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Fabrication and characterization oF al6061-nano al2o3 composites by Ultrasonic  
assisted stir casting Followed by heat treatment and hot Forging

the present work comprises the development of al6061/nano al2o3 composites with 0 to 4 weight percent in steps of 
0.5 wt. % of nano alumina particles by using ultrasonic assisted stir casting. Casted samples were subjected to heat treatment and 
hot forging. Further forged and heat-treated gear blanks of nano al2o3 (0 to 3.0 weight %) reinforced nanocomposites were ma-
chined to make spur gears for the wear test. the results have shown that nano al2o3 reinforcement in the al6061 matrix with heat 
treatment and forging improves the hardness and compressive strength up to 3.5 wt. %, after that, it starts decreasing because of 
the agglomeration of nano alumina particles. seM results reveal grain refinement of the pure alloy after reinforcement. Removal 
of porosity and voids observed after forging operation. Wear resistance increasing with incorporation of al2o3 nanoparticles in 
base alloy, reinforcement wt. %, precipitation hardening and hot forging also improves wear resistance and mechanical properties. 
these composites have widespread applications in gear, brake discs, crankshaft, clutch plates, pistons, and other components of 
automobiles and aircraft structures.
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1. introduction

Composite materials are made up of two or more materi-
als with a unique arrangement of properties not available in 
the base materials. they are different from alloys because 
both components stay distinct and identifiable in the finished 
component and are free from the restrictions offered by the 
thermodynamic equilibrium diagram. some composite materi-
als include brake discs, connecting rods, pistons, fiberglass, 
mud bricks, and natural composites such as bones, granite, and 
wood. the nanocomposites are materials with reinforcement 
having one, two, or three dimensions less than 100 nm or having 
nano-scale microstructural features inside their body structures 
[1,2]. the material with more than one phase, where one phase 
is the matrix and the other is reinforcement, which is dispersed 
in a matrix phase, is known as composite material [3-5]. Materi-
als used for matrix and reinforcement purposes have different 
properties, and after mixing, the resultant composite material 
shows different properties from the individual constituent ma-
terials. Generally, the discontinuous or stronger phase is known 
as the reinforcement phase, and the continuous or weaker phase 
is called the matrix phase [6].

nanocomposites of the metal matrix (MMnC) are the 
materials where the base matrix belongs to the metal, and the 
rest may be metal or non-metal like ceramic. the percentage of 
reinforced nanoparticles in metal matrix composites is generally 
0 to 5 wt.%. the processing of metal matrix nanocomposites 
is the casting route, powder metallurgy route, and other new 
processing techniques [6,7]. nanocomposites of metal matrix 
(MMnC) includes al5083/tiC, al/al2o3, al/siC/, al/tio2 etc. 
Rajkumar et al. [8] analyzed the changes in hardness behavior 
after the addition of siC particles in al-si alloy using stir casting 
route, they found a significant increment in hardness value with 
reinforcement attributed to the hard nature of siC.

nayak and Date et al. [9] presented the studies on different 
types of aMCs, i.e., al-3 vol. & al-7 wt. % siC and al-3 vol. & 
al-7 vol. % al2o3-composite fabricated by powder metallurgy 
process. one-step deformation was accomplished at 500°C 
temperature at strain rates of 10 & 20 per second. in a two-step 
deformation, the first deformation at 500°C and the second 
deformation at 430°C at strain rates of 10 & 20 per second, re-
spectively. the outcome of hot compression on all four composite 
samples found that the heat-treatment of composites exhibited 
lower porosity, improved density, and increased hardness. other 
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researchers have done work on al6061-composites reinforced 
with ni-coated 8 wt. % tio2 particles made by stir casting. the 
hot forging was performed at 500°C with a deformation ratio 
of 6:1 on aluminum al6061-tio2 composites. Microhardness 
and tensile tests revealed that the tio2 reinforcement in the 
al6061 enhances the micro-hardness and uts of the compos-
ites. a micrograph study shows hot forging results in uniform 
microstructure and an upsurge in mechanical properties [10-13]. 
incorporating ceramic siC particles in al alloy improves the 
mechanical and tribological properties, and wear resistance is sig-
nificantly enhanced with the addition of reinforcement [14,15]. 

