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Abstract: Alumina nanoparticles in the loading fraction of 3 wt% were incorporated in pure aluminum matrix to prepare nanocomposites for improved mechanical 
performance. Powder metallurgy route was adopted wherein nanoparticles were mixed with aluminium powder using dry mixing technique involving milling process, which 
was followed by the densification of composite mixture by uniaxial cold pressing and pressureless sintering. In order to increase the densification of nanocomposites, a batch 
of sintered nanocomposites was twice sintered at the same sintering parameters while another batch of specimens was cold pressed after initial sintering. The consolidated 
nanocomposites together with reference pure aluminum specimens were characterized microstructurally and mechanically by optical and electron microscopy, hardness and 
compressive strength tests. It was found that the hardness and compressive strength of nanocomposites after sintering increased up to ~ 29% and ~ 144% in comparison 
to pure aluminium specimens, respectively. Although the densification of nanocomposites increased after twice sintering, the hardness and compressive strength values 
decreased. However, the rise in consolidification along with improved mechanical performance was noted after cold pressing the specimens as secondary treatment after 
sintering; hardness increased up to ~ 36% while compressive strength rose to ~ 64%. In comparison to twice sintering, cold pressing after initial sintering significantly 
increased the hardness and compressive strength of nanocomposites up to ~ 76% and ~ 301% with reference to pure aluminum, respectively. It was found that both the 
incorporation of alumina nanoparticles and cold pressing after initial sintering improved the mechanical properties of nanocomposites. 
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1 INTRODUCTION 
 

Metal matrix composites (MMCs) constitute a 
prominent class of composite materials incorporating 
oxides, nitrides, carbides, borides and the allotropes of 
carbon in metallic matrices typically aluminum, 
magnesium, titanium, copper and their alloys [1]. Among 
different metallic matrices, aluminum is considered as the 
most investigated matrix material due to its low density, 
corrosion resistance, recyclability and especially the ability 
to increase the strength-to-weight, thus making the 
aluminum matrix composites (AMCs) an attractive choice 
for aerospace and automotive industries [2]. In AMCs, high 
strength and stiffness are derived from thermodynamically 
stable ceramic reinforcements while ductility and 
toughness arrive from metallic matrices [3]. 

Among a variety of AMCs, particulate reinforced 
composites have earned a significant importance in 
composite science and technology due to their near-
isometric mechanical and functional performance, high-
temperature stability and improved toughness [4] and 
tribological properties [5]. A range of reinforcements are 
incorporated in pure aluminum and its alloys including 
Al2O3, Y2O3, Si3N4, AlN, TiC, SiC, TiB2 and B4C [6]. Iron 
oxide is still another reinforcement used in aluminum 
matrices. Among different particulate reinforcements, 
alumina (Al2O3) is the one most commonly used, which 
improves the mechanical attributes of the developed 
composites containing aluminum as matrix [7]. 

After the emergence of nanotechnology, the field of 
composites acquired a novel concept of incorporating 
nanoreinforcements, thus developing a new class of 
composites named as nanocomposites [8]. The essential 
requirement of the nanoreinforcements in nanocomposites 
is their size, i.e. ≤ 100 nm, which may be their diameter as 
in case of nanoparticles, nanotubes or nanofibers or 
thickness as in nanosheets or nanoplatelets [9]. In this 
respect, the incorporation of alumina nanoparticles 
developed the next generation of alumina reinforced 
aluminum matrix composites, which captured immediate 

attention for further improvement in properties of 
traditional AMCs [10]. 

The liquid [11] and solid state [12] processing routes 
are common for the fabrication of AMCs containing 
alumina nanoparticles together with the in situ formation 
[13]. Liquid state processing includes stir casting, 
ultrasonic dispersion, disintegrated melt dispersion, and 
selective laser melting [14]. One of the solid state processes 
is based upon powder metallurgy technique and comprises 
two steps: (a) preparation of composite mixture followed 
by its (b) consolidation [15]. The composite mixture is 
usually produced by conventional mixing, mechanical 
alloying or high energy ball milling while consolidation of 
the composite mixture is performed by pressureless or 
pressure-assisted sintering techniques including cold/hot 
pressing, cold/hot isostatic pressing or other techniques 
such as equal channel angular pressing [16]. In order to 
further increase the properties of composites developed by 
liquid or solid state processing, a secondary treatment is 
applied, which may be thermal, mechanical or thermo-
mechanical. The common secondary processes include 
rolling, forging or extrusion both in cold or hot conditions, 
and heat-treatment [17]. 

