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Abstract: In this work, Al-B«C nanocomposites were produced by microwave sintering and
followed by hot extrusion processes. The influence of ceramic reinforcement (B4«C) nanoparticles on
the physical, microstructural, mechanical, and thermal characteristics of the extruded Al-B.«C
nanocomposites was investigated. It was observed that the density decreased and porosity
increased with an increase in B«C content in aluminum matrix. The porosity of the composites
increased whereas density decreased with increasing B«C content. Electron microscopy analysis
reveals the uniform distribution of B4C nanoparticles in the Al matrix. Mechanical characterization
results revealed that hardness, elastic modulus, compression, and tensile strengths increased whereas
ductility decreases with increasing B4C content. Al-1.0 vol. % B4C nanocomposite exhibited best
hardness (135.56 Hv), Young's modulus (88.63 GPa), and compression/tensile strength
(524.67/194.41 MPa) among the materials investigated. Further, coefficient of thermal expansion
(CTE) of composites gradually decreased with an increase in B«C content.

Keywords: Al-B4«C nanocomposites; microwave sintering; hot extrusion; mechanical properties;
thermal expansion

1. Introduction

Since the early 1990s, metal matrix composites (MMCs) have been the center of attention due to
their high tensile strength, good thermal behavior, high thermal conductivity, high level of chemical
inertness, and good wear resistance properties. These specific properties make them quite suitable
for applications such as in aerospace, automobile, and electronics industries [1,2]. Aluminum and its
alloys in this regard are of special interest because of their light weight, easy fabricability, superior
mechanical properties, high stiffness, hardness, and corrosion response [3,4]. The ability to control
the properties by optimization of volume percent, size, and reinforcing phase distribution makes
hard ceramic reinforced metal matrix composites an interesting option [5-8]. Boron carbide (B4C) is
being considered as a suitable reinforcement for MMCs due to its low density and identical
mechanical and thermal properties as exhibited by SiC and Al20s. The Al-BsC composites are used in
bicycle frames, bullet proof vests, armor tanks, containment of nuclear waste, neutron absorbers in
nuclear power plants, transportation applications, etc. owing to their high hardness, low density,
and excellent thermal and chemical stability [9,10]. Recently, Al-B«C composites were prepared
through different techniques: stir casting [11], squeeze casting [12], powder metallurgy method [13],
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spark plasma sintering [14], and microwave sintering [15]. However, in the making of MMCs, the
selection of reinforcement particles depends on the application, manufacturing techniques, and cost
of material. Both casting and powder metallurgy (PM) methods can be used to fabricate metal
matrix nanocomposites. Historically, PM methods have been developed successfully and
commercially used by different manufactures and have also been applied in the production of
MMCs for aerospace applications. As compared to casting methods, PM approach has shown its
advantage to produce uniform microstructures leading to developing high performance composite
materials [16-18]. The development of metal matrix nanocomposites with light metal matrices are
gaining increasing attention due to their attractive properties coupled with weight savings that can
be realized for weight critical applications. These unique properties make them attractive for
automotive and commercial applications at a reasonable cost. Nonetheless, to obtain the desired
microstructure and improved mechanical properties the particles need to be homogeneously
distributed in the matrix. Recent research has shown that energy efficient microwaves is a newly
explored method and it has been applied successfully in processing of various materials, fabricating
materials with improved mechanical properties. Microwave sintering is a distinguishing and
alternative technique when compared with the existing processes utilizing orthodox heating
sources [19,20] with a strong potential of enhanced turn-over and reduced energy consumption.

The aim of the present work was to fabricate high performance Al-B«C nanocomposites through
a cost-effective processing technique based on PM route incorporating microwave sintering process
followed by hot extrusion. The effect of reinforcement volume fraction on microstructure, physical,
mechanical, and thermal characteristics of the composite have been examined.

2. Materials and Methods

Boron carbide (B4C) particles with an average diameter of ~10 nm (>99% purity, NaBond Tech.,
Shenzhen, China) was selected as reinforcement and high purity aluminum matrix (~7-15 pm, 99.9%
purity, Alfa Aesar, Tewksbury, MA, USA) was used as the starting material to fabricate the Al-BsC
metal matrix composites.