Current research includes the fabrication of al6061/al2o3 
nanocomposites. later the heat treatment and hot forging were 
performed on the developed composites. the effect of heat treat-
ment and hot forging was analyzed with the help of mechanical, 
metallographic, and tribological characterization in comparison 
with as-cast alloy and composites.

2. materials and methods

2.1. selection of material

al-Mg-si (al 6061) alloy was selected as the matrix, and 
nano al2o3 particles were incorporated as reinforcement to 
develop the nanocomposites. aa6061 is a most common heat-
treatable al-alloys and has excellent mechanical properties. the 
compositions of al6061 alloy (purchased from Paraswamani 
metals, Mumbai) and nano al2o3 particles (Purchased from 
nano shell, usa) are given in tables 1 and 2, respectively, 
as provided by the company. the seM of al2o3 nanoparticles 
are shown in Fig. 1, procured from nano shell, india. 

2.2. Fabrication of nanocomposites

the casting of al-al2o3 nanocomposites was done on the 
ultrasonic assisted stir casting method. the weighted amount 
of al-6061 alloy was liquefied in the graphite crucible in the 
programmable electric resistance furnace at 760°C, and dry n2 
gas was used for degassing. then preheated (300°C) nano al2o3 
particles were introduced into the molten alloy, and mixing 
through a metallic stirrer was performed for 10 minutes at 450 
rpm. then ultrasonication with the help of a niobium probe was 

done for 5 minutes. after that, it was immediately dispensed in 
the preheated mold. the solidified casting was taken out after 
cooling down. similar procedures were adopted for casting al 
nano al2o3 composite samples with 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 
and 4 wt. % of nano al2o3 particles. 

2.3. heat treatment and forging

the t-6 heat treatment of cast and hot forged samples 
of  al-nano al2o3 composites using a muffle furnace. in this 
process, solution treatment was done at 530°C for 2 hours, fol-
lowed by quenching in an oil bath. later artificial aging was 
performed in which specimens were reheated to 175°C for 
8 hours, followed by natural cooling in still air. 

the al-al2o3 nanocomposite (0.5 to 4 wt. % of nano 
alumina) specimens (50 mm diameter and 110 mm length) 
were heated to 500 ± 3°C for 1 h. then they were hot forged on 
a hydraulic press at hari engineering industries, Govindpura, 
bhopal, india. the force was applied up to 800 Kn, and the 
workpiece was pressed to the final length of 70 mm. Fig. 4.10 
and 4.11 show the hot forging of al-al2o3 nanocomposite 
samples to test properties during forging. Figs. 2 and 3 show the 
nanocomposite samples before and after forging, respectively. 

table 1
elemental investigation of al 6061 alloy

element si Fe cu mn pb ni zn ti sn mg cr al
percentage 0.43 0.7 0.24 0.139 0.24 0.05 0.25 0.15 0.001 0.802 0.25 96.748

table 2
Composition of al2o3 nanoparticles

element al2o3 si na K Fe cu ti mn
composition (ppm) 99 + % 10.8 9.01 10.6 9.75 0.12 0.86 0.72

Fig. 1. teM image of nano al2o3 Particles
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the hot forged and heat-treated al-nano al2o3 composite billets 
were cut into gear blanks of about 70 mm diameter. the spur 
gears were machined on the universal milling machine. the 
final dimensions of the machined spur gears include a 50 mm 
Pitch circle diameter (D), 29 teeth (t), and a 1.72 mm module. 
Fig. 4 shows the photograph of the final manufactured al-al2o3 
nanocomposite spur-gears with different compositions. the 
hardness of cast, heat-treated, and forged & ht al6061-nano 
al2o3 composites was tested in b-scale on a Rockwell-hardness 
tester. Readings were taken at five points, and mean values were 
stated. Rule of Mixture (RoM) found the theoretical density of 
al nano al2o3 composites.

