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ABSTRACT  
An effective powder metallurgy route has been used to develop new Al/B4C (0, 0.5, and 1 wt. %) 
nanocomposites. Following 4 h of optimized mechanical milling, particle size measurements verified for 
the pure Al, Al/B4C (0.5 wt. %), and Al/B4C (1 wt. %) samples as 65, 54, and 51 nm, respectively and these 
values are well corroborated to the crystal size measurement by XRD for the respective samples. Then the 
compacted (at 200 MPa) samples were sintered at an argon atmosphere at 550 °C for 3 h. Because of the 
homogeneous dispersion of 1 wt. % B4C in Al, the intensity of the Al peaks is significantly reduced in the XRD 
pattern of Al/1 wt. % B4C composite, which indicates the proper composite formation between Al and B4C. 
It is marked that the reinforcement of B4C enhanced the morphology of pure Al. Reinforcement of only 1 wt. % 
B4C in Al was found to enhance its microhardness value from 45 to 112 VHN (about 148 % increment). 
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Introduction 
Aluminium (Al) is a very popular material, mainly due to its low density, ductility, and 
good electrical conductivity [1,2]. Still, its application is limited because of its poor 
hardness. Aluminium is potentially used in its alloy or composite forms. Different metals 
like magnesium (Mg), copper (Cu) [3], ceramics like magnesium oxide(MgO) [1], 
aluminium oxide (Al2O3), boron carbide (B4C), silicon carbide (SiC) [3,4], and carbonaceous 
materials like graphene [2] and carbon nano tubes (CNT) [5] are generally added to Al to 
improve its various properties. Reinforcing aluminum with graphene [2] and CNT is widely 
used to enhance its microhardness and electrical properties. The enhancement of 
aluminum properties through the reinforcement of graphene/rGO and carbon nanotubes 
is not economically feasible. This is primarily because graphene and CNT [6] are quite 
expensive, which include challenges in developing aluminum-based composites using 
these materials. On the other hand, generally ceramic-reinforced Al matrix-based 
composites show good strength-to-weight ratio, corrosion, and tribological properties, 
enhancing their application to aviation, automobile, aerospace, marine, infrastructure, 
recreation, and defense [7–12].  
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Al with mono-, binary-, multiple-, or tri- ceramics reinforcement have been 
developed by different researchers [13–16]. As the number of reinforcing agents change, 
the behavior of composites changes with the change of kinematics and mechanism of 
composite formation. The process becomes challenging and difficult with the increase of 
number of reinforcements. Notably, among the ceramic class of carbides, boron carbide 
(B4C) is the super ceramic material that shows excellent mechanical properties, low 
density, thermal, anti-corrosion, wear resistance, excellent impact strength, and ultimate 
tensile strengths, etc. [17–19]. 

Aluminum/boron carbide with lightweight, high hardness, and excellent thermal 
and chemical stability can be used for various industrial lightweight with high strength 
applications. Research is ongoing on B4C-reinforced aluminium composites, but 
challenges include adding the right amount of B4C, homogenous dispersion, and 
appropriate processing techniques. Al based composites (AMCs) can be prepared by 
various methods such as stir casting, powder metallurgy, squeeze casting, infiltration, 
spray deposition, mechanical alloying, direct metal deposition, extrusion, and hot 
pressing [20–23].  