A mixture of Al powder with 0.5 vol. % and 1.0 vol. % of B«C was carefully weighed and mixed
at room temperature using a Retsch PM400 planetary ball mill for 2 h with the milling speed of
200 rpm in order to get a homogeneous particle distribution. No balls were used in this stage. The
blended powders were compacted into cylindrical billets (35 mm diameter and ~40 mm height) in a
die at a pressure of 97 bar (50 ton) using a 100-ton hydraulic press under ambient conditions. Pure
aluminum was compacted using the same parameters without blending. Finally, the compacted
cylindrical billets were sintered using microwave sintering technique [5,21]. The billets were heated
to 550 °C in a 900 W, 2.45 GHz SHARP microwave oven. Sintering of the green compacts was
accomplished using a two-directional heating arrangement. Two-directional or hybrid heating is
achieved through the use of microwaves and an external microwave susceptor (SiC) that couples
with the microwaves readily thereby generating radiant heat. Microwaves heat the billet from
within while the radiant heat from the susceptor heats the billet from the surface inwards. After
heating, the compacts were left to cool naturally to near room temperature in the sintering setup
before removal.

Prior to hot extrusion, billets of microwave sintered pure Al and its nanocomposites were
soaked at 400 °C for 1 h and then subjected to thermo-mechanical treatment (hot extrusion) at 350 °C
and 500 MPa as a secondary processing. The extrusion ratio was about 20.25:1 to produce an 8-mm
diameter extruded rod and approximately 350 mm long. Colloidal graphite was used as lubricant
during extrusion. After extrusion, the extruded rods were air cooled to room temperature. These
extruded rods were subsequently used for characterization studies. The schematic of experimental
methodology to fabricate Al-B«C nanocomposites is shown in Figure 1.

The Archimedes principle was used to determine the density of extruded Al-Bi«C
nanocomposite samples. The porosity of extruded Al composites was calculated by using the
following relation
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pth - pexp
—X
pth - pair

where, pi, pexp, and pair are the theoretical, experimental, and air density in (g/cm?3), respectively.
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Figure 1. Schematic representation of microwave-hot extruded Al-B«C nanocomposites.

The phase identification of the extruded samples was carried out using X-ray powder
diffractometer (PANalytical X"pert Pro, PANalytical B.V., Almelo, The Netherlands) based on Cu-Ka
radiation (1.541 A) in the 20 range of 30-80° at scan rate of 0.2°/min.

Field emission scanning electron microscopy (Hitachi FESEM-54300, Tokyo, Japan) with energy
dispersion spectroscopy (EDS) was used to identify the reinforcement phase and microstructure of
the extruded nanocomposite samples.

Coefficient of thermal expansion (CTE) of Al-B«C nanocomposites were determined using
thermo-mechanical analyzer (INSEIS TMA PT 1000LT, Linseis Thermal Analysis, NJ, USA). A
heating rate of 5 °C/min for a temperature range of 50-350 °C with argon flow rate of 0.1 Ipm was
used for the experiment.

The hardness testing of the pure Al and nanocomposite samples was carried out using Vicker’s
hardness tester with applied load of 0.1 kgf for 15 s as per the ASTM standard E384-08 [22].
Nanoindentation analysis was performed using a MFP-3D Nano Indenter (head connected to AFM
equipment, Asylum Research, Buckinghamshire, UK) system equipped with standard Berkovich
diamond indenter tip. The testing was performed at room temperature. The applied forces are in the
mN range, and penetration depths from several nm to um are used to compute the hardness (H) and
Young’s modulus (E). The indentation was made to a maximum load of about 100 mN and under
loading and unloading rate of 200 uN/s and dwell time at maximum load 5 s.

Compressive testing of the cylindrical specimens was performed at room temperature
according to ASTM E9-89a [23] using a universal testing machine (Lloyd Instruments Ltd., Sussex,
UK). The test specimens with a length to diameter (I/d) ratio ~1 were subjected to a compression load
at a constant strain rate of 8.3 x 10%/s. From the load displacement curves, the ultimate compression
strength (MPa), yield strength, and failure stain were measured.

