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Aluminum matrix nanocomposites (AMNCs) are a distinct category of advanced materials that 
incorporate nanoscale reinforcement in a ductile material matrix. Various nanomaterial 
reinforcements for AMNCs have been reported in the literature, including multi-walled carbon 
nanotubes (MWCNT), graphene nanoplatelets, silicon carbide, and boron nitride. These classes of 
materials have been described to exhibit both improvements and reductions in mechanical 
properties. The interfacial material phases result in low-strength materials. Improvements in 
mechanical properties are attributed by refined grain size and shape for both the matrix material 
and the reinforcement agent. These materials demonstrate higher hardness, yield strength, and wear 
corrosion compared to conventionally prepared aluminum composites. Spark plasma sintering (SPS) 
is one of the non-conventional sintering methods used to prepare metal matrix composites, resulting 
in fully dense composite materials. The SPS-produced metal matrix composite can be manufactured 
rapidly and finds its applications in the automotive, aerospace, and defense industries. This review 
provides an overview and current status of metal matrix composites regarding matrix and 
reinforcing materials and the SPS process for producing metal matrix composites. 

Keywords: spark plasma sintering, aluminum metal matrix composites, aluminum oxide, hardness, 
ultimate strength, yield strength. 

INTRODUCTION 

Advanced materials, including metal matrix nanocomposites (MMNCs), have proven invaluable in key 
industrial applications due to their superior mechanical properties. MMNCs are attractive because the material can 
be tailored to produce materials with tunable thermal, mechanical, optical and physical properties. Typically, 
MMNCs are a combination of matrix metal mixed with a small percentage of nanomaterial reinforcement. 
Aluminum and alumina MMNCs have been studied for a variety of mechanical and optical properties [1–4]. 

Aluminum has a low melting point, easy formability, light weight, high thermal and electrical conductivity, 
and corrosion resistance, which make it an ideal candidate for metal matrix nanocomposites. Aluminum MMNCs 
reinforced with carbon nanotubes (CNTs) and ceramic nanoparticles have shown a great potential as they exhibit 
improved hardness and wear resistance. Alumina MMNCs can be used in higher temperature applications compared 
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to aluminum MMNCs. The MMNCs can be prepared by stir casting and powder sintering techniques [5]. The 
advantages and disadvantages of each of these techniques have been reviewed in the literature [6].  

The preparation of MMNC by the stir-casting method is less expensive, has the flexibility of component 
shapes, and is suitable for large-scale production industries. The stir casting method for MMNC preparation 
depends on the casting parameters, including the temperature of the melt, the density difference between the 
reinforcement and the matrix metal, the high-temperature reactions, and the stirring speed. The effects of these 
process parameters on the final product are difficult to control [6]. The MMNC prepared by the stir casting 
technique suffers from non-uniform distribution of reinforcement due to buoyancy forces, agglomeration, 
wettability, and high-temperature reactions. MMNCs prepared by powder metallurgical techniques have unique 
advantages, including the product being completely dense, with mechanical property improvements.  

The powder metallurgy process can easily blend reinforced nanomaterials that are incompatible with the 
matrix in the stir casting process. MMNCs produced by powder MMNC are conventionally hot pressed to produce a 
green sample, which is then sintered. This process is plagued by grain growth during sintering and weak 
interparticle bonding.  

Spark plasma sintering (SPS) has been reported to increase the hardness of 6061 and 2124 aluminum alloys 
compared to other forms of sintering. SPS also consistently produces higher-densified samples than microwave 
sintering [7]. 

MATERIALS AND SPS PROCESS 

The SPS process is well documented in the literature [8, 9]. As shown in Fig. 1, SPS involves the use of an 
electrically conductive die such as a graphite die and punch. Other die materials reported include Co/WC composite 
[10]. A graphite sheet or a solid lubricant such as zinc stearate is applied to the inner surface of the die wall [11]. 
The powder mixture of matrix and reinforcement to be sintered is placed in the die press assembly. The entire 
assembly is placed in a vacuum or inert gas environment at pressures of a few Pascals. A low voltage, high 
amperage pulsed current is activated to flow through the sample while simultaneously compressing it at moderate 
pressures.  

Heat generated by the SPS technique is both in situ and external. The in situ heat source is the joule heating 
in the sample, while additional heat is generated by the joule heating of the die and press, and heat generation also 
occurs in the powder sample due to its electrical resistance. The sintered samples are affected by the sintering 
process parameters such as vacuum environment, sintering temperature, applied pressure, dwell time and 
temperature ramp. Near net shape samples produced by the SPS technique are described in the literature [12]. 