Each of these methods have their own Merits and demerits that are linked to specific 
application requirements of the composites. The powder metallurgy route is an effective 
method for preparing Al/B4C composites, which involves powder composite formation, 
compaction, and sintering [24]. Hasan et al. [25] fabricated Al/B4C (2.5, 5, 7.5, 10, and 
12.5 wt. %) and Al/TiC (2.5, 5, 7.5, 10, and 12.5 wt. %) nanocomposites by powder metallurgy 
route sintered at 500 °C for 3.5 h under inert gas (argon). The micro-hardness for Al/B4C 
(12.5 wt. %) nanocomposites and Al/TiC (12.5 wt. %) are 92 and 87.4 HRC, respectively, 
against pure Al about 40 HRC. A significant improvement in the hardness of the Al/B4C 
composite was observed for the 12.5 wt. % reinforced B4C composite. Khan et al. [23] 
prepared composites of AA7075 metal matrix of Al with reinforcement other ceramic like 
SiC, RHA (rice husk ash), and CES (carbonized eggshell) as reinforcing agents. Four 
samples, including AA7075, AA7075-5 wt. % SiC (MMC), AA7075-5 wt. % SiC-3 wt. % RHA 
(s-HMMC), and AA7075-5 wt. % SiC-3 wt. %  RHA-1 wt. % CES (n-HMMC) were developed 
using the stir casting liquid metallurgy route, followed by the heat treatment. Stir casting 
of samples was carried out at 800 °C. Magnesium ribbons were added to enhance the 
wettability between the molten matrix and reinforcements. The cast samples underwent 
heat-treatment, heating at 400 °C for 3 h, quenching in a water bath, homogenization at 
450 °C for 2 h, and aging at 120 °C for 24 h. The study reveals that the maximum 
experimental density of AA7075 was 2769 kg/m3, with a decrease in densities with 
increasing reinforcements. The minimum experimental density of 2714 kg/m3 was 
recorded for n-HMMC, which is about 1.18 % less than the base alloy. The reinforced 
composites showed higher porosity than the base alloy, with n-HMMC having the highest 
porosity at 3.11 %, followed by MMC, s-HMMC, and the base alloy. Scanning electron 
microscopy (SEM) images reveal base alloy AA7075 has coarse grains with minimal 
porosity, while the typical n-HMMC sample has a mixture of fine and coarse grains, with 
pores likely due to improper mixing, pouring issues, and trapped gases. In the work the   
n-HMMC alloy has the highest hardness at HR = 81.2 and HBN = 143.55, while the base 
alloy AA7075 has the lowest hardness at HR = 61.13 and HBN = 98.5.  
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Another study [26] investigates various Al-B4C composite fabrication methods, 
including stir casting, powder metallurgy, melt-infiltration, and rolling. It compares their 
microstructural, mechanical, and physical properties. Powder metallurgy achieves 
uniform reinforcement particle distribution, while stir casting faces challenges like 
inhomogeneous distribution and low wetting behavior. Melt-infiltration is difficult to 
control pore size, and rolling reduces tensile strength. In our cases, heat treatment was 
simple and samples were sintered at relatively low temperature of 580 °C for 3 h. In our 
case, there is negligible reduction of density for the typical 1 wt. % B4C reinforced 
Al composite in compared to base matrix of pure Al. But the microhardness value of Al 
was significantly increased from 45 to 112 VHN, a 148 % increase, due to the 
reinforcement of only 1 wt. % B4C in Al.  