Tensile tests were carried out on pure Al and nanocomposite samples according to ASTM
E8/E8M-15a [24] on universal testing machine at room temperature with the tensile rate of 8.3 x 10/s.
From the load displacement curves, 0.2% offset yield strength (YS), ultimate tensile strength (UTS),
and elongation (ductility) were determined.

3. Results and Discussion

The variation of density and porosity of microwave-hot extruded Al-B«C nanocomposites with
respect to increasing B«C content are shown in Figure 2. It can be observed that the density values
decrease with increasing reinforced ceramic particles while the porosity is increases. Since the
density of boron carbide (2.52 g/cm?) is less than the density of pure Al (2.70 g/cm3), the overall
density of the Al-B«C nanocomposites is reduced by increasing amount of porosity. Changes in the
B«C content causes a higher amount of porosity formed in composites. Therefore, the density of
Al-0.5 vol. % B4C nanocomposites is higher than the density of Al-1.0 vol. % B4C composites. These
results are also supported with the results already reported by Busquets et al. [25].
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Figure 3 shows the XRD analysis of extruded pure Al and Al-Bs«C nanocomposites. The XRD
patterns reveal prominent characteristic crystalline peaks of Al and rhombohedral B4«C [26]. The XRD
pattern indicated that the peak intensity increases with increasing percentage of B«C nanoparticles.
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Figure 2. The variation of density and porosity of microwave-hot extruded Al-B«C nanocomposites.
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Figure 3. XRD patterns of microwave-hot extruded Al-B«C nanocomposites.

One of the primary objectives of the present research work is to ensure homogenous
distribution of Bs«C particles in the aluminum matrix, as for AI-MMCs, good mechanical
performance depends strongly on a homogenous distribution of the reinforcement in the final
product [27-29]. Scanning electron microscopy (SEM) was used in order to study the microstructure
of the developed nanocomposites. Figure 4a—c shows the typical microstructures of the composites
reinforced with 0 vol. %, 0.5 vol. % and 1.0 vol. % B4C nanoparticles, respectively. It can be further
noted that SEM images show two main phases; the grey matrix is the Al phase while the dispersed
phase showing white spots represents the B«C nanoparticles. Increasing amount of B«C in the matrix
results in an increase in the internal porosity. This increase in the porosity can be ascribed to the poor
wettability between aluminum and B«C. However, these agglomerated sites are only observed in
few locations through the matrix and a near-uniform nanoparticles distribution is noticed in the
Al-B4«C nanocomposite samples. This near-uniform distribution of nanoparticles promotes more
uniform heating through microwaves and demonstrates the effectiveness of using hybrid
microwave sintering for the synthesis of Al-based nanocomposites [30].
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Hence, the SEM results show that microwave sintering followed by hot extrusion has good
potential for synthesizing the particulate reinforced metal matrix composites because this method
can produce a composite with good reinforcement dispersion and acceptable levels of porosity. The
Energy Dispersive Spectroscopy (EDS) analysis showed the presence of Al and B«C phases. The EDS
analysis spectrum of Al-0.5 vol. % B:«C nanocomposite is presented in Figure 4d.

Further, from the micrographs (Figure 5) representing the distribution of B4«C nanoparticles
within the synthesized Al-1.0 vol. % B4«C nanocomposites, minimal agglomeration of B«C particulates
was observed.

WD14.4mm 15.0kV x2.5k  20um
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Figure 4. SEM micrographs (a—c) and EDS spectrum (d) of microwave-hot extruded of Al-Bs«C
nanocomposites.
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Figure 5. (a) Distribution of B4«C nanoparticles and (b) interfacial integrity of Al-1.0 vol. % BsC
nanocomposite.

