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a b s t r a c t

Properties of metal matrix composites (MMCs) are affected by various process variables

such as particle size of powders, the proportion of reinforcement material, mixing

methods, sintering temperature, and duration. The significant drawback of stir casting is

reinforcement segregation, which is too difficult to avoid. Hence, the powder metallurgy

route is utilized to prepare Al-MMC. In the current work, aluminium-based MMC is fabri-

cated with varying proportions of silicon carbide (SiC) as a reinforcement material. Mixing

of powders is done using V-Blender and barrel mixer with three different mixing tech-

niques and the mixing quality of prepared powders is assessed. A significant reduction of

mixing time, i.e., more than 50%, is achieved through a novel barrel mixer as compared to a

conventional V-blender. Two important properties, hardness and compressive strength of

fabricated Al-MMC, are experimentally investigated. At the same time effect of the mixing

technique is also studied, and it is evident that hardness and compressive strength

improved when powders are mixed using a barrel mixer. Thus, a novel approach to powder

mixing has been achieved. An increase in SiC proportion by 5% resulted in an increase in

hardness by 14%. The average compressive strength of Al-MMC is highest when rein-

forcement content is 25%. Due to the uniform dispersion of particles achieved through

barrel mixer, compressive strength of MMC is 8e20% higher than the strength of those

MMC for which powders are mixed through conventional V-blender. A similar effect is
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observed in the hardness also, where the average hardness of MMC is 10e20% higher, for

which powders are mixed through barrel mixer. Hence, the newly designed barrel mixer

provides an effective solution for the quality mixing of powders through the powder

metallurgy process for fabricating Al-MMC.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
This powdermetallurgy can offer a good combination ofmetal

1. Introduction

Due to several unique characteristics and the scope of tailor-

made properties, metal matrix composites (MMCs) have

gained attention from researchers. MMCs are superior to

conventional materials in terms of specific properties such as

lower densities, high specific strength, higher fatigue, and

creep resistance are a few examples. Commercially produced

MMCs could demonstrate high wear resistance and lower

thermal expansions, making them suitable for use in nuclear

components, special integrated circuit chips packages for

spacecraft, etc. Many companies and reputed automobile

manufacturers also adopted MMC for some critical compo-

nents like turbine blades, drive-shafts, pistons for engine

cylinders, to name a few. In the particulate MMCs of Al and

Mg, particles like SiC, TiC, and Al2O3 are reinforced into the Al

and Mg metal or alloy matrix. The addition of Mg [1] in SiC or

Al2O3 based MMC can play a significant role in achieving

tailored properties like ultimate tensile strength and creep

resistance. The desired properties of MMCs can be attained by

varying the size, type, and concentration of reinforced parti-

cles [2].
Among many processes available for fabrication, powder

metallurgy (PM) offers flexibility and ease of fabrication of

MMCs. Compared to processes like stir casting [3], powder

metallurgy is free from undue chemical reactions, wettability

issues, and segregation of particles due to density, surface

tension, and temperature gradient. If the powders are mixed

well, the problems mentioned above can be easily overcome.

One of the main advantages of this process is that mixing of

matrix material and reinforcement takes place in solid-state,

there is reasonable control over the processing variables,

and it is comparatively easier to retain the reinforcement

material without any phase change or chemical reaction,

unlike stir casting process [4]. One of the significant draw-

backs of the stir casting process is reinforcement segregation,

which is too difficult to avoid. This issue is not present in the

powder metallurgy process. Torralba et al. [5] suggested

powder metallurgy as one of the more straightforward and

effective processing routes for the fabrication of metal matrix

composites. It is prudent to know that particle seizes of rein-

forcement and shape will affect the properties of target ma-

terial, i.e., MMCs, to a large extent. The compaction pressure

may be affected by particle size and strength of reinforcement

particle. Porosity and large-angle grain boundary formation

are the major issues that can be addressed with modification

in the sintering process. Necessary tooling is also more un-

complicated than other processes like pressure infiltration

spray deposition, and the process is economical compared to

PVD, CVD, and other special techniques like rapid prototyping.
and non-metals to fabricate various MMCs. It is also possible

to avoid reaction products and their formation in powder

metallurgy which usually happens in liquid state processing

of MMC. The quality of components and their properties are

very much dependent on the mixing of powders and unifor-

mity of dispersion of reinforcement when MMCs are fabri-

cated through powder metallurgy. Many researchers have

given great importance to the mixing or blending of powders.

Powder metallurgy involves three main steps: mixing pow-

ders, consolidation or compacting, and post-processing.

Hence, to take the fullest advantage of the powder metal-

lurgy process, due importance should be given to the mixing

or blending of powers [6].

Depending upon the matrix material and reinforcement

material, its shape, and size of particles, ball mill, v-blender,

planetary ball mill [5], tubular mixer [6] have been used by

several researchers. It is observed that ball milling is used in

many cases, owing to its simplicity of operation and good

quality of powder mixing in a reasonable time [7,8]. However,

less information is available on using v-blender and barrel

mixer with twin rotation system, which is used in the present

study. According to Obadele et al. [9] quality of powder-mix is

influenced by various parameters such as particle size, parti-

cle shape, type of mixer, use of a binder, duration of mixing,

etc. Clustering and aggregation are the two common issues in

mixing fine powders; Malin et al. [10] used a four-blade

impeller at 1800 rpm to mix the powder while introducing

the effect of high shear pre-dispersion followed by another

low-speed ball milling (LSBM) to get uniform dispersion of

carbon nanotubes (CNT) in the matrix of Al-6061 fine powder.