Table 1 briefly reviews the literature on SPS processing of aluminum, aluminum alloy, and alumina 
particles, including aluminum scrap powder. Ball milling of powders is the most preferred method for homogeneous 
mixing of these particles. However, ball milling for long periods of time results in a reduction in the length of the 
CNTs, which may limit the improvement in the properties of composite samples [13]. The pulverized particles are 
dispersed in organic solvents such as ethanol, isopropyl alcohol, dimethylformamide (DMF), acetone, and stearic 
acid. Ultrasonication is used to uniformly disperse the matrix and reinforcement particles.  

 

 
Fig. 1.  Schematic cutaway view of the setup of the SPS die assembly 
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Variations in the densification behavior of aluminum composites are observed with SiC reinforcement at 30 
to 40% composition [11]. The relative densities (RD) for these composites decrease with increasing SiC 
concentration, from RD 95% for 20% SiC to RD 88% for 50% SiC inclusion. The reinforcement material such as 
high aspect ratio carbon nanotubes is more prone to agglomeration due to entanglement [14]. In particular, the 
agglomeration of the reinforcing CNTs is a limitation for improving mechanical and thermal-physical properties of 
sintered composite samples. Jagannatham et al. report that the copper-coated CNTs have a better homogeneous 
dispersion compared to the uncoated CNTs, resulting in lower mechanical properties [13]. These reinforcements 
need to be disentangled, and popular methods for disentanglement include the use of surfactants such as sodium 
dodecyl sulfate, surface charge modification, and wet coating methods [6]. The surface of reinforcing particles can 
be modified using acid oxidation methods [15]. Esmaeilzaei et al. have reported SPS consolidation of cobalt coated 
Al2O3 and TiO2 ceramics. They report that the sintering process is performed by melting and liquid phase of 

metallic cobalt, which minimizes the direct contact of the ceramic particles with the cobalt layer [16]. 
Other methods of incorporating reinforcements include physical mixing, spray drying [17, 18], chemical 

methods such as wet chemistry, polymer melt blending [19], rubber blending [20], and microscale methods such as 
plasma spraying [21]. In plasma spraying, plasma is generated by applying a high voltage differential, ionizing the 
arc gas, and causing the matrix and reinforcing spray particles to form. The splatting of the CNT and matrix spray 
particles produces the mixing of reinforcement and matrix. In the polymer-assisted method, the CNTs are mixed 
with a molten polymer to form a slurry. Aluminum powder is then mixed with the slurry in a screw extruder to 
provide mechanical shear mixing. The extruded mixture of polymer, reinforcement, and aluminum matrix particles 
is then heated. This causes the polymer to decompose and evaporate [19]. Other common reinforcements include 
SiC, TiC, Al4C3, WC, TaC, TiB2, AlB2, AlN, and Al2O3 have been used with aluminum as listed in Table 1. These 

reinforcements exhibit better wettability with aluminum and are much easier to mix with the matrix than CNTs. 
Due to the mixing of the nanoparticle reinforcement with the micro-particle matrix material, the reinforcement is 
only in the particle boundary regions [22].  

Several researchers have reported the SPS process on prepared particles such as tungsten coated diamond 
particles [23], copper coated CNT in aluminum [13], high entropy alloy CoCrFeMnNi nanoparticles in aluminum 
alloy [24], niobium [25], and Nd2Ti2O7 [26]. The final sintered sample is also affected by the percentage of filler 

material. It is reported that as the percentage of inclusion is increased, the thermal conductivity of the aluminum–
diamond composite shows an increasing trend. At higher concentrations, the thermal conductivity has a maximum 
and the trend decreases. This could be attributed to the increased number of grain boundaries due to higher particle 
inclusion percentage [23]. The surface layer of the reinforcing particles is reported to play an important role. 
Researchers have coated tungsten on diamond [23] to improve the thermal properties of the composite. Increased 
micro-hardness in aluminum–CNT composites with copper coating on CNTs is reported by Jagannatham et al. The 
uncoated CNT composite sample shows lower micro-hardness at 2% reinforcement, while the coated sample shows 
much higher hardness by inhibiting Al4C3 formation. One factor that improves the mechanical properties of the 

sample is the aspect ratio of the reinforcement. Carbon nanotubes (CNTs) with a higher aspect ratio at lower 
concentrations lead to improved strengthening of Al–CNT composites, according to Boesl et al. The longer CNTs 
produce local stiffening and the lower concentration produces less opportunity for Al4C3 content [27]. 