The average microhardness of the Al-B«C nanocomposites is shown in Figure 6. It can be seen
that the hardness of the Al-B«C composites enhanced with increasing the B«C content in the Al
matrix. The average hardness values of the Al-0.5 vol. % B.«C and Al-1.0 vol. % B4C nanocomposites
are measured to be 78 + 5 and 135 + 3 Hv respectively, which are much higher than the pure Al, i.e,,
37 £ 6 Hv. The increase in the microhardness of AMMCs indicates that the ceramic particles have a
major contribution in the strengthening of Al matrix. This increase in the hardness is because of the
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contribution of the reduced crystallite size of ~10 nm (B4«C) in the composite and uniform
distribution of extremely harder boron carbide nanoparticles [31,32].

The presence of hard ceramic particles can enhance the microhardness of composites according
to the rule of mixtures [33].

He = Huofn+ Hife ©)

where H. represents hardness of the composite, Hn and Hr represent hardness of the matrix and the
reinforcing particle, respectively, and fm and fr represent the volume fraction of the matrix and the
reinforcing particle, respectively.

150 T T T

234

—4— Hardness —0- CTE

1204 L22.8

904 L2222

o) 41D

-21.6

Hardness (Hv)

60

F21.0

30

T T 20.4
0.0 0.5 1.0

Boron carbide content (vol.%)

Figure 6. Hardness and CTE of microwave-hot extruded Al-B«C nanocomposites.

Figure 6 shows the variation of the coefficient of thermal expansion (CTE) of Al-Bi«C
nanocomposites as a function of B«C volume fraction. Generally, the CTE values decreases with the
addition of B«C content. The reduction in the coefficient of thermal expansion (CTE) of composite
samples can be attributed to the presence of nano B4C reinforcements which has lower CTE value
(3.2 x 106K-1) [34] when compared to pure Al (24 x 10-¢K™) [35]. The CTE of pure Al was measured
to be 23.31 x 10-¢K-! which is in close agreement with the theoretical CTE of aluminum (24 x 10-6K-).
The addition of nano-sized 1.0 vol. % B4C nanoparticles to Al reduced the CTE value to ~20.03 x 10° K
which is ~14% reduction when compared to pure Al. In addition, the linear decrease in CTE values
with the addition of ceramic nanoparticles can be attributed to: (a) the lower CTE values of ceramic
(B4C) nanoparticle reinforcements as compared to that of the pure Al matrix; (b) uniform distribution
of the ceramic reinforcements in the matrix.

The hardness and Young’s modulus of Al-Bs«C nanocomposites data are presented in Table 1.
The results indicate that both the hardness and Young’s modulus of the Al-B«C nanocomposites
have been improved significantly. For instance, the Young’s modulus was improved from 73.19 GPa
to 88.63 GPa by increasing the content of nano-size B4C from 0 vol. % to 1.0 vol. %. It is noted that the
Young’s modulus of microwave-hot extruded Al-Bs«C nanocomposites is higher than that of
conventionally sintered Al-B«C composites [36]. The improvement in the hardness and Young's
modulus of the composites can be mainly attributed to: (a) B4«C has a Young’s modulus as high as
400 GPa [37] and (b) the dispersion strengthening effect due to uniform distribution of BsC
nanoparticles in the matrix [38].

Table 1. Mechanical properties of pure Al and Al-B4«C nanocomposites

Hardness Young’s Compressive Properties Tensile Properties
Sample TYS UTS Elongatio
H P Modulus (GP YS (MP MP
(Hv)  (GPa) odulus (GPa) CYS (MPa) UCS(MPa) (MP2) (MP2) (%)
Pure Al 37.14 5.15 73.19 79.10 313.63 105.12 116.41 13.6
Al-0.5vol. % B«C  78.85 9.60 78.52 98.56 482.54 132.68 156.90 10.6