The results were encouraging, and good quality of powder

mixingwas observed. Depending upon the functional element

of the mixer, i.e., impeller, agitator, drum, etc., there can be

changes in the size and shape of the particles the powders are

being mixed. In some cases, sharp edges are broken, and

particles get combined to form a compound particle. Espe-

cially in the ball milling approach, this phenomenon can be

very well observed. Mendoza et al. [11] fabricated an

aluminium based MMC with copper, nickel, and graphite-

reinforced in powder form. They used a high-speed milling

process to mix the powders. It is evident that as the mixing

time increases, the compounding of particles may happen,

which in turn affects the followability of powders in the

mixing chamber. Mechanical properties of MMC can be

affected to some extent by the change of particle shape. Also,

it can affect the degree of porosity void formation tendency in

the case of sintering of MMC.

Loh et al. [12] used a particular type ofmixer, in which twin

vertical mounted blades were used to mix the powder. The
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blades were so designed to have minimum relative surface

area. The design of the blade and high speed of rotation could

reduce the agglomeration, but they observe microbubbles at

some places in the powder mix. According to them, these

microbubbles can cause in-homogeneity to a certain extent. If

the constituents are not stable chemically, prolonged mixing

can negatively affect the quality of the powders' mixture. If a

polymer-based agent assists the mixing of powders, then

temperature control is a must during the entire mixing pro-

cess to avoid the scope of any undesirable chemical reactions.

Homogeneity of powders is affected by the cohesiveness of

powders being mixed. Cohesive powders are least affected by

segregation, even though there can be a difference in particle

shape and size. Hence, cohesive powders and a good mixer

guarantee the uniform dispersion of reinforcement particles

in the matrix material. Oka et al. [13] found that using a

continuous mixer with rotating blades results in better ho-

mogeneity of blended powder compared to V-blender. A pro-

longed mixing is needed through V-Blender to get a

reasonable degree of homogeneity of blended powder.

Sometimes agglomerates are naturally found in the powder

itself. These agglomerates are individual primary crystallines

that are held by weak attractive forces. If these kinds of ag-

glomerates are found in the powders, it may pose challenges

for the mixer and the quality of powder mixing [14]. Conven-

tional laboratory methods can be the assessment of mixing

quality, like element testing, XRD analysis, titration methods,

etc. However, few studies apply a scientific process like nu-

merical analysis and use such techniques. Stefan et al. [15] did

an experimentally validated discrete element method (DEM)

numerical analysis to model and predict the mixing process.

Various physical conditions, mixing parameters, and bound-

ary values were models, and simulations were carried out

successfully. A good agreement was found between simulated

experiments and real-time experiments. The MLH12 paddle

mixer carried out Real-time mixing of powders. The relative

standard deviation (RSD) serves as one of the effective mea-

sures to assess themixing quality of the powder, and it should

reduce with the mixing time.

Many researchers have employed high-energy ball milling

of powders due to its simplicity in operation. Still, there can be

certain cases where some damage occurs to the particles of

some material. Peng et al. [14] reported such carbon nano-

tubes (CNT) issues. They came out with a different mixing

approach called the wet shaking approach for mixing the CNT

with aluminium powders. They combined ultra-sonication,

magnetic stirring, and shake-mixing to mix well the carbon

nano-tubes (CNT) with al-powder. Ethanol was used to pro-

duce a solution, and the solution was sonicated with high

frequency; after that, magnetic stirring was carried out to

obtain the final mixer. This approach served well to obtain

good quality of mixing of CNT into aluminium powder. Hence,

in light of the above facts, the mixing of powders is crucial for

any part or component to be fabricated by the powder met-

allurgy route, mainly when a blend of powders is being used.

Liao et al. [16] used a screw blender as a secondarymixer apart

from the primary mixer, i.e., horizontal rolling mill, to ensure

the final random dispersion of carbon nanotubes (CNT) in the

matrix material. Their experimental study showed that

sometimes reinforcement like CNT might require a
subsequent mixing process as conventional mixing can have

some issue of clustering of reinforcementmaterial. Dispersion

and presence of hard particles affect the resultant hardness of

composite material, as reported by Rahimian et al. [17]; ac-

cording to them, the increased content of complex particles

directly contributes to the increase in hardness. Jinzhi et al.

[16] reported higher hardness of composite material when

powders and other starting materials were mixed or blended

through high energy ball milling approach compared to those

mixed with low energy ball milling approach. The hardness

was 6% higher than that composite whose powders were

mixed through la similar observation were presented by Ero-

glu et al. [18], where tungsten powder was reinforced by nickel

produced the hardening effect on the resultant metal matrix

composites. Lattice structures are essential for new genera-

tion material designed for high energy absorption being light

in weight. This can result in high strength to weight ratio.

MMCs can also have such properties. Mubasher et al. [19] re-

ported that lattice structures like Octet, Gyroid, Kelvin, Sea

Urchin, Split-P, Rhombus, SUP can exhibit excellent energy

absorption and mechanical flexibility in many critical appli-

cations such as aerospace and medical and dentistry. They

found that the surface roughness of these lattice structures is

directly proportional to strength. They found that the dia-

mond structure SUP structure was superior to other lattice

structures in load-bearing capacity. Application of Nano

reinforcement particles-based MMCs can also be explored in

renewable energy devices and sources, where efficient utili-

zation [20] is of paramount importance. By using nanofluids in

specially fabricated tube solar collectors, the performance of

absorption cycles can be increased to a great extent [21].

Similarly, some other special applications can also be devel-

oped [22].