The SPS process parameters as a function of time for aluminum particles are given by [28] and are 
illustrated in Fig. 2. It can be seen that the initial phase (up to 10 min) of the SPS process involves rapid heating of 
the sample powder and the die assembly. The voltage and current are continuously increased with a steady increase 
in temperature. Pressure and displacement are moderately increased during this phase. Necking and sparking at the 
particle boundaries occur at the end of the initial phase. In the subsequent phase, the displacement increases at a 
much higher rate. This is due to the fact that aluminum has a much lower internal stress for the induced strain above 
400°C [29]. As the temperature reaches the target point of 500 to 550°C, the consolidation of the particles also 
peaks. The sample density reaches more than 95% of the bulk aluminum. The strain behavior of micro-particles is 
very different from that of nanoparticles, as reported in the literature for most materials [30, 31]. Since the 
nanoparticles have a higher surface area to volume ratio, the surface effects and the oxide layer on the particle  
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Fig. 2. Combined process parameter graph for aluminum SPS process 

surface play an important role in the strengthening. In addition, it has been reported that the concentrations of 
oxygen and hydrogen in the samples decrease with the increase of the processing temperature of the SPS [32]. The 
effect of surface oxygen is reduced for 180 µm diameter particles, while smaller diameter particles experience 
greater surface oxygen influence. Furthermore, increasing SPS processing temperature may not decrease oxygen 
and hydrogen concentrations significantly with temperature [32, 33]. 

Similar to the compaction behavior of aluminum, Al2O3 shows a consolidation in SPS method at 

temperatures above 1,600°C. The consolidation of alumina micro- and nanoparticles with SiC filler material has 
been reported by [34]. They record final densities of approximately 99% for microparticles and 92–94% for 
nanoparticles. A pulsed current intensity of 1 to 3.5 kA is used with a pressure of 20 MPa and a soaking time of 
10 min. The SPS technique has been used by several researchers to prepare translucent, crystal-like materials from 
alumina particles [35–38]. 

A correlation analysis shows that all these parameters are positively correlated between displacement, 
pressure, temperature, current, and voltage. The pressure–voltage and pressure–displacement pairs are the 
parameters that show perfect positive correlation.  

This analysis also shows a high correlation between temperature and current, but not between temperature 
and voltage, as would be expected. The dielectric breakdown and arcing between the particles is a function of the 
applied voltage. Joule effect of the current flowing through the die assembly is responsible for the heating. 

FACTORS AFFECTING THE SPS TECHNIQUE 

SPS is a complex solidification process that involves several physical phenomena such as Joule heating, 
particle solidification due to uniaxial pressure, heat transfer, particle sparking, and electrical and magnetic flow 
through the specimens. In order to understand the material behavior and the process parameters, some researchers 
have performed finite element analysis (FEA) on the SPS technique. Giuntini et al. conducted a study on SPS tool 
design using the COMSOL Multiphysics approach with resistive contacts between the abutting surfaces [49, 50]. 
They report that a 2-spacer tool is better than a 4-spacer configuration [12].  

Vacuum Environment and Die System. Oxidation of materials during sintering must be avoided to improve 
particle bonding and mechanical properties of the samples. Microparticles have lower oxidation effects compared to 
ZrB2+SiC nanoparticles in SPS technique due to the high surface-to-volume ratio in nanoparticles. It is reported that 

purging the environment with argon can reduce the effects of oxide formation in ZrB2+SiC nanoparticles in the SPS 

technique [51]. In particular, aluminum has an oxide layer about 4 nm thick. This oxide layer is embedded in the 
interstitial spaces between the particles during the consolidation stage of the SPS process. The embedded surface 
aluminum oxide increases the hardness of the SPS sample up to 10% [52]. A similar trend is reported for the argon-
purged SPS technique applied to graphene nano-platelet-reinforced aluminum nanocomposite [41]. The SPS 
process carried out in a vacuum condition involves using a vacuum of 5–10–2 to 10–4 mbar [8]. The vacuum 
environment effectively stops the oxidation of the particles at elevated temperatures but does not remove the oxide 
layer already present on the particle surface. 
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Sintering Temperature and Temperature Ramp. The role of dwell temperature in the densification of 
aluminum microparticles by SPS has been studied at a wider temperature range of 280 to 540°C [53]. Further [53] 
reported that complete densification occurred at about 500°C. Khalil et al. have carried out SPS densification of 
Al6061 and Al2124 pre-alloyed powders with an average particle size of about 10 m. The SPS process was carried 
out at temperatures of 400, 450 and 500°C. It is reported that temperature is the most influential parameter in SPS 
of these alloys. A completely dense SPS aluminum sample is obtained at a temperature of 450°C and a pressure of 
35 MPa.  

It is also stated that an increase in pressure has a detrimental effect on grain growth, leading to a decrease in 
hardness [54]. It can be observed that the alloying elements in the pre-alloyed powders have a significant influence 
on the densification behavior of SPS. A decrease in the consolidation of aluminum as a function of temperature has 
been reported for different concentrations of composite particle inclusion [55]. In particular, AlN modified the 
consolidation behavior the least, but SiC, Si3N4, and BN show more alterations. The lowest density was observed in 

the presence of 10% boron nitride inclusions in the alumina MMC. Creep behavior for alumina in the temperature 
range of 1,125 to 1,250°C in the stress range of 80 to 120 MPa is reported in the literature [56, 57]. Consolidation 
behavior based on pressure and creep behavior of materials has been reported in the literature [58]. Further 
refinement of the developed model to account for the consolidation behavior of SPS due to alloying and inclusion 
of composite particles will be required for development and validation. 