Al-1.0vol. % B«C 13556 17.44 88.63 124.24 524.67 173.14 194.41 7.7
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The engineering and true stress-strain curves of the Al-B«C nanocomposites under compression
loading at room temperature are shown in Figure 7a,b. The average compressive yield strength
(CYS) and ultimate compressive strength (UCS) values of the extruded composites are listed in Table 1.
A significant improvement in the strength of Al-B«C nanocomposites are observed compared to pure
aluminum. The compression strength of pure Al was improved by adding various ceramic
reinforcement particles. The Al-1.0 vol. % B4C nanocomposite showed compressive yield strength
(0.2% CYS) and ultimate compressive strength (UCS) of ~124.24 MPa and ~524.67 MPa, respectively,
the incremental increase is ~57% and ~67.5% respectively compared to pure Al. The improvement in
the compressive strength of the Al-B4«C nanocomposites compared to pure Al can be ascribed to the
uniform distribution of reinforcing nanoparticles in the matrix and enhanced dislocation density [39].
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Figure 7. Compression engineering stress—strain curves (a) and compression true stress-strain curves
(b) of the microwave-hot extruded Al-B«C nanocomposites.

The fracture morphology of microwave sintered-extruded pure Al and Al-B4«C nanocomposites
during compression tests are shown in Figure 8a—c. The fracture surfaces are comparatively smooth
and the formation of shear band is not evident in the fractured samples. It approves that the
compressive deformation of the Al-composites is expressively indifferent. This is due to heterogeneous
deformation and work hardening behavior.

PC=stdh

Figure 8. Compression fracture images of: (a) Pure Al (b) Al-0.5 vol. % BsC and (c) Al-1.0 vol. % Bs«C
nanocomposite.
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The engineering and true stress—strain curves of the Al-B«C nanocomposites under tensile
loading at room temperature are shown in Figure 9a,b. It indicates that all extruded composites
exhibited higher tensile strength in comparison to that of pure Al. The results show that considerable
increment in tensile yield strength (TYS) and ultimate tensile strength (UTS) of Al nanocomposites
were obtained due to presence of hard ceramic reinforcing particles. When compared to pure Al, the
developed Al-1.0 vol. % B4C nanocomposites showed enhancement in TYS (from 105.12 MPa to
173.14 MPa) and UTS (from 116.41 MPa to 194.41 MPa) values. Increasing volume fraction of B4sC
nanoparticles leads to decrease in ductility of the metal matrix composites due to the particle
agglomeration and porosity. As mentioned, an increase in the percentage of B4«C nanoparticles
increases the amount of porosity; consequently, the composite ductility decreases. Therefore, the
ductility of the 1.0 vol. % Bs«C nanocomposite is lower than that of the 0.5 vol. % B4+C nanocomposite
and the pure Al.

With the addition of B4«C nanoparticles, the strength properties (compressive and tensile) are
found to improve with respect to B«C volume fraction. In any metal matrix composite, the increase in
strength when compared to pure aluminum can be attributed to the following reasons [40-43]:
(i) active load transfer from the matrix to the reinforcement; (ii) Orowan strengthening; and (iii)
generation of internal thermal stresses because of the difference in the co-efficient of thermal
expansion (CTE) between the reinforcement particles and matrix phase.
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Figure 9. Tensile engineering stress-strain curves (a) and tensile true stress-strain curves (b) of the
microwave-hot extruded Al-B«C nanocomposites.

The efficient load transfer (owa) between the ductile matrix and the hard-ceramic reinforcement
particles during tensile testing occurs, particularly when there is a good interfacial contact between
the matrix and the reinforcement and is represented as

Oloaa = O'SV_/‘GYM 3)

where, Vris the volume fraction of ceramic reinforcement particles and ovu is the matrix yield stress.

The interaction between the dislocations and the reinforcement particles enhances the strength
of the composite materials in agreement with the Orowan mechanism. Due to the existence of
dispersed reinforcement particles in the matrix, dislocation loops are formed when dislocations
interact with the reinforcing particles. corws can be calculated as
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0.13Gb, r
GOrowan = A lnz (4)
where, G is the shear modulus of matrix, b is the Burgers vector, A is the inter-particle spacing, and
is the particle radius.