Fogagnolo et al. [23] reported the significant contribution of

reinforcement material for the increase of hardness, the

hardness of base material was 65 HV, while the hardness of

MMC was written between 192 and 209 HV, which is almost

three times the hardness of base material; also they could

show the significant difference between the hardness of

powder as obtained and mechanically alloyed powders. In

another experimental study, Bodukuriet al. [24] also reported

an increase in the hardness of composite material when the

proportion of B4C was increased in the composite material. A

similar phenomenon was also reported by Tosun and Kurt

[25], where the hardness of MMC was found enhanced along

with the increased content of reinforcement and sintering

temperature. Zhao et al. [26] reported an increase in strength

of aluminium and tungsten-basedMMC; they found that there

was a significant increase in strength of composite when the

reinforcement proportion was increased, they used nickel as

reinforcement, tensile strength increased from 600 MPA to a

whopping value of 1850 MPa with the increased proportion of

nickel to 55%. They suggested that efficient and effective

transfer to applied load to the well-bonded matrix and rein-

forcement particles increases strength. The only concern they

revealed was that there should not be any traces of brittle

oxides formation, which is detrimental to the strength of

composite material. The homogeneity of microstructure

without particle agglomeration is also a basis for increasing

MMC's strength. If SiC particle acts as a solid nucleus, then
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higher chances are there to enhance the strength of the par-

ticle reinforced MMC [27]. Similar results while doing an

experimental study on aluminium-based MMC reinforced

with fly-ash were reported by Avinash et al. [28]. The

increased content of fly ash also resulted in the enhancement

of strength as compared to that of commercial aluminium.

However, the strength of SiC or Nickel-based MMC is much

higher than the fly ash reinforced aluminium composites.

Another study was carried out by Mimoto et al. [29] revealed

that reinforcement of carbon nano-tubes (CNT) increased

strength, and they suggested that not only increased content

of reinforcement but also solid solution hardening contrib-

uted to the enhancement of mechanical strength.

Nicholls et al. [30] extensively reviewed the machining

behavior ofMMC and found that it is challenging to predict the

machining behavior and machinability of hard particle rein-

forced MMC; according to them, conventional Merchant's
theory of single shear plane cannot be sufficient to analyze the

machining of MMCs. Tool wear, surface roughness, and cut-

ting forces become the key parameters to investigate in light

of new approaches. Davim et al. [31] found that thrust force in

the drilling of hybrid composites is affected by the type and

presence of hard particles in the MMC; an optimization is

essential to come up with the best machining parameters.

Tool wear is also one of the critical issues in the machining of

MMCs. Several researchers have given due importance to this

critical aspect ofmachining of MMCs. Bain et al. [32] suggested

that abrasion of hard particles like SiC or alumina immedi-

ately causes the tool wear, as each sharp edge of reinforce-

ment particle causes severe abrasion on tool faces. Residual

stresses on the machined surface affect the chip formation

pull-out tendency of reinforcement particles [33]. The tem-

perature at the shear zone significantly affects the tool wear

pattern. Hence thermally assistedmachining can address this

issue up to some extent. Damian et al. [34] Investigated that

thermally assisted machining can significantly reduce tool

wear. The researchers tried to establish the scope of the laser

for improved machinability. Flank wear can be greatly

reduced if the matrix softening is done before machining.

Khanna et al. [2] attempted the cryogenic turning of

magnesium-based MMC as one of the novel techniques to

address the issue of machinability of MMCs. They reported a

significant reduction in cutting forces and power re-

quirements for the machining. The lower temperature at the

machining zone or cutting zone helps retain the hardness of

the tool and the formation of BUE is restricted. In other

experimental work Khanna et al. [35], demonstrated the scope

of eco-friendly technique of minimum quantity lubrication

(MQL) in the machining of titanium based MMCs. They ob-

tained favourable results for the reduction in the cutting

forces with MQL approach. The cutting forces were signifi-

cantly reduced with MQL and reduction in energy was also

reported.

It is inferred from the available literature that the stir

casting approach can be utilized to produce metal matrix

composites. However, it suffers from reinforcement segrega-

tion, which is too difficult to avoid. Hence, the powder met-

allurgy route is utilized to prepare aluminium-based metal

matrix composite. In powder metallurgy, the reinforcement

takes place in solid-state, allowing reasonable control over the
processing variables. Contemplating these matters, the

objective of the present work is to experimentally investigate

the effect of type of mixing and type of mixer on properties of

aluminium-based metal matrix composites material. Mixing

time, particle size, mechanism of mixing is the few key pa-

rameters are analyzed that can affect the mixing quality of

powders. Mixing of powders is done using two mixers, V-

blender and barrel mixer, and three different mixing tech-

niques are deployed. At the same time effect of the mixing

technique is also studied. In the novel barrel mixer twin

rotation feature, both the drum and agitator rotate in opposite

directions, and powders are continuously mixed through

shear and convection. Due to twin rotation stationary sites or

local clustering of powders is eliminated, hence mixing

quality is superior to other conventional mixers such as V-

blender and the results are improved hardness and

compressive strength when powders are mixed with barrel

mixer. Thus a novel approach to powder mixing has been

achieved. Furthermore, this work also investigated the effect

of the proportion of SiC and particle size of SiC on the

compressive strength of the prepared MMC. Using the exper-

imental results, a combination of suitable mixing methods,

mixing time, particle size, and concentration of SiC particles

are established for the defect-free production of Al-MMC.
2. Materials and methods

2.1. Metal matrix composite preparation

Elemental powders of pure aluminium and silicon carbide

have been used to preparemetalmatrix compositematerial. A

Schematic illustration of the powder metallurgy technique to

prepare MMCs is presented in Fig. 1. Among the various

reinforcement materials, silicon carbide (SiC) is most widely

used in the fabrication of metal matrix composites. The

availability of SiC in powder form in different sizes and purity

level is another reason to prefer SiC over other reinforcement

materials. SiC powder is obtained fromAmity Enterprise India

with 10 mm, 20 mm, and 30 mm of average particle size. Each

sample of SiC powder and pure aluminium powder is tested

for moisture content. Approximately 20% of SiC powder of

smaller particle size, i.e., less than 30 mm, is used; this is done

to take advantage of particle size, as smaller particle size

contributes much to strength. The interfacial area of particle

size also plays an essential role during the sintering of green

compact made by powder metallurgy. Al-MMC with three

different compositions is fabricated for experimental study.