The strengthening mechanisms in AMCs include the 
load-transfer effect, Hall-Petch strengthening (grain 
boundary strengthening), coefficient of thermal expansion 
and elastic modulus mismatch, and Orowan strengthening 
[18]. The strengthening due to load-transfer is because of 
the high strength and hardness of reinforcement while the 
grain size refinement is responsible for Hall-Petch 
strengthening. Coefficient of thermal expansion and elastic 
modulus mismatch create dislocations around the particles 
while Orowan strengthening emerges due to the interaction 
of nanoparticles with dislocations [19]. Owing to the 
metallic matrix, the AMCs enjoy other strengthening 
mechanisms usually activated in metals and alloys such as 
work hardening, solid-solution strengthening, and 
precipitation hardening [20]. 

Generally, the developed composites are utilized in as 
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developed state and offer promising mechanical property 
improvements [21]. However, the application of a 
secondary process further increases the mechanical 
performance of composites. Recently, alumina-aluminum 
composite system has been developed by stir casting 
process and a secondary process of rolling was 
incorporated to improve the properties [22]. In a different 
investigation, hot-extrusion was applied after processing 
the composite by cold-press sintering [23]. 

In the present study, nanocomposites were prepared by 
adding 3 wt% nanoparticles of alumina in a pure aluminum 
matrix to investigate their effects on the properties such as 
hardness and compressive strength and modification in 
densification after twice sintering and coldpressing after 
initial sintering. The aim was to investigate the effect of 
secondary processes, i.e. thermal and mechanical 
treatments upon the microstructural evolution and 
mechanical property improvement. 
 
2 EXPERIMENTAL 
2.1 Materials 
 

99.5% pure aluminum powder of diameter                        
~ 6 – 10 µm, as produced by gas atomization was used as 
the matrix material in the present work. The spherical 
morphology of the aluminum power with attached satellite 
particles is shown in Fig. 1a. Alumina nanoparticles of 
particle size ~ 50 nm was used as the reinforcement, as 
shown in Fig. 1b. Aluminum powder and alumina 
nanoparticles were procured from Merck, Germany and 
Metkon Technology, respectively. 
 

 
Figure 1 (a) Pure aluminum powder and (b) alumina nanoparticles used in the 

present study for preparing nanocomposites 
 
2.2 Manufacturing 
 

For the preparation of nanocomposite specimens,          
3 wt% alumina nanoparticles were dry mixed in 97 wt% 
aluminum powder. The composite mixture was sealed in a 
stainless steel vessel of diameter 25 mm and height 70 mm 
and milled in a high-capacity laboratory milling machine 
(RZ-04149-05, Cole-Parmer, USA) at 300 rpm for 3 h at 
room temperature. Zirconia balls with diameter 5 mm and 
weight 5 g were used as milling media and ball-to-powder 
ratio was kept at 10:1. After the milling process, the 
composite mixture was kept in a sealed vial to avoid the 
inclusion of moisture or contamination. The reference pure 
aluminum specimens were also milled using the same 
milling parameters so that these could bear the same 
mechanical working effect induced by the milling 
operation. 

The consolidation of composite powders was 

performed after milling process. The composite mixture in 
required quantity was filled in a steel die of internal 
diameter 10 mm and subsequently consolidated under a 
hydraulic press (Specac Hydraulic Press, Specac Limited, 
United Kingdom). Prior to filling, the inner surface of the 
steel die was washed with ethanol while the applied 
pressure for pressing the specimens was 125 MPa. After 
cold compaction of the composite powder, the green bodies 
in cylindrical shapes were carefully removed from the steel 
die and sintered in a box-type resistance furnace 
(Thermolyne, Thermo Scientific). The sintering cycle 
comprised the heating rate of 5 oC/min up to 630 oC and 
holding at that temperature for 3 h, followed by furnace 
cooling. The same process was repeated for the preparation 
of pure aluminum specimens for the purpose of comparison 
with nanocomposite specimens. 

