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Abstract
This paper investigates the high-temperature tensile behavior of Al-SiC nanocomposite reinforced
with 0, 1.5, and 3 vol% SiC nano particles. To fabricate the samples, SiC nano reinforcements and
aluminum (Al) powders weremilled using an attritormilling and thenwere cold pressed and hot
extruded at 500 °C.Afterward,mechanical andmicrostructural characteristics were studied in
different temperatures. To this end, tensile and compressive tests,micro-hardness test,microscopic
examinations, andXRDanalysis were performed. The results showed significant improvement of
mechanical properties of Al-SiC nanocomposite in room temperature including 40%of ultimate
tensile strength (UTS), 36%of ultimate compressive strength (UCS), and 44%ofmicro-hardness.
Moreover, performing tensile tests at elevated temperatures (up to 270 °C) decreased the tensile
strength by about 53%, 46%, and 45% for Al-0 vol% SiC, Al-1.5 vol% SiC, andAl-3 vol%SiC,
respectively. This temperature rise also enhanced the elongation by about 11%and 133% for non-
reinforcedAl andAl-3 vol% SiC, respectively.

1. Introduction

In today’s world, the growing needs of industries, technological advances, and the variety of engineering designs
have attracted the attention of engineers towardmanufacturing ofmaterials with sophisticated properties. One
of these types ofmaterials is composites whosemain characteristic is their ability to have a combination of their
constituents’ properties. Al and its alloys are among desirablemetals due to their light weight, low cost and ideal
properties; however, their ductility and behavior at high temperatures limit their applications [1]. Studies onAl-
matrix composites (AMCs) show that ceramic particles such as SiC can act as idealmaterial for improving tensile
andmechanical strength of Al at high temperatures. It is worthmentioning that the improvement of strength
depends on the size of inclusions so that smaller particle sizes have a better strengthening effect because they can
createmore barriers againstmovement of dislocations[2] . Senthilkumar et al [3] investigated themechanical
properties of Al2014 alloy reinforced bymicro and nano-structuredAl2O3 particles and concluded that
composites with 8 vol%of Al2O3micro-particles and composite with 2 vol%of Al2O3 nano-particles have the
bestmechanical properties compared to other samples. In another study, El-Kady et al [4] investigated the effect
of SiC reinforcement on themechanical and physical properties of Al-matrix nanocomposite (AMNC). They
used hot extrusion for composite fabrication and their results showed that thermal conductivity of the
composites decrease with increase in amount and size of SiC particles. SiC particles also improved the
compressive strength and hardness of their samples. The reasons for using SiC particles for reinforcingmetal
composites are usually the highmelting point, lowdensity, high hardness, high strength, great thermal shock
resistance, low thermal expansion, high thermal conductivity, and high elasticitymodulus of SiC particles [5, 4].

Because of thewidespread use of nanocomposites, it is necessary to determine the properties of these
materials at temperatures higher than room temperature. Due to fabricationmethods used for producingmetal-
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matrix nanocomposites (MMNCs), compressive strength is an often-investigatedmechanical property while
tensile strength of composites at high temperatures is rarely investigated. It is also required to study
nanocomposites in order to predict and design their behavior at elevated temperatures. Therefore, this study
aims to use hot extrusionmethod to produce samples with sufficient length. It is worth remembering that
despite their high strength and light weight,MMNCshave the disadvantage of low ductility compared to bulk
metals. This lowductility is thought to be due to limitedmovement of dislocations in their structure. There are
variousmethods for improving the ductility of nanostructuredmetals [5–8]. Themost commonmethod is using
the hot extrusion technique. Kumar et al [9] investigated extrusion ratios from1.3 to 3.2 and temperatures of
300, 400, and 500 °Cduring fabrication of Al samples. They also carried out an analytical evaluation of this
process. Their results indicated that the empirical and analytical results have good correlation.Hassan et al [10]
investigated the tensile properties ofMg-1.1 vol%Al2O3 nanocomposites at high temperatures. Their results
indicated that the strength of the composites decreases while its ductility increases at 150 and 200 °C.Han et al
[11] also studied the tensile behavior of Al-SiC composites at high temperatures and reported an increase in
tensile strength. Rajaram et al [12] studied the tensile and abrasion properties of Al-SiC alloys produced by
castingmethod at high temperatures (from room temperature to 350 °C). Their results showed that tensile
strength decreases with increase in temperature while elongation decreases until 200 °Cand then increases at
higher temperatures. Onoro et al [13] investigated themechanical properties of Al6061-7015 alloy reinforced
with B4Cparticles at high temperatures fabricated by hot press and hot extrusionmethods. Other researchers
[14, 15] also investigated compressive and tensile behavior of composites at elevated temperatures.

