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Abstract In this paper, flake powder metallurgy technique
is described for fabricating near-net-shape SiC nanoparticle-
reinforced Al2024 matrix composites. The effect of the par-
ticle size on the flake Al2024matrix powders and the amount
of SiC nanoparticles in the particle distribution, microstruc-
ture, relative density, and hardness of SiC nanoparticle-
reinforced Al2024 matrix composites were investigated. The
flake Al2024 matrix powders were mixed with three dif-
ferent as-received Al2024 powders particle sizes by ball
milling. Microstructural characterization revealed a flake-
like microstructure and dispersed SiC nanoparticles between
the Al2024 matrix powders with grain boundaries contain-
ing sufficient area for the reinforcement particles. The hot
pressed density increased as the matrix size decreased due
to the small frictional forces observed between the fine
flake particles. The hardness of Al2024/SiC nanocomposites
increased as the size of theAl2024matrix powders decreased.

Keywords Metal–matrix composites · Ball milling ·
Nanocomposite · Flake powder metallurgy · SiC

1 Introduction

The need for advanced engineering materials is constantly
increasing in the aerospace, transportation, defense, and
energy industries because a single material generally cannot
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meet the requirements for numerous different applications
[1,2]. El-Kady and Fathy [3] fabricated Al-SiC composites
by using powder metallurgy method. They investigated the
effect of SiC particle size and its amount on both phys-
ical and mechanical properties of Al matrix composite.
Canakci andVarol [4] produced AA7075/Al-SiC composites
from machining chips using powder metallurgy technique.
They studied the effect of SiC content on the microstruc-
ture, physical and mechanical properties of AA7075/Al-SiC
composites. There is growing interest in the automotive,
aerospace, and transportation industries in aluminum matrix
composites (AMCs) because of their light weight, high elas-
tic modulus, improved strength, and good wear resistance
[5]. 2024 aluminum alloys is widely used in aerospace
applications due to their low density and good damage tol-
erance [6]. Kök [7] investigated abrasive wear of Al2O3

particle-reinforced 2024 aluminum alloy matrix composites.
He reported that the wear resistance of the composites was
considerably bigger than that of the aluminum alloy. SiC
is an important reinforcement material for Al metal matrix
composites because of its high strength and modulus of elas-
ticity. The addition of nanometer-sized SiC further promotes
increases to both the mechanical properties and ductility of
composites [8].

Powder metallurgy (PM) is widely used as a fabrica-
tion method to produce metal matrix composites. Although
PM allows the production of components with complex
geometries in bulk, there are some disadvantages associ-
ated with conventional powder metallurgy, such as porosity
and agglomeration of the reinforcing particles within the
metal matrix. This often leads to the degradation of the bulk
mechanical properties. These problems becomemore impor-
tant when there is a significant difference in the particle sizes
between the reinforcement and the matrix alloy powders
or when the reinforcement volume fraction is high [9,10].
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Umasankar et al. [11] studied the influence of processing
parameters on the mechanical properties of SiC particle-
reinforced AA6061 aluminum alloy matrix composite by
powder metallurgy technique. They stated that when the con-
tent of SiC particle increases, localized agglomeration of
the reinforcement was observed which resulting in certain
heterogeneity of the microstructure. Mechanical milling is
an attractive powder metallurgy technique that produces a
uniform dispersion of the reinforcement particles within the
matrix through a repeated process of coldwelding, fracturing
and rewelding, which gives rise to the reinforcement parti-
cles being well embedded in the matrix [12,13]. However,
the high degree of work deformation reduces the ductility of
matrixmaterial, and the compressibility of the alloy and com-
posite powders decreases as a result of the work hardening
process. Therefore, it is essential to develop a simple way for
uniform distribution of the reinforcement particles into the
matrix, to ensure an adequate powder deformation capacity
and promote good mechanical properties in the deformation-
processedMMCs.Recently, a new and simplemethod known
as “flake powder metallurgy” (FPM) has been developed
for fabricating MMCs. In this method, the flake morphol-
ogy of milled powders permits fabrication without requiring
extended milling times and ensures a homogeneous distri-
bution of the reinforcement particles in the matrix [14,15].
Zhang et al. [16] synthesizedAl-Al2O3 composites bymeans
of a flake powder metallurgy. They reported that both the
decrease in grain size of Al matrix and the increase in vol-
ume fraction of Al2O3 contribute to the increase in tensile
strength caused by decreasing flake Al powder thickness.

