lines and an increase in the lattice parameter (the atomic
radius of Zr is greater than the atomic radius of Al) indicated the dissolution of zirconium
in aluminum as a result of high-energy milling due to the activation of diffusion processes
with intense plastic deformation. The obtained value of the parameter corresponded to the
complete dissolution of 5 wt% Zr [42]. This solubility was almost 5 times higher than the
values obtained using traditional casting methods [46].

After forging, the lattice parameter of the material with the addition of zirconium
was restored to the value corresponding to pure aluminum, while for the material without
zirconium, the parameter did not change after hot deformation, as can be seen from Figure 5.
The decrease in the lattice parameter in the Al-10%Al2O3-5%Zr material is explained by
the decomposition of the supersaturated solid solution with the precipitation of the non-
equilibrium phase Al3Zr (L12) of the cubic modification, for which lines were visible in the
diffraction pattern (Figure 4). These dispersoids were small in size (5–20 nm) [47] and were
therefore not detectable in the microstructure in Figure 3.

It should also be noted that in all but one case, the slope of the extrapolation line
in Figure 5 was positive. However, for the Al-10%Al2O3 material in the as-milled state,
this slope was negative, and it was associated with a decrease in interplanar spacing.
This may be due to compressive deformation of the crystal lattice as a result of severe
plastic deformation during the milling process. For the Al-10%Al2O3-5%Zr material, this
phenomenon is likely to be compensated for by an increase in interplanar spacing due to
the dissolution of zirconium, and hence, the line slope is positive for this material.

The formation of a highly deformed structure during mechanical alloying was con-
firmed through X-ray diffraction analysis. Figure 6 shows the Williamson–Hall plots plotted
using equation [48]:

βhkl cos θ =
Kλ
D

+ 4ε sin θ (2)

where β is an integral broadening of the diffraction peak, θ is the Bragg angle, K is the shape
factor (0.9), λ is the wavelength of Cukα radiation (0.154 nm), D is the mean crystallite size
and ε is the microstrain.

In this figure, the slope of the straight line can be used to determine the microstrain of
the aluminum matrix, and the average size of the crystallites (grains) can be determined
from the point of intersection with the vertical axis. The crystallite size determined by the
W-H method was in good agreement with the grain size determined via TEM [9]. This
figure shows that the microstrain values of both materials studied after milling were around
0.2%, which corresponds to a highly deformed structure. It can also be seen from Figure 6a
that for the Al-10%Al2O3 material, the slope after forging increased significantly compared
to the state after milling, which was associated with an even greater increase in microstrain
from 0.002 to 0.0029 and an increase in crystallite size from 52 to 80 nm. An increase in the
microstrain after hot deformation can be caused by thermal stresses during cooling due to
the difference in thermal expansion coefficients between aluminum and Al2O3.
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However, as can be seen from Figure 6b, the microstrain determined from the corre-
sponding slope of the line for the material with zirconium addition slightly decreased from
0.21 to 0.18% and the crystallite size also changed slightly (from 25 to 28 nm). It should be
noted that the crystallite size of the aluminum matrix in the Al-10%Al2O3-5%Zr material
was significantly smaller, which is related to the anti-recrystallization effect of zirconium. In
the Al-10%Al2O3 material, there was no such additive, and therefore, the recrystallization
processes were more pronounced, which is reflected by the coarsening of the crystallites.
A slight decrease in the microstrain in the Al-10%Al2O3-5%Zr material may be due to the
release of microstresses generated by the dissolution of Zr as a result of the decomposition
of the supersaturated Al solid solution.

It is known that a change in the microstructure leads to a change in the mechanical
properties. Thus, the microhardness of the material with Zr addition after forging decreased
from 285 ± 9 to 244 ± 13 HV compared to the as-milled state. The reason for this decrease
may be due to the decomposition of the solid solution, as the effect of solid solution
strengthening in this case was greater than the effect of dispersion strengthening [42].
However, the microhardness of the Al-10%Al2O3 material did not change significantly after
forging and was 176 ± 8 HV, while after milling, it was 175 ± 12. The lack of a change in
microhardness may be due to the softening caused by grain growth being compensated for
by microstrains. In general, the addition of zirconium increased the microhardness of the
forged samples by 70 HV.