In this study, fabrication and investigation of themechanical andmicrostructural properties of Al-SiC
nanocomposites at different temperatures are presented. Investigating these properties provides uswith suitable
information for understanding the limitations of thesematerials at high temperatures. The hot extrusion
method is used to produce sampleswith desired length. At the end of this paper, the effects of temperature and
reinforcement contents onmechanical behavior of the nanocomposite such as tensile behavior, compressive
behavior, andmicrohardness are presented. It should be noted that the authors have performed a
comprehensive study on characterization of Al-SiC nanocomposite fabricated by PM techniques. In our
previous articles, the effects of deep rolling treatment on behavior of Al-3 vol% SiCnanocomposite [16, 17] and
studying the effects of various quasi-static and dynamic compaction techniques onmechanical,microstructural
[18–22], and tribological [23, 24]properties were investigated. Aswell, thermal properties and fatigue behavior
of similarmaterial will be presented in our other papers.

2.Materials andmethods

2.1.Materials
The as-receivedmaterials were Al (irregularmorphology, 99.6%purity, and particle size of less than 100 μm) as
thematrix and SiC nanoparticles (sphericalmorphology, particle size around 50 nm,Nanostructured and
AmorphousMaterials Inc., USA) as the reinforcing particles. Table 1 shows the chemical composition of Al
particles using quantometerymethod. Themorphology of the initial particles and their energy-dispersive x-ray
spectroscopy (EDS) results are also shown infigure 1.

2.2. Sample preparation
After selecting the suitable amounts of powders, theyweremanuallymixed. Then, acetonewas added to the
mixture and the resulted solutionwas placed in the ultrasonic bath for 2 h. This was done to prevent
agglomeration of the nano particles [5, 23]. The solutionwas then placed in the furnace under 80 °C to be dried.
After drying, themixture powderweremixed using amechanicalmilling inwhich powder particles undergo
repeated breaking, deformations, and fusions [25]. To this end, the powders weremechanicallymilled for 12 h
using an attritormillingwith 10 mmdiameter steel balls and ball-to-powdermass ratio of 10:1. During the
entire duration ofmilling process, Argon gaswas flowed through the chamber and awater cooling systemwas
used to prevent extensive heating and unwanted reactions in the powders. In order to achieve similarmatrix
properties, pure Alwas alsomilled under same conditions. 1 wt%of stearic acid as the process control agent
(PCA)was added to themixture [23, 5]. Themilling conditions are shown in table 2. Aftermilling, the samples
were formed initially using the cold pressingmethod and thenwere hot extruded. For the cold pressing, the

Table 1.Chemical composition of as-received Al.

Element Al Fe Si Pb Sn Zn Ni Cu Ca Na

Value (%) 99.6 0.169 0.0658 0.0286 0.021 0.0188 0.0174 0.0141 0.0083 0.0046
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powders were compacted uniaxailly under pressure of 400MPa for about 5 min. Thereafter, the cold pressed
samples were hot extrudedwhose the conditions are presented in table 3.More details about the preparation
process can be found in our other articles [16, 26]. Figure 2 shows the schematic view of cold pressing and hot
extrusion die setups. In order to avoid oxidation and contamination of the powder during extrusion process, the
powders were initially wrapped in an aluminum foil and then the pressing stagewere performed [16]. Before hot
extrusion stage, the extrusion die were preheated. Thereafter, the cold pressed billet was placed into the
extrusion die and the process was carried out under 500 °C.The production procedure including cold pressing
and hot extrusion is illustrated in figure 3.

2.3. Sample characterization
Themicrostructure of the composite samples and distribution of nanoparticles were investigated using scanning
electronmicroscope (SEM). The tensile behavior of the samples were evaluated using standard tensile test based
onASTM-E8 [16] using a single-axis, 5-tonHounsfield testingmachine. The punch speedwas adjusted to 3
millimeters perminute (strain rate of about 0.001 s−1) and the tests were performed under room temperature,

Figure 1.Morphology of (a)Al particles, (b) SiC nanoparticles.