Although, the microstructure, physical and mechanical
properties of metal matrix composites have been examined
and reviewed in several works using micron-sized rein-
forcing materials and powder metallurgy methods [17,18],
studies especially related to Al2024 matrix nanocompos-
ites with reinforced nanosized reinforcement materials and
flake powder metallurgy methods are limited. To address
this shortcoming, we present a study on the production of
Al2024/SiC nanocomposites with varying amounts of SiC
particle reinforcement using a flake powder metallurgy fab-
rication technique. The effect of the weight percentage of
SiC nanoparticles and the milling methods on the parti-
cle agglomeration and microstructure are examined. Finally,
changes in the physical and mechanical properties as a func-
tion of SiC content were investigated using density, hardness,
and tensile strength measurements.

2 Experimental Procedures

Al2024 matrix powder (Gündoğdu Exoterm Company,
Turkey) with average particle sizes of 28, 62 and 162µm
were used as the matrix materials (Fig. 1). The chemical

Fig. 1 SEM images of the starting matrix powders: Al2024 powder
with a 162µm particle size, b 60µm particle size and c 28µm particle
size

composition of the as atomized Al2024 alloy powders was
given in Table 1. SiC powder with an average particle size of
40 nm was procured from Alfa Aesar (Fig. 2). The starting
Al powders had an irregular morphology, whereas the SiC
nanoparticles were polygonal or angular in shape.

The fabrication of the flake nanoSiC particle-reinforced
Al2024alloy composite powderwas carriedout in two stages.
To produce the flake powder metallurgy Al2024 matrix pow-
der, a milling process was performed at room temperature
using tungsten carbide balls in a planetary ball mill (Retsch
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Table 1 Chemical composition of Al2024 alloy

Cu Mg Mn Fe Si Cr Zn Ti Al

wt% 4.85 1.78 0.312 0.374 0.385 0.042 0.138 0.005 92.114

Fig. 2 SEM image of the SiC nanoparticles

PM 200). The ball-to-powder weight ratio and rotational
speedwere 10:1 and300 rpm, respectively.Methanol (1wt%)
was used as the process control agent (PCA) to prevent exces-
sive cold welding of powder particles. The main goal of the
first stagewas to determine themost suitable flakemorpholo-
gies for use in manufacturing the composite samples. Five
different milling times (0.5, 1, 1.5, 2, and 5 h) were selected
during the first stage. The ball mills were 10 mm in diameter,
and the weight ratio of ball to powder (BPR) was maintained
at 10:1. To fabricate the flake powdermetallurgyAl2024/SiC
nanocomposite powder, various nominal portions of 1, 3,
and 5 wt% SiC nanopowder were added to the atomized
Al matrix powders. The Al2024 alloy matrix powders and
nanoSiC reinforcement particles were milled together for 15
min in the second stage. The purpose of the second stage was
to embed the SiC nanoparticles in the matrix powder.

The apparent density of the composite powders was
measured using a Standard Hall Flowmeter. The morphol-
ogy of the initial powders, flake powders, distribution of
the SiC nanoparticles within the Al2024 matrix and the
microstructure of nanoSiCparticle-reinforcedAl2024matrix
composites were examined using a scanning electron micro-
scope (SEM) (Zeiss Evo LS10). X-ray mapping was also
performed on the milled powders to evaluate the elemental
distribution. A Mastersizer Hydro 2000e laser particle size
analyzer was utilized to determine both the average parti-
cle size and size distribution of the produced powders. The
Al2024/SiC nanocomposite powders were consolidated via
hot pressing (HP) using a steel die with a diameter of 30 mm,
a load of 150 MPa, a temperature of 500©C, and a soaking