The difference in the CTE values of the reinforcement particles and the metal matrix produces
geometrically necessary dislocations and thermally induced residual stresses. The thermal stresses at
the particles and matrix interface make the plastic deformation more tough which, hence, enhances
the level of hardness and flow stress. The mismatch strain effect due to the difference between the
CTE values of particles and that of the matrix is given by

AGCTE = ‘/g I3Gmb )

where, b is the strengthening coefficient, Aa is the difference between CTE of matrix and
reinforcement, and AT is the difference between the test and process temperature.

The tensile fracture surfaces of pure Al and Al-B4«C nanocomposites are shown in Figure 10. The
examination of fractured surfaces reveals the formation of similar ductile fracture in all composites.
A large number of dimples with tear ridges is also seen in the Al-B«C nanocomposite.

Figure 10. Tensile fracture images of: (a) Pure Al (b) Al-0.5 vol. % B4C and (c) Al-1.0 vol. % BsC
nanocomposite.

The dimples are smaller in size and have shallow depth which gives the impression of dominant
ductile fracture, which explains the higher ultimate stress and total elongation values in Al-Bs«C
composites. The surface morphology of fractures of nanocomposites with BiC reinforcement
produced with the microwave sintering method is identical to that of the B4C reinforced Al matrix
composites material produced by powder metallurgy followed by hot extrusion by Gomez et al. [25].
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4. Conclusions

Pure Al and Al-B4«C (0 vol. %, 0.5 vol. %, and 1.0 vol. %) nanocomposites were successfully
synthesized using microwave sintering approach followed by hot extrusion. The following
conclusions can be drawn:

*  The density of Al nanocomposites decreases, whereas the porosity increases with an increase
in volume percentage of the reinforcement;

*  The microstructural studies revealed the uniform distribution of the Bs«C particles in the Al matrix;

*  Hardness of the Al-B4«C nanocomposite increased with an increase in the amount of B«C particles;

*  The CTE of the Al nanocomposites decreases with the increase in percentage of the reinforcement;

e The increasing presence of nano-sized B4C particulate leads to an increase in YS and UCS;

*  The addition of hard B4«C nanoparticles in pure aluminum led to an increase in both YS and
UTS, but ductility behavior showed a reverse trend;

*  The shear band and dimple formations were observed in Al nanocomposites under compression
and tensile loading, respectively.

Acknowledgments: This publication was made possible by NPRP Grant 7-159-2-076 from Qatar National
Research Fund (a member of the Qatar Foundation). Statements made herein are solely the responsibility of
the authors.

Author Contributions: Abdul Shakoor, Adel Mohamed, and Manoj Gupta proposed the original project and
supervised the investigation. Fareeha Ubaid and Penchal Reddy performed the experiments, analyzed the data,
and wrote the paper with assistance from all authors. Gururaj and Vyasraj acquired and analyzed EDS and
thermal analysis data. All authors contributed to the discussions in the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Miracle, D.B. Metal matrix composites from science to technological significance. Compos. Sci. Technol.
2005, 65, 2526-2540.

2. Miserez, A.; Mortensen, A. Fracture of aluminum reinforced with densely packed ceramic particles:
Influence of matrix hardening. Acta Mater. 2004, 52, 5331-5345.

3. Surappa, M.K,; Rohatgi, P.K. Preparation and properties of cast aluminum-ceramic particle composites.
J. Mater. Sci. 1981, 16, 983-993.

4. Kaczmar, ].W.; Pietrzak, K.; Wlosinski, W. The production and application of metal matrix composite
materials. J. Mater. Proc. Technol. 2000, 106, 58-67.

5. Reddy, M.P.; Ubaid, F.; Shakoor, A.; Gururaj, P.; Vyasaraj, M.; Mohamed, A.M.A.; Gupta, M. Effect of
reinforcement concentration on the properties of hot extruded Al-Al2Os composites synthesized through
microwave sintering process. Mater. Sci. Eng. A 2017, 696, 60—-69.

6. Ghasali, E.; Pakseresht, A.; Rahbari, A.; Shahed, H.E.; Alizadeh, M.T. Mechanical properties and
microstructure characterization of spark plasma and conventional sintering of Al-SiC-TiC composites.
J. Alloys Compd. 2016, 666, 366-371.