A planned experimental research was performed. A 
total of three batches of specimens were prepared, each 
comprising (a) nanocomposites containing 3 wt% alumina 
nanoparticles and (b) reference pure aluminum specimens. 
The first batch was characterized in as-sintered condition, 
while the second batch was sintered again at the same 
sintering parameters as adoped for the initial sintering 
process. The third batch of specimens was cold pressed 
after initial sintering. The prepared composite and 
reference pellets were subsequently characterized for 
microstructural, physical and mechanical properties. The 
schematic of the complete nanocomposite preparation 
process is depicted in Fig. 2 and the details of the 
specimens are given in Tab. 1. 
 
2.3 Characterization 
 

The density values of green and sintered specimens 
were measured by buoyancy method (Archimedes 
principle). A densimeter was used with an accuracy of      
10−3 g (AU-900S, DongGuan HongTuo Instrument 
Company, China). 

In order to observe the microstructure of the 
specimens, these were examined under optical microscope 
(IMM-901, Metkon Instruments, Turkey) and scanning 
electron microscope (MIRA-III, FEG-SEM, Tescon Orsay 
Holding, Brno, Czech Republic). Optical micrographs 
were acquired up to a magnification of 200×. SEM images 
were captured in the secondary electron imaging mode at 
an accelerating voltage of 10 kV. The composite specimens 
were attached on the aluminum stubs with carbon tape; 
polished specimens were observed under SEM. 

To obtain polished surfaces for hardness, compressive 
test and microscopy, the specimens were ground with SiC 
emery papers of grit size 320, 800, 1200, 1600, which was 
followed by polishing. Pure aluminum specimens were 
polished using alumina powder of size 1.0 µm while 
composite specimens were polished using diamond 
suspension of the same size. After the polishing process, 
the etching of the specimens was performed with Keller's 
reagent (5 mL HNO3, 2 mL HF, 3 mL HCl, and 190 mL 
distilled water) with an immersion time of 30 s. ASTM 
B821-10 and ASTM E407 standards were followed to 
prepare and etch metallygrahic specimens. 

The hardness of the prepared specimens was measured 
using Vickers microhardness testing machine (VLS 3853, 
Shimadzu, Japan). The hardness testing was performed at 
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the indenter load of 100 g for the dwell time of 5 s. At least 
five values of each specimen were acquired to obtain an 
average value. ASTM E92-16 standard was followed to 
test the Vickers hardness of specimens. It is to be noted that 
the hardness test was performed on the surface of the 
specimens parallel to the applied uniaxial load during cold 

pressing. For compression testing, a universal testing 
machine (WDW-30, Jinan Testing Equipment IE 
Corporation, China) was employed at a strain rate of          
0.2 mm/min. At least five tests of each specimen were 
performed while the size of the specimens was diameter      
8 mm and thickness 4 mm. 

 

 
Figure 2 Schematic of pure aluminum and nanocomposite preparation process used in the present study 

 
Table 1 Pure aluminum and nanocomposite specimens prepared in the present study 

Specimens As-sintered Twice Sintering Cold pressed after sintering 
Pure Aluminum 100 wt% Al 100 wt% Al 100 wt% Al 
Nanocomposite 3 wt% Al2O3 + 97 wt% Al 3 wt% Al2O3 + 97 wt% Al 3 wt% Al2O3 + 97 wt% Al 

 
Table 2 Relative densities of pure aluminum and nanocomposite specimens after sintering, twice sintering and cold pressing after sintering 

Specimens Green Density / % As-sintered / % Twice Sintering / % Cold Pressed after Sintering / % 
Pure Al-01 60.1 ± 1.4 96.3 ± 1.5 - - 
Pure Al-02 60.3 ± 1.7 95.9 ± 1.3 97.9 ± 1.6 - 
Pure Al-03 59.9 ± 1.2 96.1 ± 1.1 - 99.4 ± 1.5 

Nanocomposite-01 59.8 ± 1.1 94.9 ± 1.3 - - 
Nanocomposite-02 60.1 ± 1.6 95.1 ± 1.4 97.1 ± 1.3 - 
Nanocomposite-03 59.9 ± 1.5 94.7 ± 1.9 - 98.9 ± 1.9 