Table 2 Theoretical density of AL2024-SiC nanocomposites

Composite

Al2024-1 wt%SiC Al2024-3 wt%SiC Al2024-5 wt%SiC

Theoretical
density
(g/cm3)

2.8041 2.8123 2.8205

Fig. 3 The different stages of the flake powder metallurgy process

time of 45 min. The density (d) of the compacted mater-
ial was determined by Archimedes’ method. The theoretical
density of the compacted material was calculated from the
rule of mixtures using the densities of Al2024 (2.8 g/cm3)

and nanoSiC (3.21 g/cm3) particles (Table 2). The hardness
measurements were performed by using a Brinell hardness
tester (INNOVATEST, NEMESIS 9000) with a load of 31.25
kgf. The hardness values were averaged over four measure-
ments taken at different places on the sample.

3 Results and Discussion

3.1 The Change of Flake Morphology

The first and most important step in the flake powder
metallurgymethod is the deformation process. During defor-
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Fig. 4 The morphology CMS matrix powders as a function of milling time: a 0.5h, b 1h, c 1.5h, d 2h and e 2.5h

mation, the initial morphology of the as-received powders
is changed to flake morphology through the ball–powder–
ball collisions (Fig. 3) [19]. However, the morphological
conversion from the initial morphology (irregular or spher-
ical) to flake morphology may be explained using a time

period rather than a definite milling time. This is because
the powder is gradually exposed to plastic deformation dur-
ing the ball milling process. The initial stage in the flake
powder metallurgy method has the same characteristics as
the first stage of a ductile-ductile milling system [20]. The
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Fig. 5 The morphology of MMS matrix powders as a function of milling time: a 0.5h, b 1h, c 1.5h, d 2h and e 2.5h

main difference is that the metal powder mass has the same
chemical composition that is used inflakepowdermetallurgy,
whereas in a ductile–ductile system, the two metal powder
masses have different chemical compositions. The second
stage in the flake powder metallurgy method is mixing the

flakematrix powders and ceramic particles. This processmay
be performed using a simple mechanical stirrer, but a more
homogeneous mixture can be obtained using the ball milling
technique. It is noted that deformation effects, fracturing and
cold welding should not occur during the mixing process.
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Fig. 6 The morphology of FMS matrix powders as a function of milling time: a 0.5h, b 1h, c 1.5h, d 2h and e 2.5h

The final stage is the densification via the hot pressing. One
of the major advantages of flake powder metallurgy is the
high densification possible due to the high ductility of the
flake powders.

The variation in flake morphologies for the CMS (coarse
matrix size), MMS (medium matrix size) and FMS groups
(fine matrix size) as a function of the milling time (0.5, 1,
1.5, 2 and 2.5 h) is shown in Figs. 4, 5 and 6. The milled
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powders were found to include undeformed (non flake-like)
powders (Figs. 4a, 5a, 6a) after 0.5 h of milling. Therefore,
the powder morphology obtained after 0.5 h of milling was
not suitable for flake powder metallurgy as a result of the
non-homogeneous powder morphology. The initial particle
morphology (which was observed to be irregular) trans-
formed to aflake powdermorphology after 1 h ofmilling. The
SEM images show that the powder milled for 1 h exhibits a
flake morphology (Figs 4b, 5b, 6b). As seen in Figs 4c, d, 5c,
d, and 6c, d, the morphologies obtained after 1.5 and 2 h
of milling exhibit particle deformation and a homogeneous
flake morphology. It is noted that the some milled powders
may fracture during particle deformation as a result of ball–
powder–ball and ball–powder–vial collisions. However, it
is also noted that the deformation process is more domi-
nant than the fracture process due to the relatively ductile
nature of the matrix powder. The homogenous flake particle
morphology is observed to transform to a non-homogenous
flake particle morphology after 2.5 h of milling, as shown
in Figs. 4e, 5e and 6e. Therefore, fracture based processes
dominate after 2 h of milling, a fact that has been observed
by other researchers [21,22]. From the morphological exam-
inations, the flake powders produced using 1, 1.5, and 2 h of
milling were observed to comply with the requirements for
basic flake powder metallurgy, permitting these flake pow-
ders to be used in consolidation or nanocomposite production
processes. The effect of the initial particle size of the Al2024
powders on the flakemorphology is also explained in Figs. 4,
5 and 6. It is noted that the homogeneous flake morphology
decreased with the initial particle size, which is attributed to
the ductility of the as-received powders. Finer metal powder
is more difficult to solidify than coarsemetal powder because
finer metal powder solidifies faster and yields a harder prod-
uct than coarsemetal powder during the atomization process.
Therefore, the balance between deformation and fracture
must bemaintained during ballmilling of fine ductile powder.
Some particles were easily fractured and non-homogeneous
flake morphology was observed. However, it is noted that the
flake morphology was the dominant mechanism for all the
powder groups milled for 1, 1.5 and 2 h.