Table 2.Milling conditions.

Parameter Value

Ball-to-powdermass ratio 10: 1

Ball diameter 10 mm

Milling rotational speed 360 rpm

Milling time 12 h

Milling atmosphere Argon

Table 3.Hot extrusion conditions.

Parameter Value

Extrusion temperature 500 °C
Extrusion force of Al ∼30Ton
Extrusion force of Al-1.5 vol% SiC ∼43Ton
Extrusion force of Al-3 vol% SiC ∼54Ton
Extrusion speed 5 mm s−1

Lubricant Molykote 1000

Extrusion ratio 8.5:1

Time duration of the die warmup 1.5 h

Extrusion section circular

Internal diameter (D0) 38 mm

External diameter (Df) 13 mm
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Figure 2. (a)The container, (b) cold pressing die, (c) hot extrusion die (all dimensions are inmillimeter), (d) all die parts.

Figure 3. Schematic view of (a) cold pressing process and (b) hot extrusion process.
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170 °C, and 270 °C.The tensile test at room temperature was repeated three times in order to ensure the
repeatability of the results. Sample density was determined using Archimedes principle while the theoretical
density was calculated using the rule ofmixture [18, 21, 27]. The samples were also preparedwith the length to
diameter ratio of 3 to 2 for compressive tests according toASTM-E9 [18]. Vickersmicrohardness test was used to
determine the hardness of the samples with a 100 grams force for 15 s.

3. Results and discussion

3.1. Properties of nanocomposite powders
Figure 4 shows the SEM image of pure Al powder before and aftermechanicalmilling at similarmagnifications.
As can be seen,mechanicalmilling for 12 h could effectively refine the particles structures so that, beforemilling
process, Al particles are spherical while these particles are smaller and laminated after themilling process.

Figures 5(a) and (b) respectively shows the surface of anAl particle in Al-0 vol%SiC andAl-1.5 vol% SiC
powder aftermechanicalmilling. Comparing these two images shows that aftermixing andmilling, SiC
nanoparticles are sufficiently distributed on the surface of Al particles. Highermagnification image of anAl
particle aftermechanicalmillingwith accompanying x-raymap image infigure 6 typically shows the

Figure 4. SEMmicrograph of Al powders; (a) beforemilling, (b) after 12 hmilling.

Figure 5.Comparison of Al particle surface aftermilling in (a)Al-1.5 vol% SiC, (b)Al-0 vol% SiC.
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distribution of SiC nanoparticles on the Almatrix which confirms the suitability ofmillingmethod and adopted
time for preparation of nanocomposites.

3.2.Matrix crystallite size
Figure 7 shows theXRDpatterns of un-milled Al powder and themilled nanocomposite powders with different
volume fractions of SiC nanoparticles. It can be seen that no new phase has been created during themilling
process. As the figure demonstrates, Al peaks arewider aftermilling compared to beforewhichmay be due to
decrease in thematrix crystallite size. TheXRDpattern peaks for Al phase beforemilling are sharpwhich shows
larger crystallite size of the Al particles.

Based onXRDpatterns presented infigure 7, crystallite size and lattice strain of Almatrix is estimated using
theWilliamson-Hall (W-H) approach. It is worthmentioning that since strain in the crystallite lattice affects the
widening of XRDpeaks, theW-Hmethodwas used to distinguish the effects of crystallite size and strain from
each other. In thismethod, using equation (1), the crystallite size and lattice strain of the powders are
determined. TheW-H equation is as follows [20]:

Figure 6.Distribution of Si nanoparticles over anAl particle in Al-1.5 vol% SiCnanocomposite aftermilling; (a) SEMmicrograph, (b)
x-raymap.

Figure 7.X-ray diffraction pattern for (a)un-milled Al powder and themilled powder with different volume fractions of SiC
nanoparticles; (b)Al-0% SiC, (c)Al-1.5% SiC, (d)Al-3%SiC.
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In this equation,λ is thewavelength of the x-ray used (in thismethod a copper lampwith thewavelength of
1.5406Angstromwas used), d is the average crystallite size,A is a constant (usually equal to 1),β is the diffraction
peakwidth at halfmaximum intensity, and θ is the Bragg diffraction angle. Figure 8 also depicts the XRDpattern
for the hot extruded nanocomposite samples. As can be seen in table 4, increase in the SiC content of
nanocomposite powder has decreased thematrix crystallite size in both themilled powder and fabricated
samples.