SiC is added to pure aluminium powder in three proportions,

i.e., 15%, 20%, and 25% byweight. The pure aluminiumpowder

and SiC powder aremixed using three approaches 1) Mixing in

V-blender, 2) Mixing in V eblender with steel balls and 3)

Barrel mixing with induced shear.

In the first approach, a V-Blender is utilized to mix the

powders thoroughly and uniformly for 14 h, while in the sec-

ond mixing method, steel balls of 12 mm diameter are also

added in the V-Blender to reduce caking effect and agglom-

eration in the powder mix and to achieve uniform mixing of

SiC in Aluminium powder. The number of balls is such that all

together, they occupy around 20% of the internal volume of V-

https://doi.org/10.1016/j.jmrt.2022.02.094
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Fig. 1 e Schematic illustration of the powder metallurgy technique to prepare MMCs.
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Blender. Agglomeration and clustering at local spots are the

two main processing issues in mixing fine powders, affecting

the mechanical properties of MMC. A specially fabricated

barrel mixer is also utilized to mix the powders in which both

barrel and agitator are rotated in the opposite direction. Slots

in the ribbon of the agitator were provided to induce the shear

during the mixing of powders. Both types of mixing devices

used in this experimental study are shown in Fig. 2. Different

batches of powder mix have been obtained in which SiC is

added to the pure aluminium in the proportion of 15%, 20%,

and 25%. Aftermixing,MMCmaterial is fabricated through the

powdermetallurgy process. Each time 30 g of mixed powder is

taken, it is compacted in a circular die with the help of a steel

punch. The compaction of powder is carried out at the pres-

sure of 200 MPa. To estimate density, green compacts are ob-

tained and carefully weighed on a digital weighing machine.

Figure 2 presents the die and punches used in this study and

the green compacts obtained after the compaction of powders.

After that, in the inert atmosphere of argon gas, all the

specimens are sintered at 598 �C for 90 min and water

quenched. After quenching, all the samples are dried with the

help of hot air. The sintering arrangement is shown in Fig. 2.

For microstructural examination, the faces of all the speci-

mens are cleaned, and their faces are prepared through a

grinding and polishing machine. Emery papers of 200e1000

grit have been used. Furthermore, all the specimens are pol-

ishedwith a diamond paste of 1 mmand 3 mm.Micrographs are

obtained to confirm the presence of SiC particles in the

aluminium matrix and uniform dispersion.

2.2. Surface characterization and mechanical properties

Micorogrpah and SEM images of the fabricated specimens are

obtained to analyze the effect of the proportion of reinforce-

ment material and the mixing method. An image analyzer is

utilized for obtaining the microstructure of the prepared

samples. The compressive strength of all the samples is eval-

uated using a universal testingmachinewith a digital readout.

The hardness of each sample is measured for the specimens

prepared with different proportions of SiC. For each sample

minimum of five readings are considered for each face. The

specimens aremachined, and hardness at the interior portion

is also measured to see the uniformity of results.
2.2.1. Microstructure of Al-MMC
The microstructure of Al-MMC of various compositions is

obtained through an image analyzer. For the comparison

purpose, a few samples are prepared from pure aluminium

powder, i.e., without reinforcement, and their microstructure

is obtained. Fig. 3(a) and (b) present the Al-MMCmade of pure

aluminium only and the presence of porosity sites as dark

regions resembling grain boundaries. The presence of SiC

particles and porosity can be seen easily at various locations

in the microstructure, as shown in Fig. 3(c) and (d) for the

composition of Al-MMC with 15% SiC and 20% SiC. Uniform

dispersion of SiC particles can be seen clearly when the

powders are mixed through a barrel mixer.

Fig. 4 (a) and (b) show the microstructure of Al-MMC with

15% SiC and 20% SiC. When powders are mixed through V-

Blender, dispersion of SiC particles can be seen but mixing

time is very high in the case of V-Blender. Hence subse-

quently, all the powders are mixed through a barrel mixer

only. SEM micrograph is also obtained for the sample pre-

pared through the barrel mixer and, these micrographs also

confirmed the presence of SiC particles in the aluminium

matrix. SiC particles can be seen with sharp edges, while

aluminium particles can be seen with round edges. The SEM

micrographs are shown in Fig. 5.
3. Results and discussion

3.1. Assessment of mixing quality of powders

A V-Blender and barrel mixer is utilized to mix the powders.

Random samples are taken at regular intervals, and element

testing is carried out to confirm the proportion of reinforce-

ment in each sample. Mixing is carried out for various time

duration, and mixing effectiveness is evaluated. Quality of

mixing is better when powders are mixed in a barrel mixer;

also, barrel mixer takes less time to achieve the desired

quality of mixing. Powder-mix is found loaded with cluster

and local agglomeration when mixed with V-Blender. This

issue is resolved when steel balls are added to V-Blender. The

randommovement of the steel ball results in a tumbling effect

and helps break the clusters and reduce agglomeration. Based

on themixing index, duration of mixing, and required quality,

https://doi.org/10.1016/j.jmrt.2022.02.094
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the barrel mixer is found better. The performance of mixers is

depicted in Fig. 6(a) and (b).

In this study, the lower bound value of the mixing error is

set as 5%, i.e., if the aluminium powder is mixed with 20% of

Sic powder, then at random in each sample, at least 18e19%

SiC should be found. From Fig. 6, it can be seen that the barrel

mixer requires only 35e40% of the time compared to V-
blender. Hence twin rotation in barrel mixer with shear

arrangement worked well for mixing powders.