3.2 Flake Particle Size

In the flake powder metallurgy method, the use of homoge-
neous flake particles is a key factor to obtaining composites
possessing superior physical andmechanical properties. Fig-
ure 7 shows the variation in the average particle size as the
milling time increases for all matrix groups. The reduction
in the particle size of the Al2024 matrix powder is faster in
the initial milling stage (0.5 and 1 h). This may be attributed
to the initial matrix powder having irregular or ligament-like
shapes. These powders are easily deformed by ball collisions
and are easily fractured in their weak regions. It is noted that
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Fig. 7 The change in the average particle size with increasing milling
time
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Fig. 8 The change in the fracture rate (%) with increasing milling time
for the different matrix groups

the initial powder morphology is an important factor that
affects the final particle size [23]. As seen in Fig. 7, the par-
ticle size decreases slightly after 1 h of milling because there
are no weak regions in the Al2024 powders after this stage.
In particular, there was a remarkable decrease in the parti-
cle size of the MMS and FMS matrix groups compared to
the CMS group. The decrease in the particle size may result
from both an increase in the milling time and an increase
in the amount of plastic deformation. The average particle
size of the CMS matrix powders after 0.5 h of milling was
approximately 124 µm, which decreased to 62 µmwhen the
as milling time was increased to 2.5 h. However, the parti-
cle size of FMS matrix powders after 0.5 h of milling was
approximately 26 µm, which decresaed to 8 µm when the
milling time was increased to 2.5 h.

As shown in Fig. 8, the fracture rate (%) or deformation
rate (%) can be examined to gain a better understanding of
these processes. Fracture rate shows the percentage of the
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Fig. 9 The change in the specific surface area with increasing milling
time

Fig. 10 Particle arrangement for the different particle size distribu-
tions: a spherical powder and, b flake powders

amount of fracture particles in the total powder mass. On
the other hand, deformation rate refers to the percentage of
the amount of deformed particles in the total powder mass. A
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Fig. 11 Effect of milling time on the apparent density of the flake
matrix powders

new set of formulas named as the Temel equations were used
to calculate the fracture rate (%) or deformation rate [24].

3.3 Specific Surface Area

Specific surface area is a property ofmetal particles explained
as the total surface area of a powder particle per unit of pow-
der mass (m2/g). As seen in Fig. 9, the specific surface area
increased with the ball milling time. The increasing trend for
specific surface area with the milling time may be attributed
to the fracture processes that occur as a result of the defor-
mation during the ball milling process. It should be noted
that the specific surface area increased with decreasing ini-
tial particle size of Al2024 alloy powders (Fig. 9). This may
be attributed to the fine initial particle size and rapid reduc-
tion in the particle size of the FMS matrix powders.