The effect of a heating ramp on copper, aluminum, Al2O3 composites has also been described in the 

literature [3]. Temperature ramping cause’s instantaneous densification [9, 15, 59–61]. The necking behavior in 
copper and alumina particles is reported by [62]. The classical kinetic laws and Coble creep models are reported to 
be effective in understanding thermal diffusion and plastic-yielding behavior of corundum micro particles due to 
temperature ramp [3]. Local heating in the particle interface at high heating rates was reported to be nearly 3 to 10 
times as high as at lower heating rates [3]. The heating rate should be selected based on the grain size. Smaller grain 
size achieves better densities at lower heating rates. 

SPS Pressure. Breaking through the oxide layer present on metals such as aluminum is the primary 
advantage of using pressure in the SPS process. Using graphite material for the die and punch, SPS process 
pressures can be as high as 50 MPa [33]. Mizuuchi et al. have achieved 300 MPa using electrically conductive 
tungsten carbide/cobalt dies [10]. As the applied pressure or load increases, the grain size in the sintered specimens 
is reported to increase [57]. The grain growth is mainly due to the phenomenon of grain boundary diffusion when 
the temperature is high enough. An average grain size of Al2O3 sample sintered at 10 MPa is reported to be 4.3 µm, 

and a grain size of 7.3 µm is reported at a higher pressure of 100 MPa [57].  The combination of pressure and 
electrostatic sparking leads to partial rupture of the oxide layer and improves the electrical conductivity of Al 
MMCs [53]. The improvement in thermal and electrical conductivity of the particle aggregates in the early stages of 
the SPS process is due to the formation of diffusion and reaction bonds between the particles. The conventional hot 
pressing method relies on the high temperature and grain boundary diffusion, it is important to note that SPS 
technique uses plasma sparks due to high current electric discharge.  

Moreover, the pulsation of the direct current causes the consolidation of the melt in diamond–aluminum 
system [63], and titanium–aluminum [64]. The presence of Al2O3 and Al4C3 compounds at the interface has been 

reported [63]. In particular, the reaction between Al2O3 and carbon at sintering temperatures of 620°C has been 

proposed as the mechanism for the formation of Al4C3 [6]. The interfacial Al4C3 structure at the interface is more 

brittle than the aluminum matrix and is typically 100 nm to a few microns in size, depending on the reaction 
conditions [63]. In the case of carbon nanotube (CNT)-aluminum composites, this aluminum carbide formation 
reaction can completely consume the CNT, leading to conflicting results reported in the literature [43]. In the case 
of optically clear sintered specimens using Al2O3, the pressure is expected to be higher because the grain sizes must 

be larger with a slow recrystallization rate so that the microcrystalline dimensions are smaller than the wavelength 
of visible light. This is achieved in the SPS of Al2O3 by using high pressures of 500 MPa and a slow cooling time 

[37, 47, 57]. 
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Fig. 3. Electrical breakdown voltage vs. interparticle distance 

Influence of Electrical Pulse Pattern. Khor et al. [38], discuss the possibility of high-temperature sputtering 
phenomenon and surface cleaning generated spark impact pressure during the SPS process. However, partial 
fracture of surface oxides has been shown in the consolidation results of aluminum scrap particles [52]. 
Furthermore, the SPS samples exhibit higher hardness values than the aluminum due to the presence of an oxide 
layer [52]. For a given temperature and pressure of the experiment, the pulse width and frequency are reported to 
have a negligible effect on the grain size and density of the samples [57]. However, Olevsky et al. argue that higher 
frequencies result in larger temperature gradients due to insufficient time for heat transfer and thus promote thermal 
diffusion. In the early stages of SPS, the high-frequency pulse produces better thermal diffusion and promotes 
necking. However, in the final stages, the pore size may produce larger vacancies that hinder the sintering process 
[65]. 

Microscopic View of the SPS Process. Particle behavior at the microscopic length scale can have a 
significant effect on the electrical, optical, and mechanical behavior of the consolidated bulk sample. Based on 
several parameters such as gap spacing, voltage, surface oxide layer, and surface geometry, the interparticle region 
exhibits sparking, necking, and electrical contact formation [62]. Paschen’s law is the analytical formulation for 
breakdown voltage was first proposed by Paschen, several modifications of this theory are proposed in the literature 
[66–68].  

As shown in Fig. 3, the breakdown voltage is lower for smaller gaps. It reaches about 350 V for a gap of 8 
to 10 µm. All conductive materials form an unconventional “necking” at this condition. This is characteristic of 
mass transfer along the electrical spark. 