 
3 RESULTS AND DISCUSSION 
3.1 Density 
 

Tab. 2 shows the relative green and sintered densities 
of the reference and nanocomposite specimens; the 
densities of the specimens after sintering twice and cold 
pressing after initial sintering are also presented. The 
relative densities were calculated after measuring the 
actual densities from buoyancy method and calculating the 
theoretical densities from the rule of mixtures. The 
densities of aluminum and alumina were taken to be           
2.7 g/cm3 and 3.95 g/cm3 for calculating the theoretical 
densities of nanocomposites, respectively. Being heavier 
than aluminum, the addition of alumina in aluminum is 
expected to increase the density of nanocomposites. 
However, the addition of 3 wt% alumina nanoparticles 
increases the density of nanocomposites from 2.70 g/cm3 
to 2.74 g/cm3 yielding a rise of only 1.4%. 

Fig. 3 shows the graphical presentation of the densities 
of three batches of reference pure aluminum (Fig. 3a) and 
nanocomposites (Fig. 3b). It can be seen that the green 
densities of all specimens are ~ 60% while the sintered 
specimens have densities approaching ~ 95%. Further rises 
in the densities were observed after the application of 
thermal and mechanical secondary processes, i.e. twice 
sintering and cold pressing after initial sintering, which 
enhanced the densities to > 97% and > 99%, respectively. 

It is to be noted that the achievement of ~ 60% green 
densities indicates acceptable values provided the 
incorporation of alumina nanoparticles, and compares with 
the literature values [24]. The achievement of ~9 5% 
sintered densities is also promising while considering the 
fact that pressureless sintering technique was employed 
while in case of pressure-assisted methods, the values 
could be increased further. Indeed the densities of the 
prepared nanocomposites ~ 99% match with published 
data [25] and provide the opportunity to explore the 
reinforcing effect of alumina nanoparticles especially in 
mechanical performance, as discussed further below. 

It was also observed that the densities of the 
nanocomposites were comparatively lesser than pure 
aluminum specimens, which is in good agreement with the 
available data in literature [26]; composites offer less 
densities due to their heterogeneity in composition in 
comparison to pure metals or alloys, which arrives due to 
the incorporation of reinforcement in matrix material. The 
effect of mechanical working in the form of cold pressing 
was significant (98.9 ± 1.9%) to increase the densities of 
specimens than thermal treatment, i.e. twice sintering    
(97.1 ± 1.3%) for nanocomposites, which indicates a 
comparative rise of ~ 2%. It can also be expected that the 
simultaneous application of pressure with heat may 
provide a practical density of nanocomposites equivalent 
to theoretical density. 
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Figure 3 Relative densities of pure aluminum (a) and nanocomposites (b) in 

green state, after sintering and after secondary process: twice sintering and cold 
pressing after sintering 

 
3.2 Microstructural Evolution 
 

The microstructures of pure aluminum and 
nanocomposite specimens after sintering, twice sintering 
and cold pressing after sintering are shown in Fig. 4. The 
digital imaging contrast was kept constant for capturing all 
images. It can be noted that the images show the 
densification of specimens corresponding to their 
measured densities, as discussed above. The porosity level 
in the as-sintered specimens matches with their density      
(~ 95%) while improved densification (~ 97%) can be 
witnessed in specimens after twice sintering. The 
specimens which were cold pressed after initial sintering 
revealed the densification up to ~ 99%. Likewise, the 
images in the three batches show gradual decrease in the 
porosity level. Due to nanometer size of alumina, it is 
impossible to identify their presence at the chosen 
magnification under light microscopy. The bonding of the 
aluminum particles is also visible after sintering. The 
images of 3 wt% Al2O3-Al nanocomposites which were 
cold pressed after sintering were acquired at two 
magnifications under SEM to observe the quality of 
densification, as shown in Fig. 5. The images indicate the 
absence of porosity and any other defects while the 
detection of alumina nanoparticles due to their nanometer 
size is still difficult to detect at these magnifications. 
Nevertheless, the presence of the clusters of alumina 
nanoparticles or any other defects is absent. A similar 
observation of optical microstructures was made after 
incorporating CNTs and ZrB2 particles in aluminum 
powder [6]. 
 