Grain refinement duringmechanicalmilling has been reported in some studies. Kollo et al [28] andKhakbiz
andAkhlaghi [29] reported decrease ofmatrix grain size with increase in the amount of hard and non-
deformable particles. Their reports state that this decrease in grain size has two reasons. First is the pinning of the
matrix particle boundaries by the reinforcing particles and the second one is preventing themovement of
dislocations throughOrowan bowingmechanism. The second reason leads to the increase in the dislocation
density and therefore facilitates the decrease in grain size.

As can be seen in table 4, with increase in vol%of SiC nano particles, thematrix crystallite size of themilled
powder aswell as the hot extruded samples is decreased. This reduction is attributed to barrier effects of SiC
particles against grain growth during sintering process [4]. Comparing the 2nd and the 3rd rows of table 4 shows
that the crystallite size has grown after hot extrusion procedure. This behavior is due to high temperatures
during hot extrusion techniquewhich naturally leads to grain growth. Furthermore, themechanical and thermal
deformation of Almatrix next to SiC particles during compaction and extrusion processes is known as another
reason for this behavior since themechanical and thermal properties of SiC andAl are different [2].

3.3.Density
Using the rule ofmixture [18, 24] and densities of Al and SiC (2.7 and 3.22 g cm−3, respectively), the theoretical
density of Al-1.5%SiC andAl-3%SiC nanocomposites were calculated as 2.708 and 2.716 g cm−3, respectively.
As can be seen infigure 9, using cold pressing and hot extrusion procedures high levels of relative density (more
than 99%) are achieved and no porosities are visible in the opticalmicrographs. This nearly full densification is
obtained under high temperature and pressure applied during the hot extrusion process as well as the high
extrusion ratio. Further, uniformdistribution of SiC nano particles in the Almatrix as a result of long time
duration ofmechanicalmilling contributes to the achieved densification, as depicted infigure 10. In addition, as

Figure 8.X-ray diffraction patterns of hot extruded nanocomposites with different volume fractions of SiC nanoparticles; (a): Al-0%
SiC nanocomposites, (b)Al-1.5% SiCnanocomposite, (c)Al-3% SiCnanocomposite.

Table 4.Variations of thematrix crystallite size (nm).

Sample type

Al-0 vol-

% SiC

Al-1.5 vol-

%SiC

Al-3 vol-

%SiC

Un-milled

powders

63 — —

Milled powders 49 37 33

Extruded samples 99 81 73
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the reinforcing content increases, the relative density has decreased. This reducing behavior of relative density is
similar to the results reported byAtrian et al [5, 18, 19] andRahimiNejad Yazdi et al [6]. Generally, adding
intrinsically hard ceramic particles to reinforce the fairly ductile Almatrix reduces the densification and acts
against themore consolidation [20].

3.4.Microhardness test
In spite of slight reduction of relative density after reinforcing the Almatrix with SiC nano particles, theVickers
micro-hardness has enhanced from170HV for themonolithicmaterial to about 245HV for the Al-3 vol% SiC
nanocomposite (near 44% improvement). SiC nano particles are themost important factor in increasing the
micro-hardness due to the large interfaces between thematrix and the reinforcing particles. Themicro-hardness

Figure 9.Relative density changes in terms of the vol%of SiC reinforcement (a), alongwith opticalmicrographs (b).

Figure 10. (a) SEMmicrograph of the extrudedAl-3 vol% SiCnanocomposite, (b) x-raymap of SiC nano particles in the extrudedAl-
3 vol% SiC nanocomposite.
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of AMCs also depends on twomain factors. Thefirst factor is the hardness ofmatrixmaterial as a result of
milling process and the second factor is the hardening effects of SiC particles on the samples’hardness [20].
Essentially, themicro-hardness shows thematerials’ resistance against plastic deformation under an indenter.
This definition shows that the hardness of nanocomposite samples is controlled by parameters affecting the
movement of dislocations [13]. Alizadeh andTaheri-Nassaj [30] andCanakci [31] also reported an increase for
micro-hardness after adding ceramic reinforcement.