3. results and discussion

3.1. microstructure analysis

FeseM is carried out for the analysis of the microstructure 
of nanocomposites. Fig. 5(a-c) depicts the microstructure of 
0.5, 1.5, and 2.5 wt.% alumina nanocomposites in the as-cast 

Fig. 2. un-forged samples

Fig. 3. samples after hot forging

Fig. 4. Manufactured al-nano al2o3 composite spur gears

Fig. 5. FeseM image of unforged and as cast nanocomposites 
(a) 0.5 wt. % al2o3, (b) 1.5 wt. % al2o3, (c) 2.5 wt. % al2o3
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condition. alumina reinforcement is successfully embedded 
and detected between the pure aluminum alloy matrix. it is also 
observed that the grain size of composite is minimized after 
increasing the weight percentage of nano alumina. the refine-
ment of grains might be due to hard particles at grain boundaries 
hindering grain growth; as the number of particles increases 
in the matrix, due to this phenomenon, the number of grains 
increases with the weight percentage of alumina. Fig. 6(a-c) 
shows the eDs spectrum of 0.5, 1.5 and 2.5 wt. % nanocompos-
ites. the increasing alumina can be seen from 0.5 to 2.5 wt. % 
composites. eDs identified the major alloying elements and 
reinforcing content. Fig. 7(a-c) shows the FeseM image of 
forged and heat-treated nanocomposite samples varying from 
0.5 to 2.5 wt. % nano alumina. Mg2si is the major precipitate 
formed after heat treatment and can be seen in the microstructure. 
these precipitates are formed after the specimen’s artificial aging 
contributes to the strength and hardness improvement. the grains 
are significantly compressed after the performance of forging. 
the amount of void content and porosity also decreased after the 
forging operation. the micrographs did not show any pullout of 

Fig. 6. eDs spectrum of unforged and as cast nanocomposites 
(a) 0.5 wt. % al2o3, (b) 1.5 wt. % al2o3, (c) 2.5 wt. % al2o3

Fig. 7. FeseM image of forged and heat treated nanocomposites 
(a) 0.5 wt. % al2o3, (b) 1.5 wt. % al2o3, (c) 2.5 wt. % al2o3

particles after forging, reflecting good bonding between matrix 
and nano alumina reinforcement. 

3.2. Xrd analysis

the formation of the nanocrystalline phase of the al6061 
metal matrix reinforced with nano al2o3 is confirmed with the 
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crystalline phase of combustion-derived al2o3. the XRD pattern 
of al2o3 powder shows the crystalline nature having a rhom-
bohedra crystal structure, and the parameters of the crystalline 
cell are a = 4.7587 Å, b = 4.7587 Å, and c = 12.9929 Å. the 
diffraction peaks of the al2o3 crystalline phase are indexed to 
(110), (113), (122), and (208) reflections. 

the broadening of the reflections indicates the inherent 
nature of nanocrystals. the XRD result of Fig. 8 displays the 
crystalline concentrations, peaks position, shape, and width. 
Which provides essential information about the arrangement of 
the al6061 reinforced with 0.5 wt. % nano al2o3 of forged and 
heat-treated sample. Peaks have been obtained in the 2q span 
ranging from 20 to 100 degree and the peaks at 2Ө of 38.73°, 
44.94°, 65.31°, and 78.41° belongs to Pure al, and the peaks 
at 2Ө of 35.26°, 42.23°, 57.56°, and 75.42° belong to Al2o3 
and other remaining minor peaks attributed to impurity. the 
peaks of al2o3 are clearly shown at near 2q angle 36°, 41°, 56°, 
and 77°. Fig. 9 shows an XRD graph of forged and a heat-treated 

sample of al6061-2.5 wt. % nanoal2o3 composites. the peaks 
of reinforced particles appear almost the same as of forged and 
heat-treated al-6061-0.5 wt. % al2o3 nanocomposite sample. 
the peaks have been obtained in the 2q span ranging from 20 to 
100 degree and the peaks at 2Ө of 38.73°, 44.94°, 65.25° belongs 
to pure Al, and the peaks at 2Ө equal to 36.46°, 44.67°, 59.2° 
and 69.2° belongs to al2o3 and other remaining minor peaks 
attributed to impurity.

3.3. density measurement and porosity content

Fig. 10 shows the theoretical and actual density of cast 
and forged nanocomposites. From the figure, it is observed that 
theoretical density steadily surges with the rise in wt. % of nano 
alumina particles due to the higher density of nano alumina 
particles than the al 6061 alloy. it is also seen that the actual 
density of forged samples is more than the as-cast samples, 
which ensures that the forging results in densification due to 
grain refinement and reduction of various casting defects like 
blow holes, porosity, micro-cracks etc.

the porosity of the al-al2o3 nanocomposites was deter-
mined by measuring the actual and theoretical densities of the 
different samples. Fig. 11 shows the porosity variation of al-nano 
al2o3 composites with wt. % of nano alumina particulates for the 
as-cast and forged samples. it shows that the porosity upsurges 