Kumar et al. [27] prepared cast pure Al and Al/B4C composites through the stir-
casting method. He determined the microhardness of pure cast Al about 72 VHN. But 
upon addition of 6 wt. % B4C to pure Al, it has been observed that there is an increment 
of about 21 VHN of composite. In [28], it is reported the effect of adding boron carbide 
(B4C) reinforcement to an aluminium (Al) matrix at different volume fractions of B4C 
particles, ranging from 2 to 12 %, fabricated by solid-state powder metallurgy using the 
hot-pressing process. The samples were processed at hot-pressing for 30 min at 620 °C, 
using induction heating and under uniaxial compressive stress of 60 MPa in a vacuum 
chamber. The hardness of the Al matrix was observed as 24 VHN. By reinforcing B4C up 
to 12 vol. %, the microhardness value of the composite reached 50 VHN. No significant 
improvement in microhardness was observed, even when sintering was carried out at 
620 °C in a vacuum chamber. Whereas the plastic deformation capacity of the Al matrix 
decreases as B4C content increases. For pure Al, the material can undergo 31 % plastic 
deformation, which indicates a relatively high degree of ductility. However, when 12 % 
of B4C is added, the plastic deformation drops significantly to 6 %. This suggests that the 
B4C particles are stiffer and more brittle than Al, and their presence in the matrix inhibits 
the ability of the material to undergo plastic deformation. It was also marked that pure 
Al tends to fracture in a ductile manner, meaning it can deform plastically and absorb 
more energy before failure. However, with B4C reinforced Al, the fracture becomes brittle. 
This transition from ductile to brittle fracture is attributed to the B4C reinforcement.  
The B4C particles are very hard and brittle, and they can act as stress concentrators within 
the Al matrix. When subjected to stress, these particles do not deform plastically like the 
Al matrix, but rather they promote crack initiation and propagation, leading to brittle 
fracture. In summary, while the addition of B4C improves the hardness of the Al matrix, it 
also leads to a reduction in plastic deformation and a shift in fracture behavior from 
ductile to brittle. This makes the composite more rigid but less tough, meaning it can 
withstand higher stresses but is more prone to fracture under certain conditions. Hence, 
more additions of ceramics like B4C are not suitable for the metallic behavior of Al.  

The presented study investigates the effect of B4C wt.% reinforcement (less or equal 
1 wt. %) on the microstructural, physical and micro hardness properties of aluminium 
composites. Generally, B4C more than 1 wt. % is added in pure Al to enhance its properties 
[17,24,25,27–29]. However, this research fills a gap in the exploration of the Al/B4C 
composites synthesis by typical powder metallurgy route with sintering temperature 
below 600 °C. with minimum reinforcement of B4C (preferably less than 1 wt. %) with 
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improved microstructural and microhardness behavior. More addition of B4C to Al will not 
also be economically feasible on an industrial, commercial scale. Hence, in this work, we 
have made an attempt to develop pure Al and Al/B4C (0.5 and 1 wt. %) composite 
materials by powder metallurgy route and evaluated their microstructural and 
microhardness properties for various future applications.  
 
Materials and Methods 

Aluminium (particle size ≤ 30 μm, purity ≥ 99 % μm, and density 2.78 g/cc) and boron 
carbide (particle size < 10 μm, purity 98 % and density 2.52 g/cc) powder samples were 
procured from Sigma-Aldrich and used as the starting materials. The typical process 
flowsheet adopted for preparation of Al/B4C composites with actual photographs taken 
during experiments are presented in Fig. 1.  
 

 
Fig. 1. The typical process flowsheet adopted for preparation of Al/B4C composites  
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First, Al/B4C (0.5 and 1 wt. %) composite powder was prepared using the mechanical 
planetary ball milling route. The ball mill was operated at a frequency of 30 Hz at 200 rpm 
(revolution per minute). Using tungsten carbide balls, the ball mill was carried in a 
stainless-steel jar. A charge-to-ball ratio of 1:10 was maintained during the ball milling. 
The milling of samples was done under an argon environment for 1–4 h. From the particle 
size analysis, it is observed that after 4 h of milling, the particle of power composite 
samples significantly reduced. The optimized powder composite samples produced after 
4 h of milling were taken for cold uniaxial compaction at 200 MPa for powder samples of 
pure Al and Al/B4C (0.5 and 1 wt. %) composite samples added with polyvinyl alcohol  
(2–3 drops) as a binder. By cold compaction pellets were prepared with a diameter of 
13 mm and thickness of 20 mm. Then, the pellets were air-dried. The compacted pellets 
were taken for sintering under an inert atmosphere (argon) in a controlled furnace. 
Sintering experiments were conducted at 550 °C for 180 min. After sintering over and 
obtaining the room temperature of the samples, they were taken out from the furnace for 
their properties evaluation.  

