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Abstract
The influence of composites preparation methods in the aerospace industry has evolved quite new
challenges achieving better and desired properties. In this context, this work deals with the preparation of
nano silica-based composite through the powder metallurgy technique. The composites prepared were
tested for material characterization with morphological, X-Ray diffraction, and mechanical
characterization with hardness, tensile strength, density, and porosity tests. The results revealed that the
nano-silica has interfacial interaction with aluminum alloy. The strength of Al6061 nano-silica composite
has the effect of sintering and compaction processes. Crystallization of Al6061 composite has been
influenced by sintering time for nano-silica reinforcement. A compound was formed during the ball
milling process during the blending of Al6061 and nano-silica powders was examined and detailed
through material characterization. It revealed the structure as a mesoporous structure which created a
route for better-impregnated bearing material. Al6061 nano-silica impregnated bearing with porous
structure holds the lubricating fluid which is serving the purpose of self-lubrication and self-cooling by
dissipating the heat generated during the running conditions. The strengthening mechanism like the
Orowan effect and dislocation density strengthening enhanced the process and revealed the effect on
nano-silica content. The wettability of silica was improved through binder in PM and the preheating
process of powders. Hardness incremented up to 21% of base alloy through the PM technique.

Highlights:
Nano silica has influence in Al6061 alloy by achieving compressive and wear resistant material for
bearing applications.
Powder metallurgy was adopted as best dispersive technique for nano silica reinforcement in
aluminum alloy.
The composite formed has the possibility of getting mesoporous structure with remarkable strength
which is suitable for impregnated bearings in automobile applications.
Mechanical and material characterization were carried out to test the properties for suitable
applications.

Introduction:
Lightweight and durable materials in aerospace especially in bearing material applications have gained
importance in ceramic-filled aluminum powder metallurgy composites [1, 2]. In this aspect, aluminum
composites were used in wear-resistant materials with the addition of nano-silica as ceramic
reinforcement to bear the load of sliding and compression parameters [3]. In imparting the wear and
mechanical strength researchers have focused on the selection of reinforcing materials like alumina,
silicon carbide, aluminum nitride, and boron carbide were frequent filler materials. Al6061 Composites
have gained importance in obtaining desired properties in terms of mechanical, thermal, and wear
characteristics, however with limitation of agglomeration and optimum addition of reinforcement into
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Al6061 matrix [4–8]. Silica is also abundantly available, durable, and high strength ceramic material
which has the highest binding properties and strength enhancement properties in the aluminum matrix [9,
10]. Researchers have focused on gaining mechanical properties with the addition of Al2O3 to 10wt% [11].
Rahimian et.al., research reveals the sintering temperature and time behavior and its influence on Al
alloys with nano alumina as reinforcement. Process control agent was used for the preparation of
composites with the limitation of the inert atmosphere [1, 12]. Special techniques were adopted in
achieving the desired properties and strength of composite materials like equal channel angular pressing
(ECAP). Powder compaction has gained its densification of alumina reinforcement followed by the
extrusion process [11]. Reinforcement powders were coated with nickel to gain green strength using an
electroless method [3].
Production parameters in powder compaction and sintering process were gained in wear resistance at
440MPa pressure in uniaxial type. The sintering temperature at 6000C and 5500C has improved the
hardness of Al-alumina composites [13]. In situ process was adopted and achieved the wear resistance to
the composite prepared for Al356 and SiC particulate reinforcement. Powders were injected into the
crucible during the casting process with an inert atmosphere [3]. Improved mechanical properties were
observed with SiC particles into Al6061 composite with powder mixing method followed by hot extrusion
process with limitation of milling time and sintering time. Hybrid composites were used in imparting wear
resistance to Al7075-alumina-graphite powders [14]. From the literature aspect, it concluded that the
addition of hard ceramic particles into the Al matrix has gained properties with variable parameters of
sintering time, temperature, relative density, and type of reinforcement.
In this present work, the Preparation of Al6061 and nano-silica composites using powder blending,
compaction, and sintering processes were investigated. Dispersion and optimal addition of nano-silica
reinforcement in Al6061 affected the hardness, wear resistance properties. A compound formed during
the powder mixing process revealed the structure as a mesoporous structure which created a route for
better-impregnated bearing material [10]. Al6061 nano-silica impregnated bearing with porous structure
holds the lubricating fluid which is serving the purpose of self-lubrication and self-cooling by dissipating
the heat generated during the running conditions.[15, 16] Composites were analyzed with theoretical
strengthening techniques. Elastic modulus was tested on a tensile test process using UTM. Hardness and
porosity were correlated with the dispersion and optimum addition of nano-silica particles. Morphological
and X-ray diffraction studies were carried out to test the material properties and its behavior.