Fig. 8. XRD graph of forged & heat-treated (Fht) al6061/0.5 wt. % 
nano al2o3 Composite sample

Fig. 9. XRD graph of forged & heat-treated (Fht) al6061/2.5 wt. % 
nano al2o3 Composite sample

Fig. 10. Variation of the theoretical and measured density of alloy and 
nanocomposites 

Fig. 11. Porosity variation of as-cast and hot forged alloy and nano-
composites 
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with the rise in wt. % of nano alumina attributed to the lower 
wettability and agglomeration of particles at higher wt. % of 
nano alumina, nucleation of pores at the aluminum and al2o3 
interfaces, and difficulty in the flow of molten metal due to par-
ticle clusters lead to porosity formation [16,17]. it shows that the 
porosity is significantly decreased after hot forging maximum up 
to 91.67% attributed to the densification and grain refinement 
of matrix alloy. this also confirms that the hot forging made it 
possible to reduce the various casting defects like blow holes, 
micro-porosity, voids etc. 

3.4. hardness

the hardness of as-cast, heat-treated, and forged & heat-
treated al-al2o3 nanocomposites is depicted in Fig. 12. the 
hardness values were found to increase with the increase in 
weight % of nano alumina up to 3.5 wt. %, after which it starts 
decreasing. the increase in hardness of nanocomposite is at-
tributed to the combined effect of the hard nature of alumina 
particle, grain refinement, increased dislocation density by the 
difference in thermal coefficient of the matrix, and reinforcement 
creating a hindrance to the dislocation movement. the hardness 
decreases after 3.5 wt. % attributed to clustering of nanoparticles 
at greater weight percent, due to that indentation value fluctuated 
from region to region, and the overall value decreased. Fig. 12 
also shows that the hardness of al6061-nano al2o3 composites 
increases by heat treatment and forging of the nanocomposites. 
the results have a similar trend as reported by other researchers 
[18-20]. the forging increases hardness due to grain refinement, 
strain hardening effect, decrease in porosity, higher densification, 
and improvement in bonding between matrix and reinforcement 
particles. Compared to un-reinforced alloy, al-3.5 wt. % al2o3 
nanocomposites’ hardness was found to increase by 6.17%, 8.0%, 
and 8.47% in as-cast, heat-treated, and the forged & heat-treated 
conditions respectively.

3.5. compressive strength

Fig. 13 shows the variation of compressive strength (MPa) 
with wt. % of nano al2o3 particles for the as-cast, heat-treated 
(ht), and forged & ht samples of al-al2o3 nanocomposites. 
the figure shows that the compressive strength upsurge with wt. 
% of al2o3 nanoparticles up to 3.5 wt. % after which it decreases. 
the increase in compressive strength with wt. % of nano alumina 
particles is attributed to an increase in work hardening rate with 
higher wt. % of nanoparticles and the hard nano alumina particles 
act as an obstacle to dislocation movement. the compressive 
strength decreases after 3.5 wt. % due to the formation of bundles 
of nanoparticles and agglomeration at greater wt. % and increase 
in microstructural defect and micro-porosity, i.e., voids above 
3.5 wt. % due to the higher surface energy of nanoparticles. 
Fig. 13 also shows that the compressive strength increases with 
the heat treatment and forging to nanocomposites. 

as compared to un-reinforced alloy, compressive strength 
of al-3.5 wt. % al2o3 nanocomposites were found to increase 
by 15.63%, 26.06%, and 37.81% in as-cast, heat-treated & the, 
forged, and heat-treated conditions, respectively. the compres-
sive strength increases after forging due to the grain refinement, 
porosity reduction, filling of micro-cracks, improvement in 
the distribution of nanoparticles, and strain hardening effect. 
 agglomeration of particles also decreases by the plastic defor-
mation of the nanocomposite samples [16]. 