The properties of the samples were evaluated using various techniques. The size 
distribution of mechanically ball-milled powder samples was quantified by a laser 
scattering particle size distribution analyzer (LA-960V2, Horiba Scientific). X-ray 
diffraction (XRD) (PANalytical X’Pert Pro diffractometer) was used to determine the 
crystalline behavior of sintered samples. Field emission scanning electron microscopy 
(FESEM) (model ZEISS SUPRA 55) with attached energy-dispersive X-ray spectroscopy 
(EDS) was employed to evaluate morphological and elemental compositions of samples 
after sintering. The microhardness of sintered samples was determined by taking an 
average of seven indentions carried out by equipment Fisher-Cripps, Australia, with 
diamond Berkovich indenter. 
 
Results and Discussion 
The variation of the median size (D50) of mechanical ball-milled pure Al and Al/B4C (0.5 and 
1 wt. %) particles as a function of milling time (1–4 h), quantified by laser particle size 
analyzer is presented in Fig. 2. It has been observed that as the milling time increases from 
1 to 4 h, it causes a shape decrease in particle size. From Fig. 2, it can be seen that up to 
2 h of milling, there is a sharp decrease in particle size compared to the initial size of Al 
(particle size ≤ 30 μm and B4C (particle size < 10 μm). However, the rate of particle size 
reduction gradually decreases after 2 h of milling. In this work, we have obtained optimized 
particle size (D50) for pure Al, Al/B4C(0.5 wt. %), and Al/B4C (1 wt. %) as 65, 54, and 51 nm, 
respectively, after 4 h mechanical milling. From Fig. 2, it can also be seen that adding B4C 
particles to the Al powders resulted in a decreased size of the powder mixture. Hence, the 
addition of B4C particles in Al is found to accelerate the milling process to reduce particle 
size. These results can be attributed to the hard ceramic behavior and finer particles of B4C 
compared to Al. These results are found to be supported by other investigators regarding 
Al/B4C nanocomposite powder synthesis by mechanical alloying [28].  

The pure Al and Al/B4C (0.5 and 1 wt. %) composites synthesized after 4 h of 
planetary ball milling were considered as the optimized nanomaterials produced in this 
work and then taken for cold compaction, followed by sintering experiments. The above  
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Fig. 2. The variation of the average particle size (D50) of pure Al and Al/B4C (0.5 and 1 wt. %) composites 
as a function of milling time 

 
nanopowder samples added with polyvinyl alcohol (2–3 drops) as a binder are compacted 
at 200 MPa in a 13 mm die for one minute. Then, the samples were taken for sintering. 
In the first stage of the sintering cycle, the samples were heated from room temperature 
up to 550 °C with a heating rate of 5 °C per min. The samples were kept at 550 °C for 3 h 
in the second stage. Finally, the samples were allowed to cool up to 100 °C with a heating 
rate of 5 °C per min, and at last, the samples followed in situ cooling in the furnace till 
room temperature was achieved. 

The X-ray diffraction (XRD) study of pure sintered aluminum (Al) and Al/B4C 
composites with 0.5 and 1 wt. % B4C reinforcement reveals important insights into the 
structural changes and crystallinity of the materials. The typical fundamental parameters 
obtained from XRD are presented in detail in Table 1. The diffracted peaks with their 
relative intensities are observable from Fig. 2. The peaks obtained in the XRD analysis 
are identified by comparing their Bragg’s angle (2θ), d-spacing, and full width at half 
maximum (FWHM) values with that of inorganic crystal structure database (ICSD) of Al 
(Reference code: 98-006-2688) and B4C (Reference code: 98-001-1179). In the XRD of 
pure sintered Al (Fig. 3(a)), distinct peaks corresponding to the (111), (002), (022), and 
(113) planes of aluminum are observed.  