3.2. Hardness measurement

Hardness is one of the target properties of metal matrix

composite material that needs due attention. The presence of

https://doi.org/10.1016/j.jmrt.2022.02.094
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Fig. 4 e Microstructure of Al-MMC with (a) 15% SiC and (b) 20% SiC mixed with V-blender.

Fig. 5 e SEM images of prepared Al-MMC.

Fig. 3 e Optical images of Al-MMC (a) and (b) without reinforcement (c) 15% SiC and (d) 20% SiC mixed with barrel mixers.
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Fig. 6 e (a) Mixing of powders with v-blender (b) Mixing of powders with barrel mixer.
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hard particles in a soft matrix-like aluminium always pro-

motes hardness. The hardness of composite material [36] also

increases with the increased proportion of hard particles.

Many studies [37] reveal that increased reinforcement content

increases the hardness [38] of the compositematerial. Inmany

cases, where the powders ofmatrixmaterial were prepared by

ballmilling or similar techniques [11], ballmilling powders [18]

are subject to severe deformation, grain refinement, and solid

dispersion [23]. This leads to the enhancement of the hardness

of MMC. Interestingly, the high hardness of ceramic particles

contributes to the enhancement of hardness as the load

transfer is done to them through the particles of the matrix

material. However, where the particle size of matrix material

is too fine, then a significant contribution to the enhancement

comes from the hard-reinforcement particles, where the bond

between matrix and reinforcement, porosity, and voids may

affect the resultant hardness.

In the current experimental work, an increase in the

hardness of composite material with the increase of rein-

forcement is evident in Fig. 7. MMC with 25% SiC content is
Fig. 7 e The hardness of Al-MMC with varying content of

SiC and mixing methods.
found with the highest hardness value. However, the effect of

the mixing method can be seen very clearly. The hardness

value is lowest for each compositionwhen powders aremixed

through V- blender due to the inherent ineffectiveness of

mixing. At the same time, it is better to mix with steel balls,

and the best results are obtained when powdered mixed

through a barrel mixer. To some extent, steel balls cause work

hardening on the particles, especially on ductile particles,

which contributes to enhanced hardness and strength. Less

dispersion of SiC particles can be responsible for the lower

value of hardness, while the degree of dispersion is highest

when the powder is mixed through the barrel mixer. As in

barrel mixer, SiC particles are mostly uniformly distributed in

the aluminium matrix; higher hardness of MMC is observed.

Ansary et al. [39] demonstrated that the presence of hard

particles like MgO could enhance the hardness of composite

material; according to them, there is a difference between

thermal expansion of soft and ductile matrix material like

aluminium and reinforcement material, which is: in turn,

causes an increase in hardness. Tosun and Kurt [25] suggested

that the presence of secondary phases in microstructure in-

creases the hardness of MMC, and due to the presence of

intermetallicphaseswhichwere formedneargrainboundaries,

strong bonding between reinforcement particles and matrix

material were observed, which is clear evidence of enhanced

hardness of MMC. In work reported by Nassar et al. [40], tita-

nium dioxide in nano form to reinforce the pure aluminium,

andMMCwas fabricatedbypowdermetallurgy route. Theyalso

confirmed thatwith the increased content of hardparticles, the

hardness of MMC increases. In their experimental work, the

hardness of titanium dioxide-based Al-MMC was obtained in

the range of 52e82 BHN. They found that nanoparticles of

reinforcement material hinder the dislocation of the matrix

material, and there is an increase in hardness and strength.

Mimoto et al. [29] added carbon nanotubes to titanium powder

to study the strengthening mechanism and other mechanical

properties. They found that incorporating carbon nanotubes in

the titanium matrix could significantly increase the hardness,

and they achieved a micro-hardness of more than 300 HV.

The Higher degree of dispersion eliminates the probability

of such sites where only aluminium is present, and SiC
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Fig. 8 e Impact of particle size on compressive strength of

Al-MMC.

Fig. 9 e Impact of particle size on compressive strength of

Al-MMC.
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particles may be a little away from such sites when hardness

is measured. When repeated readings are taken, the range of

hardness among all the observations is least in the case of

barrel mixing, which is another attribute for getting the

highest value of hardness when powders are mixed through a

barrel mixer. The range of hardness measurement decreases

when SiC particles are uniformly distributed, and at any

random site, SiC particles are found in the vicinity of

aluminium particles. Compaction pressure also affects the

hardness and gives rise to it, and at higher compaction pres-

sure, sintered porosity is less, and more densification is

observed. At the same time, bonding at the interfacial region

is also improved, and better load transfer happens, which

results in higher hardness.

3.3. Compressive strength of MMC

Matrix material, when reinforced by particulate or particle,

can enhance the strength of the resultant MMC. According to

the micromechanical model [29,30].

DRp:C ¼Dsa þ sKG þ sSKG þ sKF (1)

The DRp:C is the increase in strength due to the addition of

hard particles to the aluminium matrix, which causes

enhancement in strength. Shear modulus, Berger vector, and

dislocation density are also important elements that affect the

MMC's strength. Dsa represents the measure of induced dis-

locations using the following formula:

Dsa ¼a:G:b:r1=2 (2)

Hence, if reinforcement material with a higher value of

shear modulus is added to the matrix, it will directly impact

strength. Dsa is considered yield strength contribution, and it

occurs due to geometric dislocations and inner tensions. Grain

size also influences the stretch of MMC, sKG Provide the

contribution to strength measured due to grain size, esti-

mated through the Hall patch equation. sSKG Contributes to the

yield strength and compressive strength due to changes in

grain size during processing. It is immediately affected by the

particle size, which decides the grain size. sKF suggest the ef-

fect of work hardening. Generally, in powder metallurgy,

when powders are mixed, hardening is introduced in the

particles depending on the type of mixer work; the particle of

ductile material is greatly influenced by work hardening.