3.4 Apparent Density of the Flake Matrix Powders

Figure 10 shows the particle contacts and arrangement for
spherical and flake morphologies, respectively. The packing
factor of spherical particles leads to a higher density than
other shapes. The packing density decreases as the surface
roughness or shape irregularity increases. For a coarse spheri-
cal powder, the packing fraction for a loose packing is usually
near 60% of the theoretical value. A higher relative apparent
density may be achieved by mixing different sized powders,
as shown in Fig. 10. This principle involves using finer parti-
cles to fill the voids formed by the larger powders. It is noted
that there are a great number of voids within the compacted
samples fabricated using flake powders than those fabricated
using spherical powders. Therefore, if powder mass includes
bimodal or trimodal distributions, the fine powders easily fill
the voids and high-density parts can be fabricated. It is noted
that metal powders with a very fine particle size provide only
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Fig. 12 SEM image and elemental mapping showing the effect of the nanoSiC content on the microstructure and dispersion of the particles in the
CMS nanocomposites reinforced with 1wt% SiC

a small improvement to the apparent density because they
easily agglomerate [25,26].

The apparent density increased for all the matrix groups
after 0.5 h of milling and then decreased as the ball milling
time increased, as shown in Fig. 11. The change in the appar-
ent density is closely related to the powder morphology. The
powders are deformed due to high energy collisions with the
balls and fractured in their fine regions during the initial stage
of mechanical milling. The broken and undeformed powders
fill the space formed by the flake powders so that the appar-
ent density increases. The irregular or initial morphology
changes to a flake morphology after 1 h of milling and the
apparent density decreases as a result of the morphological
transformation. It is noted that the flake morphology results

in poorer powder packing and a decrease in the apparent
density, as shown in Fig. 11.

3.5 Microstructure

The microstructural changes in the nanoSiC particle-
reinforced Al2024 alloy matrix composites fabricated using
the flake powder metallurgy method are shown in Figs. 12,
13 and 14. The microstructure of the Al2024/SiC nanocom-
posites consist of a flake-like microstructure with dispersed
nanoSiC particles between the Al2024 matrix powders with
grain boundaries containing the reinforcement particles. The
EDS mapping of the SiC (shown in purple) in Figs. 12,
13 and 14 shows that the SiC nanoparticles are dispersed
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Fig. 13 SEM image and elemental mapping showing the effect of the nanoSiC content on the microstructure and dispersion of the particles in the
CMS nanocomposites reinforced with 3wt% SiC

at the grain boundaries. The nanoSiC content in the grain
boundaries increased with the overall nanoSiC particle con-
tent. In other words, higher amounts of nanoSiC particles in
the grain boundaries of the nanocomposites were observed.
The distribution of nanoparticles in the 1 wt% SiC and
3 wt% SiC-reinforced nanocomposites was homogenous
compared to the 5 wt% SiC-reinforced nanocomposites.
This is attributed to increasing number of nanoparticles in
the composite mixture. Moreover, the agglomeration con-
tent of the SiC nanoparticles increased due to the increase
in the nanoparticle content, as shown in Figs. 12, 13 and
14. Another important microstructural observation was the
increase in the porosity content for the nanocomposites
reinforced 5 wt%. The higher porosity content is mainly
due to the lower consolidation capability (compressibility)
of the mixture when this amount of nanoSiC particles is
used.

3.6 Density and Hardness

The effect of the SiC content and Al2024 matrix size on
the hot pressed density is shown in Fig. 15. This figure
showed that the hot pressed density decreased with increases
in the nanoSiC content. The reason for this was the reduc-
tion in the pressing capacity of the nanocomposites as the
nanoSiC content increased. This was due to the higher hard-
ness of SiC particles. Another reason for this reduction was
the inhibitive effect of the nanoSiC particles on the sinter-
ing process. The particles a pure Al2024 alloy matrix as a
result the higher melting temperature of the SiC (2730 ◦C),
which leads to a weak network. Figure 15 shows that the
hot pressed density decreased as the milling time increased.
The reason for this is that when pressure is applied, the
high friction present occurred between the Al2024 matrix
powders due their flake morphology reduced their densi-
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Fig. 14 SEM image and elemental mapping showing the effect of the nanoSiC content on the microstructure and dispersion of the particles in the
CMS nanocomposites reinforced with 5wt% SiC