 

Table 1. Peak positions and corresponding FWHM and d-spacing values of XRD peaks of sintered pure Al 
and Al/B4C composite samples 

Pure Al Al/0.5 wt.% B4C Al/1 wt.% B4C 
Peak 

assignment 
Bragg’s 
angle 
(2θ) 

FWHM 
(2θ) 

d-
spacing, 

Å 

Bragg’s 
angle 
(2θ) 

FWHM 
(2θ) 

d-
spacing, 

Å 

Bragg’s 
angle 
(2θ) 

FWHM 
(2θ) 

d-
spacing, 

Å 

- - - 35.705210 0.048000 2.51264 35.072180 0.122803 2.55865 
B4C 

(104) 
38.544210 0.149760 2.33562 38.518680 0.157760 2.33727 38.513900 0.185139 2.33578 Al(111) 
44.806730 0.124800 2.02269 44.770120 0.192000 2.02287 44.765830 0.184205 2.02279 Al(002) 
65.165870 0.149760 1.43040 65.150440 0.144000 1.43070 65.152500 0.163738 1.43106 Al(022) 
78.312720 0.149760 1.21997 78.307950 0.168000 1.21991 78.299330 0.184205 1.22110 Al(113) 
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The XRD patterns for the Al/B4C composites (Fig. 3(b,c)) show the presence of an 
additional peak at the 2θ position corresponding to the B4C (104) plane, indicating the 
incorporation of B4C particles into the Al matrix. The B4C reinforcement does not introduce 
any impurity phases, confirming that the Al/B4C composites are homogeneous. The XRD 
patterns of the Al/B4C composites exhibit a shift of the aluminum peaks to lower 2θ values 
compared to pure Al. This could indicate lattice expansion due to the incorporation of B4C, 
which is a harder material than Al. The FWHM of the peaks in Al/B4C composites is higher than 
that in pure Al. The broader peaks typically suggest a reduction in crystallite size and increased 
lattice strain in the composite material. The FWHM is found to be the highest for the Al/B4C 
(1 wt. %) composite, confirming the presence of finer grains and more internal strain. This 
results in a lower peak intensity for the composites. There is no significant difference in the d-
spacing values for the corresponding peaks between pure Al and Al/B4C composites, 
suggesting that the addition of B4C does not significantly alter the crystal structure of Al at the 
atomic scale. The intensity of the aluminum peaks is observed to decrease with the addition of 
B4C, especially in the Al/B4C (1 wt. %) composite. This reduction in intensity is most 
significant for the Al (111) peak, indicating that the crystal orientation may be altered, or 
that there is a reduction in the size of the Al crystallites. As the B4C content increases from 
0.5 to 1 wt. % in the composites, the intensity of the B4C (104) peak increases, confirming 
a higher volume fraction of B4C in the Al matrix. This suggests that the reinforcement 
content has a measurable impact on the overall crystallographic structure of the composite. 

 

 
 

Fig. 3. XRD study of sintered samples (a) pure Al, (b) Al/B4C (0.5 wt.%) composite, (c) Al/B4C (1 wt.%) 
composite  
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From XRD spectra, the average crystallite size has been calculated for Al and B4C 
phases considering only their highly intense peaks by applying the Scherer equation [30]: 
𝛿 =

0.9𝜆

𝛽𝑐𝑜𝑠𝜃
,                                                                                                                                                           (1)  

where 𝜆 is a X-ray wavelength, 𝛽 is FWHM (full width at half maximum) in radian for the 
peak observed at 2θ diffracting angle. 