In order to evaluate the influence of the different contributions to the strengthening of
Al-10%Al2O3 materials with and without Zr addition, the corresponding calculations were
carried out using the following equation:

σ = σ0 + σGB + σDis + σOr (3)

where σ is the yield strength of the composite material, σ0 is the Peierls–Nabarro stress (10
MPa for Al), σGB is the grain-boundary strengthening, σDis is the dislocation strengthening
and σOr is the Orowan strengthening.

Grain boundaries are known to be effective barriers to dislocation movement. Dislo-
cations are restrained at boundaries and form clusters. Elastic stress fields are generated
around them, acting on the boundaries and adjacent areas of neighboring grains, in addi-
tion to the externally applied stresses. Grain boundary strengthening is calculated using
the Hall–Petch equation [49]:

σGB = kD−1/2 (4)

where k is the Hall-Petch coefficient that is equal to 0.1 and D is the grain size.
As calculated using the Williamson–Hall method, the crystallite (grain) size for ma-

terials without and with added zirconium was 80 and 28 nm, respectively. Substituting
these values, we find that the values of the contribution of grain boundary strengthening to



Metals 2023, 13, 2008 8 of 13

the yield strength of forged Al-10%Al2O3 and Al-10%Al2O3-5%Zr specimens are 364 and
608 MPa, respectively.

Clusters of dislocations formed during plastic deformation create elastic stress fields
around themselves that block dislocation sources. As a result, the stress required to continue
deformation and for dislocations to bypass the existing barriers increases. The contribution
of strengthening due to the dislocation forest is calculated using the Taylor equation:

σDis = MαGbρ1/2 (5)

where M is the Taylor factor equal to 3.06, α is a dimensionless constant related to the
dislocations interaction (0.3 for Al), G is the shear modulus (26 GPa for Al), b is the Burgers
vector (0.286 nm for Al) and ρ is the dislocation density, which is calculated using the
following equation [50]:

ρ =
nε
Db

(6)

where n is the coefficient (~7 for fcc metal).
Using the values of microstrain and average crystallite size calculated using Equation

(2), we found that the contribution from the dislocation strengthening of Al-10%Al2O3 and
Al-10%Al2O3-5%Zr is 143 and 191 MPa, respectively.

Closely spaced dispersed particles also contribute to strengthening through the
Orowan mechanism, where dislocations are pushed between them to form loops. The
strengthening contribution in this case was estimated using the following equation [51]:

σOr =
0.13Gb
λ

ln
(

d
2b

)
(7)

where d is the average particles size (400 nm for Al2O3 and 20 nm for Al3Zr) and λ is the
interparticle distance, which is calculated using the following formula:

λ = d

[(
1

2V

)1/3
− 1

]
(8)

where V is the volume fraction of strengthening particles (0.1 for Al2O3 and 0.06% for
Al3Zr [34]. For the material with the zirconium addition, the values of λ and σOr were
calculated separately for Al2O3 and Al3Zr. As a result of the calculations, the values of
the contribution of strengthening caused by dispersed particles for Al-10%Al2O3 and Al-
10%Al2O3-5%Zr materials were 22 and 189 MPa, respectively. It can be seen here that
nanosized Al3Zr dispersoids have the greatest strengthening effect compared to submicron
Al2O3 particles.

The values of the contributions of the various factors and the values of the yield
strength calculated using Equation (3) for the materials studied are summarized in Table 1.
Estimates of the yield stress obtained using the Tabor equation [52] are also shown:

σHV =
9.8HV

3
(9)

where HV is the hardness value in kgf/mm2.

Table 1. Comparison of different hardening contributions and calculated yield stress values for
Al-10%Al2O3 and Al-10%Al2O3-5%Zr composites after forging.