7. Shirvanimoghaddam, K.; Khayyam, H.; Abdizadeh, H.; Akbari, M.K.; Pakseresht, A.H.; Ghasali, E,;
Naebe, M. Boron carbide reinforced aluminum matrix composite: Physical, mechanical characterization
and mathematical modeling. Mater. Sci. Eng. A 2016, 658, 135-149.

8. Reddy, M.P,; Ubaid, F.; Shakoor, A.; Mohamed, A.M.A.; Madhuri, W. Structural and mechanical
properties of microwave sintered Al-NisoTiso composites. J. Sci. Adv. Mater. Dev. 2016, 1, 362-366.

9.  Alizadeh, A.; Nassaj, E.T.; Baharvandi, H.R. Preparation and investigation of Ale4 wt % B4C nanocomposite
powders using mechanical milling. Bull. Mater. Sci. 2011, 34, 1039-1048.

10. Lee, S.H.; Kima, H.D.; Choi, S.C.; Nishimura, T.; Lee, ].S.; Tanaka, H. Chemical composition and microstructure
of AIBCs prepared by different densification methods. J. Eur. Ceram. Soc. 2010, 30, 1015-1020.

11. Antony, M.D.; Prakash, A.; Jaswin, M.A. Microstructural analysis of aluminum hybrid metal matrix
composites developed using stir casting process. Int. J. Adv. Eng. 2015, 1, 333-339.



Materials 2017, 10, 621 11 of 12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

Liu, B.; Huang, W.M.; Wang, HW.; Wang, M.L.; Li, X.F. Compressive behavior of high particle content
B4C/Al composite at elevated temperature. Trans. Nonferrous Met. Soc. China 2013, 23, 2826-2832.
Alihosseini, H.; Dehghani, K.; Kamali, J. Manufacturing seamless square tubes of BiC-reinforced
aluminum composites by extrusion. Int. |. Adv. Manuf. Technol. 2017, 90, 1921-1930.

Ghasali, E.; Alizadeh, V.; Ebadzadeh, T. Mechanical and microstructure comparison between microwave
and spark plasma sintering of Al-BsC composite. |. Alloy. Compd.2016, 655, 93-98.

Ghasali, E.; Alizadeh, M.; Ebadzadeh, T.; Pakseresht, A.H.; Rahbari, V. Investigation on microstructural
and mechanical properties of Bs«C—Aluminum matrix composites prepared by microwave sintering.
J. Mater. Res. Technol. 2015, 4, 411-415.

Inoue, A.; Yamamoto, M.; Kimura, H.M.; Masumoto, V. Ductile aluminum-base amorphous alloys with
two separate phases. |. Mater. Sci. Lett. 1987, 6, 194-196.

Kim, D.H.; Kim, W.T. Formation and crystallization of Al-Ni-Ti amorphous alloys. Mater. Sci. Eng. A
2004, 385, 44-53.

Olszo, A.; Szala, J.; leziona, V.; Foramen, B.; Myalski, J. Influence of Al-Al2Os composite powder on the
matrix microstructure in composite casts. Mater. Cheract. 2002, 49, 165-169.

Zakaria, H.M. Microstructural and corrosion behavior of Al/SiC metal matrix composites. Ain Shams Eng. J.
2014, 5, 831-838.

Singh, V.; Chauhan, S.; Gope, P.C. Enhancement of wettability of aluminum based silicon carbide
reinforced particulate metal matrix composite. High Temp. Mater. Proc. 2015, 34, 163-170.

Gururaj, P.; Vyasaraj M., Kumar, M.G.; Gupta, M. Enhancing the hardness/compression/damping
response of magnesium by reinforcing with biocompatiblesilica nanoparticulates. Int. |. Mater. Res. 2016,
107, 1091-1099.

Standard Test Method for Knoop and Vickers Hardness of Materials; ASTM E384-08; ASTM International:
West Conshohocken, PA, USA, 2011.

Standard Test Methods of Compression Testing of Metallic Materials at Room Temperature; ASTM E9-89a;
ASTM International: West Conshohocken, PA, USA, 2009.