Taken together with the correlation results of Figs. 2 and 3, we understand that in the SPS process of 
aluminum particulates, the high current flow warms the sample powder to near the glass transition temperature in a 
few minutes, and the electrical resistance in the particulate aggregate, due to the interparticle distance of a few 
100 nm, exhibits an arc due to the applied voltage, leading to the Townsend mechanism. However, by applying 
pressure and elevated temperature during this stage of the SPS process, deformation of the particles occurs and the 
gaps and voids between the particles are reduced.  

Another exponential consolidation phase occurs as the sample temperature approaches the glass transition 
temperature. However, the formation of unbonded, diffusion bonded, and reaction bonded contacts occurs due to 
the presence of an oxide layer at the particle and grain boundaries. Olevsky et al. report a mathematical model to 
describe the thermal diffusion behavior during SPS technique [65]. Thermal diffusion is more pronounced for 
smaller alumina particle sizes. Model prediction also indicates that thermal diffusion is comparable to external 
pressure creep binding at higher temperatures [69, 70]. 

Ageing of the SPS-ed Compact Samples. The microhardness evolution during ageing of SPS-treated Al7075 
gas atomized particles has been reported by Molnorova et al. They annealed SPS samples at temperatures ranging 
from 150 to 500°C. Overall, coarse grains and a large number of low angle boundaries are produced by annealing 
the SPS sample. They report a reduction in microhardness for samples annealed at intermediate temperatures of 
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250, 300 and 350°C due to precipitation of 2Mg(Zn,Al,Cu) alloy and subsequent growth. However, at 

annealing temperatures higher than 350°C, the alloy is partially dissolved, as evidenced by the recovery of the 
micro-hardness of the sample. Long-term ageing (500 days) shows a significant improvement in the micro-hardness 
of the samples annealed at 500°C. The samples annealed at lower temperature do not show a moderate increase in 
micro-hardness for long term annealing [71]. 

MATHEMATICAL MODELING OF SPS TECHNIQUE  
ON ALUMINUM AND ALUMINA POWDERS 

Several researchers have proposed closed-form mathematical models for the understanding of the SPS 
technique as applied to conductive metal powders. The prediction of density, grain size, has been reported based on 
the theory developed for the hot isostatic pressing process [57]. In brief, the instantaneous effective stress on the 
particle bed and the shear modulus of elasticity are calculated by means of empirical correlations. Stress values are 
recalculated for the stages of the SPS process, including initial heating, exponential temperature rise, and 
densification at high temperature [57]. Olevsky et al. developed a microscopic model to predict power-law creep, 
grain boundary diffusion driven by external load and surface tension, and thermal diffusion enhancing densification 
during SPS [65]. Thermal diffusion can be significant for small particle sizes and can explain shrinkage kinetics in 
alumina powder sintering according to the model of Olevsky et al. (2009). Discrepancies are attributed to neglected 
electromagnetic effects in modeling [65].  

Yield strength prediction by shear lag, Orowan looping mechanism, and rule of mixtures have been 
proposed in the literature [72–74]. Shear lag model is reported to over predict the yield strength of GNP-reinforced 
aluminum composite, while Orowan looping mechanism is reported to slightly under predict the yield strength, and 
rule of mixtures also slightly over predicts the yield strength [75].   

The densification behavior was estimated using regression approach [58], and FEA approach was applied 
to simulate the SPS process within an electro-thermal module of COMSOL Multiphysics software. A brief review 
of the FEA approach applied to the SPS technique is given in Table 2. The FEA method is capable of elucidating 
the internal temperature variations in cylindrical and complex shapes, densification mechanisms, die material effect, 
predicting hardness, and microstructure evolution during the SPS process.  

Achenani et al. have investigated the internal temperature variation during the SPS process, they report that 
an aluminum sample can have temperature variations close to 20°C for 30 to 40 mm diameter sample [76]. The 
electrical behavior of the die, punch, and powder sample was investigated, and it was concluded that since no phase 
shift was detected during the pulsing of the current, purely resistive heating occurred [49].  

 
TABLE 2. FEA analysis of SPS technique  

Sl. No. References Software used Remarks 

1 Achenani et al. [76] COMSOL Internal radial temperature gradient, graphite felt is used to reduce 
the gradient 

2 Pavia et al. [49]  COMSOL Die material properties influence on the sample 
3 Maniere et al. [79]  COMSOL Densification behavior for complex shape with sacrificial die 

design 
4 Maniere et al. [80]  COMSOL Densification behavior for complex shape 
5 Munoz et al. [77]  – Evolution of temperature gradients, densification  
6 Giuntini et al. [12]  – Densification, localized overheating 
7 Molenat et al. [50]  – Temperature control 
8 Guillon et al. [61]  – Tooling, temperature 
9 Xiong et al. [81]  – Microstructure evolution 

10 Bolzon et al. [78]  – Hardness simulation 
11 Olevsky et al. [82]  – Temperature distribution in a complex geometry and correlations 

with electrical behavior 
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Pavia et al. also report that the graphite properties change during the experiment depending on the 
temperature and pressure applied [49]. Munoz et al. reported that the magnitude of the stresses in the powder 
samples depends on the difference in thermal expansion of the sample and the die material when simulating the SPS 
process for alumina and copper samples. The inhomogeneous stress distribution in both axial and radial directions is 
reported to be due to the displacement and simultaneous heating of the powder samples [77]. The densification 
behavior of powders is reported to be directly affected by the stress distribution.  