3.3 Grain Size 
 

Using the optical micrographs of the composite 
specimens, the grain size was measured, as plotted in      

Fig. 6. The particle size of as-received aluminum powder 
was ~ 10 µm while the grain sizes of pure aluminum and 
nanocomposite specimens after sintering were found to be 
13.4 ± 2.1 µm and 12.1 ± 1.9 µm, respectively. The 
increase in diameter may be due to sintering process or 
prior uniaxial cold pressing in steel die during the 
formation of green bodies. As the soft aluminum particles 
were compressed vertically under pressure, their size 
increased horizontally. The grain sizes of pure aluminum 
and nanocomposites increased to 19.7 ± 3.4 µm and         
17,8 ± 4.1 µm after twice sintering thus showing the rises 
of ~ 44% and ~ 47%, respectively; the thermal treatment of 
the specimens during twice sintering is solely responsible 
for the increase in the grain size, which adversely affects 
the hardness, as discussed further below. 

However, it is worth noting that the grain size of 
nanocomposites is comparatively smaller than pure 
aluminum specimens in sintered, twice sintered and cold 
pressed after sintering specimens. One of the possible 
reasons may be the incorporation of alumina nanoparticles, 
which impeded the grain growth during heating. During the 
milling process prior to sintering, the alumina 
nanoparticles were imbedded on the surface of soft 
aluminum particles, which may have caused hindrance 
during grain growth. 

The specimens which were cold pressed after sintering 
showed the maximum values of grain sizes, i.e.                  
35.4 ± 4.5 µm and 32.1 ± 4.1 µm for pure aluminum and 
nanocomposites showing the rises of ~ 164% and ~ 165%, 
respectively. It is due to the reason that the grains were 
flattened when coldpressed uniaxially and these values 
actually give the diameter with very low thickness of 
individually sintered aluminum particles. Nevertheless, 
due to cold working (strain hardening), the hardness of the 
specimens is expected to increase significantly, as 
discussed further below. 
 

 
Figure 4 Optical micrographs of pure aluminum (a, c, e) and nanocomposites 

(b, d, f) after sintering (a, b), twice sintering (c, d), and cold pressing after 
sintering (e, f) 
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Figure 5 SEM images of 3 wt% Al2O3-Al nanocomposites cold pressed after 

sintering at two different magnifications: (a) polished and (b) as fracture surfaces 
 
3.4 Hardness 
 

Fig. 7 shows the hardness values of pure aluminum and 
nanocomposite specimens. Pure aluminum showed a 
hardness value of 25.4 ± 2.7 HV while the nanocomposites 
revealed the value of 32.8 ± 2.9 HV. It can be observed that 
after adding 3 wt% alumina nanoparticles, the hardness of 
nanocomposite specimens increased up to ~ 29% in 
comparison to pure aluminum specimens after initial 
sintering. However, after twice sintering, the hardness 
values of both the pure aluminum and nanocomposites 
decreased to 24.1 ± 2.5 HV and 27.3 ± 1.9 HV; the value 
of pure aluminum decreased to ~ 5% while nanocomposite 
value lowered to ~ 17%. Nevertheless, after twice 
sintering, the value of nanocomposites (27.3 ± 1.9HV) is 
still higher than pure aluminum sintered for one time     
(25.4 ± 2.7 HV). It is surprising to note that after twice 
sintering, the hardness values of nanocomposites decreased 
despite the fact that the sintered density increased. The 
decrease in hardness after twice sintering may be related to 
increase in the grain size or it may be due to the stress 
relieving process after twice sintering. 

In comparison, the hardness values increased after cold 
pressing the specimens after initial sintering; the rises of     
~ 57% and ~ 36% were observed for pure aluminum         
(39.8 ± 3.4 HV) and nanocomposites (44.7 ± 4.1 HV) in 
comparison to sintered specimens, respectively. Both the 
increase in the densification of specimens and the strain 
hardening due to cold pressing appear to be the possible 
reasons of the rises in hardness values. In comparison to 
pure aluminum sintered for one time (25.4 ± 2.7 HV), the 
nanocomposites cold pressed after sintering revealed the 
hardness value of 44.7 ± 4.1 HV showing a significant rise 
of ~ 76%. 
 

 
Figure 6 Grain size of pure aluminum and nanocomposites measured after 

sintering, twice sintering and cold pressing after sintering 

In a different study, ~ 7% hardness was increased after 
incorporating 0.5 wt% CNTs in aluminum matrix, while 
22% improvement in hardness was noticed after adding      
5 wt% ZrB2 particles [6]. The present study showed an 
improvement of ~ 29% after incorporating 3 wt% alumina 
nanoparticles, which is attributed to the nanometer size of 
alumina particles. 
 