Small particles contribute more work hardening effect than

coarser particles; as a result, MMC with finer particles may

have high strength. In the light of the above facts, the

compressive strength of Al-MMC is experimentally investi-

gated. The average compressive strength of Al-MMC is highest

when reinforcement content is 25%. The experimental results

are shown in Fig. 8, where it can be seen that with the increase

of SiC content compressive strength of Al-MMC increases. Sic

particle and Al-based solid solutions can readily restrict the

propagation of cracks under loading. As a result, more stress

would be needed to cause further plastic deformation. Hence

with increased content of SiC, compressive strength in-

creases. Also, at the same time, strength is even higher when

powders are mixed through a barrel mixer, which is a very

effective mixer for uniformly mixing the powders. The uni-

form mixing ensures that at each location in the Al-MMC,
reinforcement particles are dispersed with a great degree of

homogeneity; hence no clusters of reinforcement particles are

formed, no agglomeration happens, hence, all the SiC parti-

cles are uniformly surrounded by the aluminium matrix, and

as a result, better strength is observed.

The effect of particle size on compressive strength is

illustrated in Fig. 9. The compressive strength decreases as the

particle size of SiC increases from finer to coarser. MMC with

the finer size of reinforcement is found to be of higher

strength, which agrees with the Hall-Patch model, i.e., finer

size of reinforcement contributes more strength. Due to the

lower size of particle interaction, dislocation also increases

[34], which increases the strength of MMC [41]. The coarser

particle size does not allow the whole engulfing of reinforce-

ment particles to the maximum extent, the presence of nano

and micropores, formation of oxides, and formation of high
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grain angle boundaries result in lowering of strength, which is

evident in this experimental study. Rahiman et al. [42] also

reported similar results of reduction in the hardness and

strength,when the particle size of reinforcementmaterialwas

increased. They reported a nearly 30% reduction in strength

for the increase of particle size by 10e25 mm. The effect of the

mixing method is also depicted; compressive strength is

higher when barrel mixers are used. Due to uniform disper-

sion of reinforcement, hard particle availability is ensured at

each portion ofMMC, and better load transfer takes place from

the softer to harder phase.
4. Conclusions

Mixing of powders is very crucial in powdermetallurgy, as the

quality of mixing directly affects the target properties of the

material. Three different approaches are attempted tomix the

powders effectively; the mixing quality is of concern when V-

blender is used. Its major limitation is the total time required

and particle size. As the partial size of the given particle re-

duces, mixing effectiveness decreases. Powders must be

mixed for a prolonged duration to obtain the desired level of

mixing. This, in turn, also affects the productivity of the

overall process. Following important conclusions can be

summarized.

1. When added to the V-Blender, steel balls could improve the

mixing process by reducing the cracking effect and random

tumbling of balls. When powders are mixed through a

barrel mixer, the mixing of powder improves significantly,

as high-quality mixing with the desired effect is achieved

in less time. Improvement in hardness with the increased

content of SiC particles is observed at the same time.

2. The hardness of the developed material is better when

powders are mixed with a barrel mixer. As mixing with

barrel mixer ensures uniform dispersion of reinforcement,

at every location, a combination of hard particles boned by

the soft matrix is observed, and enhancement in the

hardness is the effect which is observed. Compressive

strength of developed material is investigated, and, in line

with the concept of hardness, compressive strength is also

found increasing with increased content of SiC. The

contribution of strength throughhardparticles can be seen.

3. The hardness of Al-MMC with 20% SiC is more than that of

Al-MMC having 15% SiC. An increase in SiC proportion by

5% resulted in an increase in hardness by almost 14%,

while another increment in hardness was also observed in

Al-MMC, which has 25% of SiC by weight.

4. The experimental results align with the theoretical models

as suggested by several researchers. However, an increase

in the particle size of reinforcement becomes a matter of

concern. The bond of SiC particles by thematrixmaterial is

greatly affected by particle size, which is evident. Hence it

can be concluded that with the large particle size, the

compressive strength of Al-MMC is compromised, which is

in line with hall patch equations also.

5. In order to further explore the work, the sintering time and

sintering methods can be changed, and the effect on the

strength of Al-MMC can be investigated. For future work, it
is proposed to analyze the machinability of MMC con-

cerning various parameters like type of reinforcement and

their size, cutting forces, tool wear, and sustainable

manufacturing.

Declaration of Competing Interest

The authors declare that they have no known competing

financial interests or personal relationships that could have

appeared to influence the work reported in this paper.
r e f e r e n c e s

[1] Kumar A, Lal S, Kumar S. Fabrication and characterization of
A359/Al2O3 metal matrix composite using electromagnetic
stir casting method. J Mater Res Technol 2013;2(3):250e4.

[2] Khanna N, Suri NM, Shah P, Hegab H, Mia M. Cryogenic
turning of in-house cast magnesium based MMCs: a
comprehensive investigation. J Mater Res Technol
2020;9(4):7628e43.

[3] Brabazon D, Browne DJ, Carr AJ. Mechanical stir casting of
aluminium alloys from the mushy state: process,
microstructure and mechanical properties. Mater Sci Eng A
2002;326(2):370e81.

[4] Abdizadeh H, Ebrahimifard R, Baghchesara MA. Investigation
of microstructure and mechanical properties of nano MgO
reinforced Al composites manufactured by stir casting and
powder metallurgy methods: a comparative study. Compos B
Eng 2014;56:217e21.