Pure sintered Al has a crystallite size of ~ 65.02 nm. Al/B4C sintered composites 
(with 0.5 and 1 wt. % B4C) show crystallite sizes ranging from ~ 63.88 to 64.75 nm for the 
Al phase and ~52.75 to 54.43 nm for the B4C phase. The crystallite size of Al in the 
composites is quite similar to that of pure Al, with a slight decrease (~ 1–2 nm), 
suggesting that the addition of B4C does not significantly affect the crystallite size of Al. 
However, the B4C phase itself exhibits a smaller crystallite size compared to Al, which 
may be due to its different nature or the role of B4C in stabilizing or refining the grains 
during processing. The fact that the crystallite sizes measured are consistent with the 
median particle sizes (D50) after 4 h of milling indicates that the milling process likely 
contributed to refining the particles to a certain size. The lack of significant change in 
particle size after sintering supports the idea that milling is the dominant process for 
controlling particle size, rather than the sintering process itself. No significant 
agglomeration, grain growth, or nucleation is observed after the sintering process. This 
is an interesting observation, as typically, sintering can lead to particle coarsening or 
grain growth depending on the temperature and time. The absence of these phenomena 
suggests that the milling process, along with the particular sintering conditions used, was 
well-controlled to prevent unwanted changes in particle and grain size. It may also imply 
that the Al and B4C particles were sufficiently fine and stable during milling, so no 
substantial changes were induced during sintering. The addition of B4C seems to not only 
reduce the crystallite size of the B4C phase but also helps to stabilize the crystallite size 
of the Al phase. This is likely due to the reinforcing role of B4C particles, which may hinder 
excessive grain growth during the sintering process. B4C is known for its hardness and 
stability, and in composites, it could act as a grain refiner, reducing the tendency of Al to 
grow its grains during sintering. 

FESEM was used to assess the microstructure of the sintered pure Al and B4C 
(0.5 and 1 wt. %) added Al composite samples (Fig. 4). There are noticeable 
microstructure cracks in pure sintered aluminum (Fig. 4(a)). The sample's surface 
morphology reveals a dip valley. After sintering, the Al/B4C (0.5 and 1 wt. %) composite 
was observed to be extremely dense (Fig 4(b,c)). The microstructure shows no discernible 
dips or fissures. In particular, the Al/1 wt. % B4C exhibits improved microstructure without 
any remarkable defects. The improvement of microhardness is greatly impacted by such 
superior microstructure. The study of the sintered pure Al and Al/B4C (1 wt. %) composite 
phases was conducted through EDS analysis on the microstructures observed in FESEM 
images. The EDS analysis of sintered pure aluminium, as shown in Fig. 5(a) corresponding 
to the FESEM micrograph in Fig. 4(a), reveals only a peak associated with aluminium (Al). 
This indicates that the sintered pure Al consists solely of the aluminium phase, without 
any detectable impurities or additional phases. The EDS analysis of the phase 1 in the 
sintered Al/B4C composite, indicated in Fig. 4(c), shows the presence of an aluminium 
peak (Fig. 5(b)). This confirms that phase 1 consists of aluminium, as expected in the 
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composite material. The EDS analysis of phase 2, marked on the FESEM image in Fig. 4(c), 
reveals peaks corresponding to boron (B) and carbon (C) (Fig. 5(c)). These peaks confirm 
the presence of the boron carbide (B4C) phase within the composite. No peaks indicative 
of oxide or aluminium carbide phases were detected in the EDS analysis. The purity of 
the sintered samples is verified by the absence of any impurities in the EDS results, as no 
unexpected elements were detected, confirming the purity of the materials.  

 

 
 

Fig. 4. FESEM analysis: (a) pure sintered Al, (b) sintered Al/B4C (0.5 wt. %) composite sample,  
(c) sintered Al/B4C (1 wt. %) composite sample  
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Fig. 5. (a) EDS result obtained on the total FESEM microstructure marked by the rectangular box shown in 
Fig. 4(a) of sintered pure Al; (b,c) EDS results obtained on the FESEM microstructure marked by phase 1 

and phase 2 respectively in Fig. 4(c) of sintered Al/B4C (1 wt. %) composite 
 

The transmission electron microscopy (TEM) analysis result of sintered pure Al, 
Al/B4C (0.5 wt. %) and Al/B4C (1 wt. %) samples are presented in Fig. 6. Pure Al shows 
spheroidal kind of Al particles, which is typical for pure Al, where the particles are 
relatively uniform without any reinforcement. When B4C (0.5 and 1 wt. %) reinforced in 
the matrix of Al, the dispersion of the B4C particles is observed in the TEM images.  
The TEM results suggest that as the B4C content increases, the particles are more evenly 
distributed within the Al matrix. The composite with 1 wt. % B4C shows the relatively 
better dispersion, where the B4C particles are well distributed in the Al matrix. This result 
could imply a stronger bond or interaction between the Al and B4C. This analysis seems 
to indicate that increasing the B4C content enhances the dispersion and potentially 
improves the structural integration between the phases, which might lead to improved 
hardness properties in the composite. 