Standard Test Methods for Tension Testing of Metallic Materials; ASTM E8M-01; ASTM International:
West Conshohocken, PA, USA, 2015.

Busquets, D.; Amigo, V.; Salvador, M.D. Analysis of boron carbide aluminum matrix composites.
J. Compos. Mater. 2009, 43, 987-995.

Sezer, A.O.; Brand, J.I. Chemical vapor deposition of boron carbide. Mater. Sci. Eng. B 2010, 79, 191-202.
Vintila, R.; Charest, A.; Drew, R.A.L. Synthesis and consolidation via spark plasma sintering of
nanostructured Al-5356/B4C composite. Mater. Sci. Eng. A 2011, 528, 4395-4407.

Prasad, V.V.B.; Bhat, B.V.R.; Mahajan, Y.R. Structure-property correlation in discontinuously reinforced
aluminum matrix composites as a function of relative particle size ratio. Mater. Sci. Eng. A 2002, 337,
179-186.

Khakbiz, M.; Akhlaghi, F. Synthesis and structural characterization of Al-B«C nano composite powders by
mechanical alloying. |. Alloys Compd. 2009, 479, 334-341.

Wong, W.L.E.; Gupta, M. Using microwave energy to synthesize light weight/energy saving magnesium
based materials: A review. Technologies 2015, 3, 1-18.

Abouelmagd, G. Hot deformation and wear resistance of P/M aluminum metal matrix composite. J. Mater.
Proc. Technol. 2004, 155, 1395-1401.

Sharifi, M.E.; Karimzadeh, F.; Enayati, M.H. Fabrication and evaluation of mechanical and tribological
properties of boron carbide reinforced aluminum matrix nanocomposites. Mater. Des. 2011, 32, 3263-3271.
Zheng, R.; Hao, X.; Yuan, Y. Effect of high volume fraction of B4«C particles on the microstructure and
mechanical properties of aluminum alloy based composites. J. Alloys Compd.2013, 576, 291-298.

Thevenot, F. Boron carbide—A comprehensive review. |. Eur. Ceram. Soc.1990, 6, 205-225.

Chu, K;; Jia, C.C; Li, W.S. On CTE of SPS consolidated SiCp/Al composites with various particle size
distributions. J. Mater. Sci. Technol. 2012, 28, 1397-1401.

Radhika, N.; Raghu, R. Development of functionally graded aluminum composites using centrifugal
casting and influence of reinforcements on mechanical and wear properties. Trans. Nonferrous Met. Soc.
China 2016, 26, 905-916.

Donnish, V.; Reynaud, S.; Haber, R.A. Boron carbide: Structure, properties, and stability under stress.
J. Am. Ceram. Soc. 2011, 94, 3605-3628.



Materials 2017, 10, 621 12 of 12

38. Topcu, L; Gulsoy, H.O.; Kadioglu, N. Processing and mechanical properties of B4«C reinforced Al matrix
composites. Composites. |. Alloys Compd.2009, 482, 516-521.

39. Rama Rao, S.; Padmanabhan, G. Fabrication and mechanical properties of aluminum-boron carbide
composites. Int. J. Mater. Biomater. Appl. 2012, 2, 15-18.

40. Meenashisundaram, G.K.; Nai, M.H.; Gupta, M. Effects of primary processing techniques and significance
of hall-petch strengthening on the mechanical response of magnesium matrix composites containing TiO2
nanoparticulates. Nanomaterials 2015, 5, 1256-1283.

41. Zhang, Z.; Chen, D.L. Contribution of Orowan strengthening effect in particulate reinforced metal matrix
nanocomposites. Mater. Sci. Eng. A 2008, 483, 148-152.

42. Hassan, S.F.; Gupta, M. Effect of particulate size of alumina reinforcement on microstructure and
mechanical behavior of solidification processed elemental Mg. J. Alloys Compd.2006, 419, 84-90.

43. Kouzeli, M.; Mortensen, A. Size dependent strengthening in particle reinforced aluminum. Acta Mater.
2002, 50, 39-51.

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