[5] Torralba JM, Da Costa CE, Velasco F. P/M aluminum matrix
composites: an overview. J Mater Process Technol
2003;133(1e2):203e6.

[6] Zhang X, Tan MJ. Selection of particulate reinforcement in P/
M metal matrix composites. J Mater Process Technol
1997;63(1e3):913e7.

[7] Karayannis VG, Moutsatsou AK. Fabrication of MMCs from
metal and alloy powders produced from scrap. J Mater
Process Technol 2006;171(2):295e300.

[8] Li W, Yan L, Chen X, Zhang J, Zhang X, Liou F. Directed
energy depositing a new Fe-Cr-Ni alloy with gradually
changing composition with elemental powder mixes and
particle size’ effect in fabrication process. J Mater Process
Technol 2018;255(February 2017):96e104.

[9] Obadele BA, Masuku ZH, Olubambi PA. Turbula mixing
characteristics of carbide powders and its influence on laser
processing of stainless steel composite coatings. Powder
Technol 2012;230:169e82.

[10] Chen M, Fan G, Tan Z, Xiong D, Guo Q, Su Y, et al. Design of
an efficient flake powder metallurgy route to fabricate CNT/
6061Al composites. Mater Des 2018;142:288e96.

[11] Mendoza-Duarte JM, Estrada-Guel I, Carre~no-Gallardo C,
Martı́nez-S�anchez R. Study of Al composites prepared by
high-energy ball milling; effect of processing conditions. J
Alloys Compd 2015;643(S1):S172e7.

[12] Loh NH, Tor SB, Khor KA. Production of metal matrix
composite part by powder injection molding. J Mater Process
Technol 2001;108(3):398e407.

[13] Oka S, Sahay A, Meng W, Muzzio F. Diminished segregation
in continuous powder mixing. Powder Technol
2017;309:79e88.

[14] Peng T, Chang I. Uniformly dispersion of carbon nanotube in
aluminum powders by wet shake-mixing approach. Powder
Technol 2015;284:32e9.

http://refhub.elsevier.com/S2238-7854(22)00266-6/sref1
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref1
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref1
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref1
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref1
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref1
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref2
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref2
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref2
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref2
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref2
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref3
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref3
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref3
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref3
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref3
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref4
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref4
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref4
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref4
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref4
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref4
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref5
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref5
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref5
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref5
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref5
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref6
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref6
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref6
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref6
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref6
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref7
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref7
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref7
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref7
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref8
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref8
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref8
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref8
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref8
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref8
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref9
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref9
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref9
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref9
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref9
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref10
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref10
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref10
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref10
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref11
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref11
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref11
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref11
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref11
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref11
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref11
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref12
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref12
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref12
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref12
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref13
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref13
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref13
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref13
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref14
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref14
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref14
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref14
https://doi.org/10.1016/j.jmrt.2022.02.094
https://doi.org/10.1016/j.jmrt.2022.02.094


j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 2 ; 1 8 : 2 8 2e2 9 2292
[15] Pantaleev S, Yordanova S, Janda A, Marigo M, Ooi JY. An
experimentally validated DEM study of powder mixing in a
paddle blade mixer. Powder Technol 2017;311:287e302.

[16] Liao J, Tan M. Mixing of carbon nanotubes (CNTs) and
aluminum powder for powder metallurgy use. Powder
Technol 2011;208(1):42e8.

[17] Rahimian M, Parvin N, Ehsani N. The effect of production
parameters on microstructure and wear resistance of
powder metallurgy Al-Al2O3 composite. Mater Des
2011;32(2):1031e8.

[18] Eroglu S, Baykara T. Effects of powder mixing technique and
tungsten powder size on the properties of tungsten heavy
alloys. J Mater Process Technol 2000;103(2):288e92.

[19] Ali M, Sari RK, Sajjad U, Sultan M, Ali HM. Effect of annealing
on microstructures and mechanical properties of PA-12
lattice structures proceeded by multi jet fusion technology.
Addit Manuf 2021;47(September):102285.

[20] Usman M, Ali M, ur Rashid T, Ali HM, Frey G. Towards zero
energy solar households e a model-based simulation and
optimizationanalysis forahumidsubtropical climate. Sustain
Energy Technol Assess 2021;48(December 2020):101574.

[21] Abid M, Khan MS, Ratlamwala TAH, Malik MN, Ali HM,
Cheok Q. Thermodynamic analysis and comparison of
different absorption cycles driven by evacuated tube solar
collector utilizing hybrid nanofluids. Energy Convers Manag
2021;246:114673.

[22] Badin G, Ahmad N, Ali HM, Ahmad T, Jameel MS. Effect of
addition of pigments on thermal characteristics and the
resulting performance enhancement of asphalt. Constr Build
Mater 2021;302(April):124212.

[23] Fogagnolo JB, Velasco F, Robert MH, Torralba JM. Effect of
mechanical alloying on the morphology, microstructure and
properties of aluminium matrix composite powders. Mater
Sci Eng A 2003;342(1e2):131e43.

[24] Bodukuri AK, Eswaraiah K, Rajendar K, Sampath V.
Fabrication of AleSiCeB4C metal matrix composite by
powder metallurgy technique and evaluating mechanical
properties. Perspect Sci 2016;8:428e31.

[25] Tosun G, Kurt M. The porosity, microstructure, and hardness
of Al-Mg composites reinforced with micro particle SiC/Al2O3

produced using powder metallurgy. Compos B Eng
2019;174(February):106965.