3.5. Compressive behavior
Figure 11 shows the engineering compressive stress-strain curves of fabricated Al-SiC nanocomposites with
different amounts of SiC nanoparticles at room temperature. It is obvious that increase in the SiC nanoparticles
has improved theUCS of the samples. Remarkable improvement ofUCS is near 36% and the reason behind this
increase can be addressed using the rule ofmixture and theHall-Petch theory that will be discussedmore in the
next section [16, 19].

3.6. Tensile behavior at different temperatures
Figure 12 typically shows the effect of reinforcing phase on tensile flow stress of fabricated samples at room
temperature. SiC reinforcement has improved theUTS by about 40% and has reduced the elongation near 57%.
Similar behavior is also observed for tensile tests at higher temperatures. Figure 13 exhibits the variation ofUTS,
yield strength (YS), and elongation of the nanocomposite samples for various temperatures. Asfigure 13(a)
suggests, as the SiC content increases to 3 vol% theUTS enhances near 41% and 65%under tensile test
temperatures of 170 °Cand 270 °C, respectively. One of the reasons for strength enhancement is themilling
process which leads to smaller grain size and uniformdistribution of nano particles in samples [16]. Aswell, the
tensile tests performed in various temperatures are compared for each SiC volume fraction. As an example,
figure 14 illustrates that theflow stress of non-reinforced sample (Al-0 vol%SiC) has reduced considerably

Figure 11.Compressive behavior of fabricated nanocomposites at ambient temperature.

Figure 12.The effects of SiC reinforcement on tensile behavior of nanocomposite samples at room temperature.
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(about 53%) as the test temperature increases to 270 °C (thermal softening). This thermal softening for two
other nanocomposite samples, i.e. Al-1.5 vol% SiC andAl-3 vol% SiC is near 45% (see figure 13(a)). Although all
the samples behave similarly when the temperature is increasing, the response differs slightly for each SiC
volume fraction, because severalmetallurgical phenomena are involved simultaneously [13]. In addition, the
reinforced samples tolerate the high temperatures better and have experienced lower softening (compare 45%
reduction inUTS for the nanocomposites with 53% formonolithic Al sample). Hence, Al-SiC nanocomposite is
superior for high-temperature applications comparedwith themonolithicmaterial.

Generally, the SiC nano particles improve themechanical properties by stress transferring from theAl
matrix to the reinforced particles. The interaction between the dislocations and particles results in an increase in
strengthwhich is associatedwith theOrowanmechanism.During this strengtheningmechanism, a dislocation
bypasses impenetrable obstacles, where a dislocation bows out considerably to leave a dislocation loop around a
particle, or theHirschmechanismwhich leaves a prismatic loop behind a particle. The properties of hard
ceramic SiC nano particles does not change significantly within the temperature rise, while theAlmatrix softens

Figure 13.Variations of (a)UTS, (b)YS, and (c) elongation of the nanocomposite sampleswith increasing temperature.
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and the dislocationsmobility increases with the temperature increase by a climbingmechanism [18, 13]
Dislocations are themain reason for strength, formability, andmechanical properties ofmetals. Studies have
shown that during deformation process, all strains are transferred fromAlmatrix to SiC particles with higher
elasticitymodulus which leads to increase in YS andUTS [31–35]. Additionally, long time duration of the
milling process increases the number of collisions of the powders and causes them to refine and hardenwhich is
known as another reason for the increased strength of the samples. In other words, strain in the interface
between particles and thematrix leads to creation ofmore dislocations in composites. The grain boundaries also
act as barriers against the dislocationmovements and therefore, increase thework hardening and the tensile
strength of the samples [36].

As exhibited in figure 13(a), tensile strength decreases with increase in temperature in all samples. Other
important fact about this trend of change in tensile strength is that in all temperatures, Al-SiC nanocomposites
have higher strengths compared to pure Al samples. Some studies suggest that the reason for this behavior is the
fact that with increase in temperature, thematrix becomes softer and a stress concentration and in turn,more
dislocations are created around particles due to difference between coefficients of thermal expansion (CTE) of
reinforcement andmatrix particles (thermalmismatch phenomenon). This phenomenon ismore remarkable at
higher temperatures compared to the room temperature [37, 1]. Therefore, it can be said that smaller grain size
of thematerial and lower distance between the inclusionsmay lead to increased tensile strength according to the
Hall-Petch equation and theOrowanmechanism, respectively [18]. However, this concentrated stress in the
space between particles greatly reduces plastic deformation of Al.