Bolzon et al. have simulated the Rockwell hardness test for Al/TiB2 and Al/ZrO2 composites to verify the 

suitability of applying the classical Hencky–Huber–Mises model and Drucker–Prager models are suitable for metal 
matrix composites. Even in the elastic mode, these models were found to be incapable of explaining the deviations 
caused by the microstructure of metal matrix materials [78]. 

CREATION OF SIMPLE AND COMPLEX SHAPES 

SPS techniques have been used to produce near-net-shape sintered samples. Kuznetsova et al., report a 
square cross-section sintered aluminum-SiC composite sample [83], Maniere et al., have produced a thick variable 
thickness cylindrical sample with a sacrificial die component setup [58]. Maniere et al., also report the variations in 
grain sizes due to the variation in section thickness, it is reported that the sample location with a thinner section has 
porosity up to 20% compared to the fully dense regions [80]. It is reported that particle displacement is least in the 
thin section away from the moving punch. The density in this region is lowest. The prediction of relative density in 
complex shapes is discussed as a “shape factor” to account for temperature, relative density, and grain size spatial 
distribution. The temperature gradients present due to the non-circular cross-sections in complex shapes influence 
the local density of the sample [82]. The uniaxial pressure used in the SPS process is also not distributed over the 
surface of the sample, and grain growth in long residence time experiments contributes to grain growth variation.  

Olevsky et al. have compared a prismatic sample to a cylindrical sample and found that the prismatic 
sample has approximately 10% less density, holding the SPS process parameters constant [82]. This microstructural 
evolution results in a corresponding evolution of the mechanical properties in accordance with the density gradients. 
Higher internal temperature gradients are calculated during SPS for high and very low aspect ratio samples [76]. 
For an alumina sample of 40 mm diameter and 10 mm thickness, a radial temperature gradient of about 20°C is 
predicted. Additional graphite felt coverage is suggested to reduce the internal temperature gradients [76]. Felt 
placement and coverage are studied to conclude that the properly placed and optimally positioned graphite felt heat 
shield helps in radial and axial temperature homogenization [76]. The mechanisms for improving the properties of 
sintered specimens require further research to accommodate the complex shapes and larger shaped specimens. 
Based on the heat flow lines (isotherms), the FEM-based approach must be used to optimize the mechanical designs 
as the trial and error technique can be cumbersome. 

THERMOPHYSICAL PROPERTIES OF ALUMINUM AND ALUMINUM OXIDE COMPOSITES.  
HARDNESS AND MICROHARDNESS 

Figure 4 presents the comparison of literature results for aluminum and aluminum alloy samples with 
varying reinforcing materials and their percentages. As can be seen, aluminum alloy samples have higher hardness 
compared to aluminum due to the alloying elements. In general, Al nanocomposite samples show higher hardness 
compared to Al microparticle samples due to the increased hardness of the nanoparticles and the high surface effects 
of the associated strengthening mechanism. Both positive increases and decreases in strength are evident from the 
literature. Some reasons mentioned include the presence of Al4C3 in the case of carbon-based reinforcements, such 

as CNT, graphene platelets, and graphene oxide. To overcome such a reactive compound, research is focused on 
coated CNTs. It is reported for CNT reinforcement that higher hardness can be achieved by reducing the surface 
reactions through copper coating [13]. Other reinforcements such as silicon carbide and boron nitride are reported to 
exhibit increased hardness [40, 44]. Alumina reinforcement is reported to show a non-linear increase in hardness 
with an increasing percentage of reinforcement [42]. 
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Fig. 4. Comparison of hardness vs. reinforcement content for aluminum samples 

 

 

Fig. 5. Comparison of yield strength (a) and ultimate strength (b) vs. reinforcement content for SPS 
aluminum composite samples
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Figures 5a and b compare the tensile strength and yield strength of SPS aluminum composites versus 
reinforcement. The trend exhibited by the SPS composites is similar to the hardness values of these samples. The 
yield strength increases at lower reinforcement percentages, typically less than 5%, and decreases at higher 
percentages. This general trend varies with different reinforcements, graphene oxide and graphene platelets with 
aluminum or aluminum alloys show higher yield strength at 1–2%. The crystalline carbonaceous reinforcements 
such as CNT, graphene oxide or graphene platelets show a strengthening mechanism similar to Orowan due to 
looping/stretching of graphene sheets and CNT shows telescopic stretching [27]. Carbonaceous reinforcements have 
a reactive bond with aluminum to form Al4C3, which is brittle and can be a strength reducer [27]. However, the 