fication capability, eventually leading to a decrease in the
density value. This may also be attributed to the relation-
ship between the milling time and the ductility of the milled
powders. It was observed that the ductility of the flake
powders decreased as the milling time increased. However,
decreasing the size of the Al2024 matrix powders increased
the density of the Al2024/SiC nanocomposites by minimiz-
ing the friction between the fine flake particles (Fig. 15).
The agglomeration content of the coarse flake particles
is greater than that for the fine flake particles. Therefore,
the consolidation ability of the Al2024/SiC nanocomposites
increased as the particle size of the Al2024 matrix powders
decreased.

The results of the Brinell hardness measurements from
the Al2024/SiC nanocomposites fabricated using the dif-

ferent ball milling times, SiC contents and matrix sizes
are presented in Fig. 16. The hardness of the hot pressed
Al2024/SiC nanocomposites exhibited an increase as the
amount of SiC particles increased. The increase in the hard-
ness as the SiC content increased resulted from increase
of nanoSiC particle content within the grain boundaries,
which was observed in the SEM images. It is noted that the
number of nanosized particles is significantly higher than
the number of microsized particles for the same amount
of SiC particles (based on the wt%). As seen in Fig. 16,
the hardness of the Al2024/SiC nanocomposites increased
with increasing the milling time for all compositions. The
main reason for this may attributed to a better distribu-
tion of the SiC nanoparticles within the Al2024 matrix.
Moreover, this increase may be attributed to work hard-
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Fig. 15 The change in the pressed density with increasing nanoSiC content and ball milling time: a CMS group, bMMS group and, c FMS group

ening that occurred during ball milling. The hardness of
the Al2024/SiC nanocomposites synthesized from the FMS
matrix powders was significantly higher than that of the
Al2024/SiC nanocomposites synthesized using the CMS
matrix powders. This increase in hardness may be attributed
to a more homogeneous distribution of the nanoSiC parti-
cles within the Al2024 alloy matrix. The distance between
the nanoparticles decreased with the matrix size. This
caused an increase in the number of nanoparticles within
a specific area, leading to the observed hardness increase
(Fig. 16a–c).

4 Conclusions

The milled powders obtained after 0.5 h of milling contain
some unflaked powder due to a smaller amount of deforma-
tion. However, the critical deformation ratio was exceeded
after 2 h of milling, causing fracture processes to dominate

over deformation processes. Therefore, the milled powders
obtained after 0.5 and 2.5 h of milling were not used dur-
ing the consolidation stage. The particle size of the CMS
matrix powder after 0.5 h of milling was approximately
124µm,which decreased to 62µmasmilling time increased
to 2.5 h. However, the particle size of the FMS matrix
powder after 0.5 h of milling was approximately 26 µm,
which decreased to 8 µm as milling time increased to 2.5 h.
The apparent density of the flake Al2024 matrix powders
increased after the initial ball milling stage and decreased
as the milling time increased due to changes in the arrange-
ment of the particles and changes in the amount of voids
within the powder. For CMS, MMS and FMS matrix pow-
ders synthesized by 1.5 h of milling, with increasing the
nanoSiC particle content from 1 to 5 (wt%), the hot press-
ing density decreases from 2.62 to 2.57 g/cm3, from 2.72
to 2.70 g/cm3 and from 2.79 to 2.75 g/cm3, respectively.
The hardness of the Al2024/SiC nanocomposites increased
as the SiC content and the size of Al2024 matrix powders
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Fig. 16 Dependence of hardness of Al2024-SiC nanocomposites on different nanoSiC content and different ball milling time: a CMS group, b
MMS group and, c FMS group

increased. The maximum hardness value of 88.65 Brinell
are obtained for Al2024-5 wt% SiC nanocomposites fab-
ricated by FMS matrix powders synthesized by 2 h of
milling.
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