The microhardness of sintered pure Al and Al/B4C (0.5 and 1 wt. %) composite samples 
were determined by calculating seven average values. The pure sintered Al exhibited  
a microhardness of 45 ± 5 Vickers hardness number (VHN), while the Al/B4C (0.5 wt. %) 
composite demonstrated a microhardness of 75 ± 7 VHN. The microhardness of aluminum 
was further improved with the addition of 1 wt. % B4C, resulting in the Al/1 wt. % B4C 
composite achieving a microhardness exceeding 148 % (112 ± 8 VHN) compared to pure  
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Fig. 6. TEM analysis: (a) pure sintered Al, (b) sintered Al/B4C (0.5 wt.%) composite sample, (c) sintered 
Al/B4C (1 wt.%) composite sample 

 
aluminum. This enhancement in microhardness is attributed to the effective dispersion and 
presence of the harder boron carbide phase, good adhesion among the B4C particles and Al 
matrix, formation of dislocations around B4C particles due to misfit strain as well as the 
application of appropriate processing parameters for the production of nanocomposites.  

The microhardness values of our sintered pure aluminum and aluminum/boron 
carbide composite samples, along with those reported in existing literature, are 
summarized in Table 2. In [17], a 9 wt. % addition of boron carbide to aluminum was 
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noted to enhance its hardness. However, our findings clearly indicate a substantial 
improvement in the microhardness of aluminum with only a 1 wt. % B4C reinforcement. 
Nirala et al. [31] investigated boron carbide reinforcement levels ranging from 4 to 
12 wt. % in aluminum, observing a maximum microhardness of approximately 77 VHN 
for the Al/B4C (12 wt. %) sample with 133 % increase in microhardness from an initial 
value of 33 VHN for aluminum. Literature indicates that a 12 vol. % boron carbide 
reinforcement can elevate the microhardness of aluminum from 24 to 50 VHN, 
representing an increase of about 108 % [13]. Nonetheless, the reported microhardness 
values for aluminum tend to be lower overall. Kumar et al. [27] documented a 
microhardness of 72 VHN for aluminum, which increased by approximately 29 % (to 
93 VHN) upon the addition of 6 wt. % boron carbide. Afrid et al. [32] reported that the 
microhardness of pure Al is 55.62 VHN, while that of Al with 10 wt. % reinforced B4C 
composite processed by stir casting technique is 125.2 VHN. According to Gaylan et al. [33] 
when 5 wt. % B4C was reinforced to the Al composite, the microhardness value was found 
to be 44 VHN. Upon increasing B4C content up to 30 wt. % in the composite, the 
microhardness value increased to 75.5 VHN. However, when the B4C content in the 
composite increased to 50 wt. %, the microhardness value decreased to 36.5 VHN. Similar 
kind of work was reported in [34].  
 
Table 2. Microhardness values of pure Al and Al/B4C composite samples 

Sample 
Microhardness, 

VHN 
Method for preparation of composite Reference 

Pure Al 45.00 ± 5.00 powder metallurgy route this work 
Al/B4C (0.5 wt. %) composite 75.00 ± 7.00 powder metallurgy route this work 
Al/B4C (1 wt. %) composite 112.00 ± 8.00 powder metallurgy route this work 

Pure Al 72.00 stir casting  technique [27] 
Al/6 wt. % B4C 93.00 stir casting  technique [27] 

Pure Al 24.00 powder metallurgy  route [13] 
Al/12 vol. % B4C 50.00 powder metallurgy route [13] 