trend for boron nitride is similar, although the peak yield and tensile strength occurs at about 5% reinforcement. 
Boron nitride forms a reactive bond with aluminum to form AlB2 with a critical shear strength of 450 MPa. This 

may account for the increased yield and tensile strength of these composites [44].  In comparison, TiB2 shows an 

increasing tensile yield strength up to 10% reinforcement. It has been reported that the density of the sinter material 
has a correlation with the hardness values [84]. Annamalai et al. also report the agglomeration of reinforcement 
particles, similar to other researchers. Particle agglomeration increases as the reinforcement percentage increases. 
The harder reinforcement particles counteract the dislocation density in the matrix material. This results in a 
reduction in elongation of the samples. 

DISCUSSION OF THE RESULTS 

Aluminum-based metal matrix composites can be produced by a variety of methods, but the SPS process 
has unique advantages for producing MMCs with unstable compositions. The SPS powder sintering process can 
produce higher quality composites than the metallurgical route because it does not suffer from density-dependent 
gradient formation and agglomeration. Uniform grain refinement, not possible with other techniques, is also 
achieved with the SPS process. SPS produces components with higher strength, hardness, and wear resistance 
compared to other metallurgical processes. Reinforcing materials with contrasting properties can be incorporated. 
SPS technique, due to its simultaneous application of high temperature, pressure, and electrical voltage, can break 
the surface oxide layer in aluminum particles and render bare surface-to-surface contact to achieve superior 
electrical and thermal properties. However, the improvement or degradation of the mechanical properties of the 
parts produced by SPS is determined by the presence of the surface oxide layer and the reinforcing nanomaterial. 
All the material properties of the aluminum and the reinforcing particles along with the process parameters used to 
determine the required properties of the component should be considered in the proposed applications for SPS. 

Several SPS parameters, such as temperature, pressure, electrical pulse characteristics, and the SPS 
environment provided, as well as the method of mixing the reinforcement into the matrix, affect the mechanical, 
thermal, and electrical properties of samples prepared by SPS technique. In general, high energy ball milling is a 
common method to pulverize the particles to nanoscale sizes. Reinforcement is introduced by using solvents such as 
ethanol, isopropyl alcohol and DMF. These solvents reduce the agglomeration of the micro/nanoparticle 
reinforcement. Temperature has a greater effect on densification than pressure. The process pressure is dependent 
on the mold material. Composites close to bulk density can be produced using relevant SPS parameters. However, 
at high concentrations of carbon-based reinforcement, the reactive phase material produced by the SPS process 
tends to reduce the strength of the composite.  

The SPS process is modeled to understand the importance of process parameters and to estimate the 
resulting mechanical properties of the produced samples using FEA and COMSOL Multiphysics software along 
with empirical correlations. Simulations are also used to understand material flow in graphite dies and grain size 
changes during the SPS process. Due to their superior properties, aluminum and alumina nanocomposites have 
found applications in a wide range of fields, including aerospace, hybrid vehicles, marine, and chemical equipment. 
However, the SPS process cannot accommodate the increasing component size and geometric complexity. 
Therefore, the development of a technology to implement SPS in complex geometries presents many opportunities 
for future researchers. 
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CONCLUSIONS WITH SCOPE OF RESEARCH IN SPS TECHNIQUE 

A review of metal matrix composites based on aluminum and aluminum oxide based on the SPS technique 
is reported. Reinforcements including SiC, BN, CNT, GnP, Al2O3, ZrO2, Y2O3, TiB2 have been reviewed. Factors 

affecting the SPS process are also summarized. These include SPS environment, temperature and temperature ramp, 
pressure, electrical pulse pattern, and ageing of SPS samples. SPS tool design for aluminum samples is also 
reviewed. Mathematical modeling, with emphasis on densification behavior, for the aluminum and alumina SPS 
process is reviewed. The process of fabricating simple Aluminum MMC units using the SPS technique was 
investigated. The properties of SPS specimens including hardness, ultimate strength and tensile yield strength are 
compared to literature.  

Concluding statements are as follows: 
 The vacuum environment can inhibit additional oxidation of aluminum particles at elevated temperatures. 

The oxide layer already present on the surface increases the hardness of SPS samples. 
 The sintering temperature has an effect on the final density of the SPS process. Selection depends on the 

melting point of the matrix. In particular, at temperatures above 450°C for aluminum samples and 1,250°C 
for alumina samples, densities close to 99% or higher can be achieved. 

 The heating rate produces effects such as instantaneous densification, and heating rate should be chosen 
based on particle size, lower particle size requires slower temperature ramp. 

 The applied pressure helps in breaching of surface oxide layer, and is limited by the die material. Graphite 
die is taken to 50 MPa or less, electrically conductive WC/Co die can be pressurized to 300 MPa. 