 
Figure 7 Hardness values of pure aluminum and nanocomposites after 

sintering, twice sintering and cold pressing after sintering 
 
3.5 Compressive Strength 
 

Fig. 8 plots the compressive strength values of pure 
aluminum and nanocomposite specimens. Pure aluminum 
showed a strength value of 15.5 ± 1.9 MPa while the 
nanocomposites revealed the value of 37.8 ± 2.6 MPa. It 
can be observed that after adding 3 wt% alumina particles, 
the compressive strength of the nanocomposite specimens 
increased up to ~ 144% in comparison to pure aluminum 
specimens after initial sintering. However, after twice 
sintering, the compressive strength values of both the pure 
aluminum and nanocomposite specimens decreased to      
9.7 ± 1.1 MPa and 21.4 ± 1.7 MPa, respectively; the value 
of pure aluminum decreased to ~ 37% while 
nanocomposite value lowered to ~ 43%. Nevertheless, 
after twice sintering, the value of nanocomposites           
(21.4 ± 1.7 MPa) is still higher than pure aluminum 
sintered for one time (15.5 ± 1.9 MPa). 

In comparison, the compressive strength values 
increased after cold pressing the specimens after initial 
sintering; the rises of ~ 170% and ~ 64% were observed for 
pure aluminum (41.9 ± 3.1 MPa) and nanocomposites 
(62.3 ± 4.5 MPa) in comparison to sintered specimens. 
Both the increase in the densification of specimens and the 
strain hardening due to cold-pressing appears to be the 
possible reasons of the rises in compressive strength 
values. In comparison to pure aluminum sintered for one 
time (15.5 ± 1.9 MPa), the nanocomposites cold pressed 
after sintering revealed the compressive strength value of 
(62.3 ± 4.5 MPa) showing a significant rise of ~ 301%. The 
compressive strength results complement the hardness 
values, as the hardness of pure aluminum and 
nanocomposites decreased after twice sintering and 
increased after cold pressing followed by initial sintering. 

In a separate study, an improvement of ~ 117% in 
hardness was observed after adding 6 wt% B4C particles 
[7] while in a different study, an improvement in hardness 
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of ~ 27 % was found after incorporating 5 wt% ZrB2 
particles [6], while the present research offers a significant 
rise of ~ 144 % owing to the nanometer size of alumina 
particles. 
 

 
Figure 8 Compressive strength of pure aluminum and nanocomposites after 

sintering, twice sintering and cold pressing after sintering 
 
4 CONCLUSIONS 
 

Aluminum matrix nanocomposites were successfully 
manufactured by incorporating nanoparticles of alumina in 
pure aluminum matrix for improved mechanical properties. 
Alumina nanoparticles in the loading fraction of 3 wt% 
were added to fabricate nanocomposites along with 
reference specimens of pure aluminum. Powder metallurgy 
route was chosen wherein nanoparticles were mixed with 
aluminium powder using dry mixing technique and milling 
process. The densification of specimens was achieved by 
uniaxial cold pressing followed by pressureless sintering 
while improved densification was achieved by twice 
sintering and cold pressing after sintering. The following 
conclusions are drawn: 
 The incorporation of 3 wt% alumina particles in pure 
aluminium matrix increased the hardness and compressive 
strength of nanocomposites up to ~ 29% and ~ 144%, 
respectively. 
 The twice sintering increased the densification by         
~ 2% but it decreased the hardness and compressive 
strength down to ~ 17% and ~ 43%, respectively. 
 The cold pressing after initial sintering increased the 
densification by ~ 4% and it further increased the hardness 
and compressive strength of nanocomposites up to ~ 36% 
and ~ 64%, respectively. 
 In comparison to twice sintering, the application of 
secondary process in the form of cold pressing after initial 
sintering significantly increased the hardness and 
compressive strength of nanocomposites up to ~ 76% and 
~ 301% with reference to pure aluminum, respectively. 
 The developed nanocomposites are potential candidate 
materials for structural applications in aerospace and 
automotive industries demanding improved mechanical 
performance. 
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