Al/4 % B4C ~ 33.00 stir casting technique [31] 
Al/12 % B4C ~ 77.00 stir casting technique [31] 

Pure Al 55.62 stir casting technique [32] 
Al/10 wt. % B4C 125.20 stir casting technique [32] 
Al/5 wt. % B4C 44.00 powder metallurgy route [33] 

Al/30 wt. % B4C 75.50 powder metallurgy route [33] 
Al/50 wt. % B4C 36.50 powder metallurgy route [33] 

 
Generally, the literature suggests that achieving higher hardness in aluminum 

necessitates a considerable addition of boron carbide, which may compromise the 
ductility of the aluminum matrix and potentially render the process and product 
commercially unviable. In light of the aforementioned context, we developed a nearly 
uniform powder composite of Al/B4C utilizing a specially designed planetary ball milling 
technique. By employing an appropriate powder metallurgy approach, we established an 
optimized process for the Al/B4C composite, incorporating a minimal quantity of B4C, 
specifically up to 1 wt. % in Al, to enhance the composite's properties, which was the 
primary aim of this study, and we successfully accomplished this goal. Our findings 
revealed a significant increase in hardness for the Al/B4C composite with just 1 wt. % B4C 
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reinforcement in Al, achieving a 148 % increase in microhardness compared to pure Al, 
all while utilizing a relatively low sintering temperature, thereby ensuring reduced energy 
consumption. It is widely recognized that the introduction of a ceramic phase into a metal 
can adversely affect its ductility. Consequently, we endeavored to create an Al/B4C 
composite by incorporating a small amount (0.5 and 1 wt. %) of the ceramic phase (B4C) 
to preserve the desired properties, with the expectation that the results of this research 
will facilitate various industrial applications of aluminum. 
 
Conclusions 
The study describes the successful synthesis of Al/B4C composites using a powder 
metallurgy route. The key findings and implications are as follows: 
1. The planetary ball milling process, conducted in an argon atmosphere for 1–4 h, led 
to a significant reduction in particle size. This nano-scale reduction is important as it can 
enhance the properties of the resulting composite materials. Planetary ball milling 
significantly reduced the particle size of the composite powders, with pure Al and Al/B4C 
(0.5 and 1 wt. %) mixtures achieving nano-level particle sizes from their initial micron 
size. The particle sizes after 4 h of milling were measured as 65 nm for pure Al, 54 nm for 
Al/B4C (0.5 wt. %), and 51 nm for Al/B4C (1 wt. %). XRD analysis revealed no significant 
change in particle size post-consolidation. 
2. The powder mixtures were cold compacted at 200 MPa and sintered at 550 °C for 3 h. 
XRD and EDS confirmed the formation of the Al/B4C composites. The presence of B4C, 
especially at 1 wt. %, reduced the intensity of the Al peaks in the XRD spectrum, 
suggesting strong interaction between the aluminum and boron carbide.  
The microstructure, as observed in FESEM images, showed a highly dense structure, 
critical for achieving desirable mechanical properties. 
3. The hardness measurements revealed that the Al/1 wt. % B4C composite exhibited  
a microhardness value of 112 ± 8 VHN, which is 148 % higher than that of pure Al. This 
enhancement in hardness was attributed to the reinforcement of B4C, which notably 
improved the microstructure and properties of the Al matrix. 
4. The addition of just 1 wt. % B4C provided significant improvements in hardness and 
microstructure without any microstructural defects. This makes the Al/B4C composite 
promising for various industrial applications, particularly in the aerospace sector, where 
material performance is critical. 

Novelty and practical implications: the study's novelty lies in achieving a substantial 
increase in microhardness and overall structural properties with only a small amount of 
B4C (1 wt. %). This approach could offer a cost-effective and commercially viable method 
for producing Al-based composites with significantly enhanced performance, particularly 
for demanding applications in sectors like automobile, aerospace, marine, etc.  
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