 The applied pressure along with temperature leads to interfacial compounds such as, Al4C3 with 

carbonaceous reinforcements, AlN with nitride reinforcements, and AlB2. 

 The phenomenon of electrical sparking has been discussed in the literature. Particle gaps of less than 2 µm 
have a sufficiently low voltage difference to produce arcs and material necking due to the Townsend 
mechanism. 

 Harder MMC sintered parts with complex shapes can be produced at mass production speeds using the SPS 
technique. However, the complex phenomenon of manufacturing MMCs using the SPS technique will 
require further research. 

SCOPE OF RESEARCH IN SPS OF ALUMINA-REINFORCED ALUMINUM ALLOY (MMCS).  
SCALE UP AND INDUSTRIAL PRODUCTION 

Traditionally, SPS requires specialized equipment and is not suitable for scaling up and mass-producing 
components. The pressure-less SPS (PLSPS) technique is used in conjunction with 3D printing to overcome the 
technical bottlenecks in producing complex shapes. However, mass production of dissimilar metal parts is not 
possible with this technique either. A rethinking of the basic SPS process is needed to make it more conducive to 
scale-up and industrial production. 

Microstructure Control. Reinforcement particles tend to agglomerate during SPS processing of aluminum 
and alumina matrix. This leads to anomalies in the mechanical strength of the composites. Further research is 
needed to study and achieve proper particle dispersion, especially at higher reinforcement inclusion levels. The key 
to improving the strength of composites will be this microstructural control of binary and ternary combinations. 

Sintering Mechanism and Deep Understanding of the Reinforcement Percentage. From the review, for the 
SPS process of alumina and pure aluminum matrix, the effect of process parameters is well understood. However, 
the percentage loading of carbon-based reinforcement has both positive and negative effects on hardness, yield and 
ultimate strength. This aspect of initial increase in mechanical properties at lower loading and subsequent decrease 
at higher loading can be investigated in future research. 

Interfacial Bonding of Dissimilar Materials. The reaction layer between the reinforcement and matrix 
material plays a vital role in mechanical strength improvement of the composites. Reinforcements including high 
entropy alloys. and glassy materials are reported to improve the properties of composites. However, in order to 
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achieve the mechanical strength required for specific applications, further studies are required to assist in the careful 
refinement and tuning of interfacial bonding compositions. 

Internal holes Structures and Features. The difficulty in producing internal holes and features using 
traditional SPS technique is well known. 3D printed graphite dies are reported in literature to accomplish the 
internal-hole features. Further investigation and understanding into the graphite die inclusions, dimensional stability 
needs to be studied. 

 Ageing of SPS Samples. The precipitation of alloying elements as a result of ageing has been reported in 
the literature. The annealing temperature is also reported to affect the micro-hardness of SPS samples. At higher 
annealing temperatures, the precipitation of alloying elements is reduced and the micro-hardness of the samples is 
initially reduced by ageing, but fully recovered over 500 days. 

FEM Based Analysis. The absence of phase shift during the SPS process indicates that electrical pulse 
heating produces purely resistive heating. In situ changes in the properties of the graphite die are difficult to study 
experimentally, but the FEA approach confirms the weakening of the graphite die during the SPS process. The FEA 
tool can provide details of the densification behaviour during the SPS process. The main contributors are reported to 
be the internal stresses in the particles caused by the differential expansion of the particles and the die material. 
Updating the theories for hardness test simulation is warranted as models such as Hencky–Huber–Mises and 
Drucker–Prager models do not accurately predict the behaviour even in the elastic region. 

Properties of MMNCs and Geometry of Components. The nanoparticle geometry is partly responsible for 
the increase in ultimate strength and micro-hardness of MMNCs. It is evident that the reinforcement of CNTs and 
graphene oxide at a concentration of 1% leads to the increase in strength due to the Orowan strengthening 
mechanism, but at higher concentrations it has the opposite effect and reduces the strength. The hardness behaviour 
of SPS MMNCs is further complicated by embrittlement due to the formation of reactive components such as Al4C3. 
Such complexities are not observed in the non-carbonaceous reinforcing materials. 

Challenges in the SPS Process. The wear behaviour of the graphite die in relation to the applied pressure is 
not fully understood. Other electrically conductive ceramic die materials need to be developed to increase the 
applied pressure at lower temperatures and suitable electrical discharges. Lower power consumption and reduced 
set-up complexity can be achieved by developing pressureless SPS techniques for aluminium and alumina. The 
density variations in samples with complex shapes need to be better understood.  

Graphene based aluminium composites have shown lower strength than the matrix material, the reasons for 
this phenomenon need to be understood. Harder MMC sintered components with complex shapes can be produced 
at mass production speeds using the SPS technique. However, further research will clarify the complex 
phenomenon of manufacturing MMCs using the SPS technique. 
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