Material
σGB, MPa

σDis, MPa σOr, MPa
σ, MPa

σHV, MPa
k = 0.1 k = 0.07 k = 0.1 k = 0.07

Al-10%Al2O3 354 — 143 22 529 — 572
Al-10%Al2O3-5%Zr 598 418 191 189 988 808 823
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As can be seen from this table, the calculated values of the yield strength for the
material Al-10%Al2O3, obtained using Equation (3), turned out to be lower than the value
estimated using Equation (9). The reason for this difference may be that the following effect
was not considered in the calculation of the contribution of the dispersed particles to the
strengthening. As a result of the decomposition of stearic acid, carbon in the aluminum
matrix can be released to form hard-to-detect hardening aluminum carbide dispersoids,
which make an additional contribution to Orowan strengthening [9]. At the same time,
the stress value for the Al-10%Al2O3-5%Zr composite, obtained from Equation (3) using
a Hall–Petch coefficient of 0.1, was significantly higher than the value estimated from
microhardness. This can be the reason that at extremely small grain sizes, the slope of the
Hall–Petch relationship decreases due to a transition from dislocation-based deformation
to grain boundary sliding [53]. The use of the Hall–Petch coefficient value of 0.07 obtained
from fitting in Equation (4) resulted in a lower stress value, which was almost the same as
that obtained using the Tabor equation. Table 1 also shows that the largest contribution
to the yield strength of composites was made by grain boundary strengthening, ranging
from 52 to 65%. At the same time, the strength of the material with the addition of
zirconium exceeded the strength of the material without zirconium by 1.4 times, due to the
strengthening effect of Al3Zr dispersoids.

Compression diagrams for compact samples obtained after hot pressing and MDF
are shown in Figure 7. It can be seen that the compression curves for the forged samples
were significantly higher than those for the pressed samples. This indicates that forging
results in a significant increase in strength compared to pressing, due to a higher degree of
densification. Meanwhile, the ductility of the Zr-added material was slightly lower than
that of the Al-10%Al2O3 material. This may be due to the retention of discontinuities in
the microstructure due to the higher microhardness of the powder and smaller particle
size. It should also be noted that although the microhardness and calculated yield strength
at room temperature were higher for the Al-10%Al2O3-5%Zr material compared to Al-
10%Al2O3, the yield strength at 350 ◦C was approximately the same for both materials and
was approximately 220 MPa, which is a very high heat resistance index. It is evident that
the alumina particles, which are inert to the metal matrix, make a significant contribution
to the creep strength compared to the inhibition of dislocation motion at room temperature.
In addition, high temperature strength is achieved with a grain size of less than 100 nm,
indicating that there is no contribution from diffusion creep. The lack of a difference in the
yield strength may be due to the fact that in the first material, due to the very small grain
size, deformation can occur in the initial phase at elevated temperatures through grain
boundary sliding, whereas in the second material, the dislocation strengthening mechanism
is mainly involved.
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Figure 8 shows the fractographs of the forged specimens after compression testing. At
low magnification (Figure 8a,b), a flat fracture surface with traces of plastic deformation can
be seen for both materials, indicating a predominantly brittle fracture pattern. However,
at a higher magnification (Figure 8c,d), the fracture surface showed a dimpled structure
characteristic of ductile fracture. The size of the pits was on the order of 1 µm. They
appeared to have been formed through the detachment of alumina particles from the
Al matrix. In the Al-10%Al2O3 material, the dimpled structure was more homogeneous
than in the Zr-containing material due to a smaller number of defects (larger size of the
initial granules). This explains the lower ductility of the latter. Based on the analysis
of the presented fractographic images, it can be assumed that brittle fracture along the
discontinuities is preceded by ductile fracture within the initial granules.
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Figure 8. Fractographs of (a,c) Al-10%Al2O3 and (b,d) Al-10%Al2O3-5%Zr forged composites after
compression tests at different magnifications: (a,b) low magnification, (c,d) high magnification.

4. Conclusions

The work has shown that high energy ball milling of materials the Al-10 vol%
Al2O3/+5 wt% Zr for 20 h followed by multi-directional forging at 400 ◦C results in the
formation of dense composite samples with a nanocrystalline microstructure and uniform
distribution of Al2O3 particles. At the same time, the addition of 5 wt% Zr contributes to
a 1.4-fold increase in the microhardness and yield strength of a compact sample at room
temperature. Estimates of various possible contributions indicate that this increment is due
to the strengthening effect of the Al3Zr (L12) dispersoids precipitated from the supersatu-
rated solid solution of zirconium in aluminum formed during the milling process. It has
also been shown that the largest contribution to the strength of both materials comes from
grain boundary strengthening, which is at least 50% of the yield strength. In addition, the
compressive yield strength of the composites studied at 350 ◦C is about 220 MPa, which
demonstrates their high heat resistance.
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