3.6. wear characteristics

the wear test of hot forged and heat-treated al-al2o3 
nanocomposite gears with 0-3 wt. % nano alumina was per-
formed on the fabricated wear testing set-up. the wear tests 
were performed under 1 & 2 kg load for 1, 2 & 3 hours of test 
periods. Fig. 14 and 15 show the dry sliding wear test results at 
1 and 2 kg load, respectively, for 1, 2, and 3 h. it is observed that 
the wear loss increases as the sliding distance increases due to 
plastic deformation. More wear was found after 3 hr compared 
to 1 and 2 h. as the reinforcement weight % increases from 
0 to 3, the wear loss decreases for the same sliding distance; this 

Fig. 12 Variation hardness with wt. % of nano al2o3 for as cast, heat-
treated, and Forged & heat-treated samples

Fig. 13. Variation of compressive strength of al- al2o3 nanocomposites 
with wt. % of nano alumina for as cast, heat-treated, and forged & ht 
conditions
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behavior shows that wear resistance improves with increasing 
the amount of al2o3. this can be attributed to the increased 
load-bearing capacity, introduction of hard secondary phases, 
precipitation hardening, strengthening mechanisms, and uniform 
distribution of hard alumina particles in the al alloy matrix [21]. 
the decreasing weight-loss trend was noticed from 0 to 3 wt.% 
because of hardness improvement with increasing ceramic nano 
al2o3 in soft aluminum alloy. in contrast, weight loss increases 
with increasing siding distance or wear time from 1 h to 3 h for 
all compositions. the superior interfacial bond in the hot forged 
and heat-treated al-nano alumina composite gears prevents the 
pullout of hard al2o3 nano particulates from the al-matrix, 
abolishing the possibility of 3-body wear and hence increase in 
wear resistance [22].

the wear loss results of pure alloy and al alloy-al2o3 
nanocomposites at 2 kg load for 1, 2, and 3 h sliding duration 
are displayed in Fig. 15. From the analysis of the results, the 
weight loss increases with load from 1 kg to 2 kg. Wear loss 
for 0.5 wt. % at 2 kg for the different sliding duration, the wear 
increasing with increment in load from 1 kg to 2 kg comparting 
to Fig. 14. the resistance to wear increases with the amount of 
reinforcement. the resistance to wear improves with increasing 
weight % of nano alumina, and the load is dominant in the wear 
loss of composites for all compositions. the wear loss increases 
with the upsurge in load due to the formation of the high plastic-
deformation region on sample surfaces, and delamination occurs 

at increased loads. During wear testing of gears, high speed and 
load cause fracture at the interfacial zones between reinforcement 
and the al alloy, hence the higher wear loss. the results are in 
line with that reported by other researchers [23,24]. 

the wear loss decreases maximum up to 41.34% and 
38.25% with an increase in wt. % of nano alumina from 0.5 to 
3 wt. % for 1 and 2 kg load, respectively. From the wear analysis, 
it can be concluded that the adhesive wear mechanism strongly 
relates to wear at a lower load. but as the load increases, some 
reinforcing particles get de-bonded along with matrix material. 
these particles act as a third body between meshing gears; hence 
at higher loads, the wear of the specimen is strongly due to the 
three-body abrasion. Due to the low ductility of hard-alumina 
particles, they can endure stresses without plastic deformation 
or rupture at smaller loads. this has already been known that if 
we prevent the plastic flow of material at the counter surface, the 
wear resistance will be improved, and wear loss will be reduced. 
alumina particulates can bear relatively more stress, and hence 
they can increase wear resistance.

4. conclusions

1) the density of the al-al2o3 nanocomposites increases with 
an increase in the weight % of nano alumina particles due to 
the higher density of alumina than aluminum alloy. the hot 
forging of al nano al2o3 composites increases density and 
reduces porosity content due to grain refinement and fill-
ing blow holes, voids, and pinhole porosity as the casing 
defects. Porosity decreases up to 91.67% after forging.

2) al-al2o3 nanocomposites’ hardness and compressive 
strength increased with the increase in weight % of nano-
alumina particles up to 3.5 wt. % after that it starts to 
decrease.

3) Microstructural examination of al-nano alumina compos-
ites using seM reveals that the nano alumina particles are 
uniformly distributed in the al6061 alloy at both as-cast 
and hot forged conditions. Micrographs of hot forged & ht 
samples depict better dispersion of nano-alumina particles 
& alumina clusters are reduced.

4) the wear-losses were found to decrease with increasing 
weight % of nano alumina and increase with sliding distance 
a load. alumina particles can withstand relatively high 
stresses and effectively increase wear resistance. higher-
plastic-deformation region on the sample surfaces and the 
delamination-wear occurs with increased loads.
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