[26] Zhao B, Zhu C, Ma X, Zhao W, Tang H, Cai S, et al. High
strength Ni based composite reinforced by solid solution W
(Al) obtained by powder metallurgy. Mater Sci Eng A
2007;456:337e43.

[27] Valdez S, Ascencio J, Casolco SR. The oxidation of matrix
composite AlMg reinforcement with SiC. Int J Electrochem
Sci 2014;9:6225e34.
[28] Ben BA, Monika K. Fracture toughness and mechanical
properties of aluminum matrix composites with fly ash as
reinforcement. 2016. p. 3859e63.

[29] Takanori M, Nozomi N, Junko U, Katsuyoshi K. Mechanical
properties and strengthening mechanism of pure Ti powder
composite material reinforced with carbon nano particle.
Trans JWRI 2011;40(2):63e8.

[30] Nicholls CJ, Boswell B, Davies IJ, Islam MN. Review of
machining metal matrix composites. Int J Adv Manuf
Technol 2017;90(9e12):2429e41.

[31] Basavarajappa S, Chandramohan G, Davim JP. Some studies
on drilling of hybrid metal matrix composites based on
Taguchi techniques. J Mater Process Technol
2008;196(1e3):332e8.

[32] Bains PS, Sidhu SS, Payal HS. Fabrication and machining of
metal matrix composites: a review. Mater Manuf Process
2016;31(5):553e73.

[33] Pramanik A, Zhang LC, Arsecularatne JA. Machining of metal
matrix composites: effect of ceramic particles on residual
stress, surface roughness and chip formation. Int J Mach
Tools Manuf 2008;48(15):1613e25.

[34] Przestacki D. Conventional and laser assisted machining of
composite A359/20SiCp. Proc CIRP 2014;14:229e33.

[35] Khanna N, Shah P. Application of environmentally-friendly
cooling/lubrication strategies for turning magnesium/SiC
MMCs. 2020.

[36] Kainer KU. Metal matrix composites: custom-made
materials for automotive and aerospace engineering. 2006.

[37] Xu P, Liu H, Liu X, Wang F. Microstructure and friction and
wear properties of the composite material of TiC/7075 in
powder metallurgy. Adv Mater Res 2012;383e390:3325e30.

[38] Sajjadi SA, Ezatpour HR, Torabi Parizi M. Comparison of
microstructure and mechanical properties of A356
aluminum alloy/Al2O3 composites fabricated by stir and
compo-casting processes. Mater Des 2012;34:106e11.

[39] Yar AA, Montazerian M, Abdizadeh H, Baharvandi HR.
Microstructure and mechanical properties of aluminum
alloy matrix composite reinforced with nano-particle MgO. J
Alloys Compd 2009;484(1e2):400e4.

[40] Nassar AE, Nassar EE. Properties of aluminum matrix Nano
composites prepared by powder metallurgy processing. J
King Saud Univ Eng Sci 2017;29(3):295e9.

[41] Ye T, Xu Y, Ren J. Effects of SiC particle size on mechanical
properties of SiC particle reinforced aluminum metal matrix
composite. Mater Sci Eng A 2019;753:146e55.

[42] Rahimian M, Parvin N, Ehsani N. Investigation of particle size
and amount of alumina on microstructure and mechanical
properties of Al matrix composite made by powder
metallurgy. Mater Sci Eng A 2010;527(4e5):1031e8.

http://refhub.elsevier.com/S2238-7854(22)00266-6/sref15
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref15
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref15
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref15
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref16
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref16
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref16
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref16
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref17
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref17
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref17
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref17
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref17
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref17
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref17
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref18
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref18
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref18
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref18
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref19
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref19
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref19
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref19
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref20
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref20
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref20
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref20
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref20
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref21
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref21
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref21
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref21
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref21
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref22
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref22
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref22
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref22
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref23
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref23
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref23
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref23
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref23
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref23
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref24
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref24
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref24
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref24
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref24
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref24
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref24
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref25
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref25
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref25
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref25
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref25
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref26
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref26
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref26
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref26
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref26
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref27
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref27
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref27
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref27
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref28
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref28
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref28
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref28
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref29
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref29
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref29
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref29
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref29
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref30
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref30
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref30
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref30
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref30
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref31
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref31
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref31
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref31
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref31
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref31
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref32
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref32
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref32
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref32
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref33
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref33
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref33
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref33
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref33
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref34
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref34
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref34
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref35
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref35
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref35
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref36
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref36
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref37
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref37
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref37
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref37
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref37
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref38
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref38
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref38
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref38
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref38
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref38
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref38
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref39
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref39
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref39
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref39
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref39
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref39
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref40
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref40
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref40
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref40
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref43
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref43
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref43
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref43
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref44
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref44
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref44
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref44
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref44
http://refhub.elsevier.com/S2238-7854(22)00266-6/sref44
https://doi.org/10.1016/j.jmrt.2022.02.094
https://doi.org/10.1016/j.jmrt.2022.02.094

	Effect of mixing method and particle size on hardness and compressive strength of aluminium based metal matrix composite pr ...
	1. Introduction
	2. Materials and methods
	2.1. Metal matrix composite preparation
	2.2. Surface characterization and mechanical properties
	2.2.1. Microstructure of Al-MMC


	3. Results and discussion
	3.1. Assessment of mixing quality of powders
	3.2. Hardness measurement
	3.3. Compressive strength of MMC

	4. Conclusions
	Declaration of Competing Interest
	References