Another factor affecting the increased strength of samples fabricated by hot extrusionmethod is the
oxidation of the surface of Al particles. In other words, heating samples at high temperaturesmay increase the
thickness of oxide layer on the surface of Al particles. This oxide layer is then crushed and distributed inside the
composite during extrusion process which can help increase the strength. According to theHall–Petch theory,
grain size is inversely proportional to the YS. TheHall–Petch behavior, also called grain boundary strengthening
behavior, is responsible for increase in YSwith decrease in grain size [25]. Asmentioned earlier in table 4, the
crystallite size of fabricated samples has reduced for higher contents of nano reinforcement. So, theHall-Petch
theory is believed to be one of themain strengtheningmechanisms in current research.Onoro et al [13] believed
that the reason behind higher strength of their Al-B4C composites compared to non-compositematerials was
the presence of reinforcing particles and load transferring to these particles. Asfigure 13(c) indicates, the SiC
particles decrease the ductility of the reinforcedmaterial over the entire temperature interval that was analyzed.
Although this lower ductility is one of the limitations of Al composites prepared by PMcompared toAl alloys
[25], this effect is reduced at higher temperatures and 57% reduction in elongation at room temperature has
alleviated to 8% at 170 °C and 9%at 270 °C.This trend can be considered as another advantage of
nanocomposites against themonolithicmaterial. Unlike the current results, Rajaram et al [12] obtained a
reducing behavior for elongation of Al-SiC composite up to 200 °Cand then an increasing trend for higher
temperatures up to 300 °C.They attributed this ductility reduction at temperatures from25 °C to 200 °C to
grain boundary cavitations and segregation of impurities in the grain boundaries.

3.7. Fractography
Fracture process includes two stages of crack initiation and crack propagation. Fracture type depends on various
factors includingmaterial type, temperature, stress conditions and loading speed [16, 38]. Figure 15 shows the
SEM images of fracture surfaces of Al-1.5 vol% SiC nancomposites at different temperatures. As can be seen, the

Figure 14.The effects of temperature on tensile behavior of Al-0 vol% SiC sample.

11

Mater. Res. Express 5 (2018) 025026 MSoltani andAAtrian



fracture surface at room and 170 °C resemblesmore to brittle fracture although some large dimples are seen
which can be attributed to nucleation and growth of voids in a ductilematrix. These surfaces also include some
quasi-cleavage facets with river patterns (see figures 15(a) and (b)). The amount of ductile fracture increases as
the temperature rises. Dimples infigure 15(c) (tensile test at 270 °C) aremuch smaller and shallowerwhich
indicates to a brittle-to-ductile transition. It is noteworthy that in the sample reinforcedwith higher contents of
SiC, Al-3 vol% SiC, no dimples could be found and the fracture surfacewas completely brittle even at 270 °C
(figure 15(d)) [12, 13].

4. Conclusion

Based on the investigations presented in this paper, the following concluding remarksmay be drawn:

(1) UTS and UCS of Al-SiC nanocomposite improved by about 40% and 36%, respectively at room
temperature as the reinforcement content increased to 3 vol%.

(2) A 44% increase in the nanocomposite microhardness was observed when the SiC content reached
to 3 vol%.

(3) Relative density of the samples reduced slightly (less than 1%) as the reinforcement content increased to
3 vol%. It should be noted that the obtained relative density for all the samples were high (more than 99%)
which is obviously due to the selected fabrication process.

(4) Tensile tests at elevated temperatures showed a significant reduction in UTS and YS. The most thermal
softeningwas occurred for Al-0 vol% SiC and nearly 53%–55% reduction for both theUTS andYSwas
observedwhile the nanocomposite samples could tolerate the thermal softening better.

(5) Severe plastic deformation of the powders duringmechanical milling led to reduced crystallite size of the Al
matrix from about 63 nm to 49 nm.

Figure 15. SEMmicrograph of fractured surface of Al-1.5 vol% SiCnanocomposite at various temperatures (a), (b), (c) andAl-3 vol%
SiC nanocomposite at 270 °C.
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(6) XRD analysis showed a 35% reduction in the matrix crystallite size of fabricated samples (from near 99 nm
to 73 nm) as the reinforcement amount enhanced to 3 vol%.
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