Experimental:

Materials
Al6061 powder with 150 mesh size was procured from Famous Chemical Industries, Hyderabad. Nanosilica with 300-350nm size in amorphous form was used, which was supplied from nano-wings
chemicals. Die wall lubricant was used as zinc stearate and binder sodium silicate was also supplied
from Famous Chemical Industries, Hyderabad, Telangana, India [10].
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Table 1
Composition of samples
Sample Name

Composition

AlSi-0

Pure Al6061

AlSi-1

Al6061 + 1wt% nano silica

AlSi-3

Al6061 + 3wt% nano silica

AlSi-5

Al6061 + 5wt% nano silica

AlSi-7

Al6061 + 7wt% nano silica

AlSi-10

Al6061 + 10wt% nano silica

AlSi-12

Al6061 + 12wt% nano silica

AlSi-15

Al6061 + 15wt% nano silica

Preparation of Composite: The method adopted was powder metallurgy, in which both the Al6061 and
nano-silica were taken in powder form. Powders were blended with a ball milling set up as shown in
Fig. 2. Sodium silicate was taken as a binder for powder for blending in the ball milling setup. Blending
was carried out for 1hr at 150rpm with a ball to powder ratio of 10:1. The blended powder was filled in to
die cavity with die wall lubricate as zinc stearate. This mechanical alloying was carried out with no
atmospheric control. The powder was uniaxially compacted at the 150T universal testing machine
(UTM). Compaction pressure was maintained at 300MPa for a better densification process at room
temperature. The sample was removed from the die with the same uniaxial system by reversing the die in
the UTM machine. A similar process followed for Al6061 powders without the addition of nano-silica to
find the effect of nano-silica particles on the mechanical alloying process, mechanical characterization,
and strengthening mechanism for contrasting with prepared composite on various filler loading
conditions. A similar procedure was followed for 1wt%, 3wt%, 5wt%, 7wt%, 10wt%, 12wt% and 15wt% for
achieving optimum filler loading to achieve the maximum desired property. The detailed compositions for
each composite were tabulated in Table 1. Followed by a sintering process at 5500C for 3hrs of duration.
The determination of sintering time was carried out based on the trial and error basis starting from 4500C
to 6000C with time is also variable beginning with 1hr to 5hr. [7, 12, 17, 18]. The sintering process was
carried out in a muffle furnace without an inert atmosphere. Sintered samples were displayed in Fig. 5.

Mechanical testing:
Elastic behavior:
The compaction was carried out using UTM under uniaxial loading conditions. From the sample, tensile
strength behavior was derived from the empirical relationship[19, 20]. Compression strength was carried
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out till the samples compressed to mid portion of height. Two different dies were utilized to match with
ASTM standards for elastic modulus testing and for the flexural testing process. For testing of
densification and porosity the same samples were used. The prepared samples were shown in Fig. 10.
Densification and Porosity:
Density and porosity were carried out as per ASTM B328. The principle of Archimedes was used for
finding the density of powder composites with water as a medium. The weighing was carried out using
an electronic weighing machine of samples before and after dipping them into the water. Relative and
sintered densities were also carried out to find the porous volume before and after the sintering process.
Hardness:
Brinnel’s hardness measurement was carried out with loading of 30Kg-f with a round indenter of 2.5mm
diameter. The experiment was performed at five locations of sample to have average value and to avoid
errors. This averaging avoided the locations where only nano silica or Al6061 is present, as it is intended
to do the testing on mixtures of Al6061 and nano silica.
Morphological studies and X-Ray Diffraction:
Scanning electron microscopy was used for morphological analysis on broken samples of the flexural
test at the middle of the portion to find out the dispersion and behavior of nano-silica in the composite,
which was shown in Fig. 1. An average of 5 locations was taken for each composition of nano-silica for
morphology tests. XRD test ware also carried out on broken specimens of compression tests. The
samples were tested for investigating the nano-silica particles interacting with the Al6061 base matrix.
Flexural rigidity:
Three-point bending test was utilized to find the flexural strength on samples as per ASTM. An average of
five samples was used for avoiding the error in the measurement system. Flexural behavior was also
related to the bending and tensile strength of the composite, which was strengthened by the mechanism
of Orowan and dislocation theories.

Results And Discussion:
Preparation of composite: The preparation of samples was carried out using planetary ball milling set up
for the purpose of uniform mixing of Al6061 and nano-silica powders. The set speed and time only
regulated the proper mixing by avoiding formation residual stresses. The coincidence of powder rotation
speeds and less amount time led to form a different compound as shown in Figure 3. A possible cause is
the uneven rotation speed of the ball mill. The reasons behind the compound formation were analyzed
with XRD and morphological studies. (i) The mesoporous structure formed with oxygen content in nanosilica. (ii) The pre-sintering process was carried out during the ball milling process to form a strong
structure. (iii) Uncrystallized compounds were formed with porous structure leading to mesoporous
structure [10,13,17].
Elastic behavior:
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Yield strength of Al-nano silica composite was increasing up to 10wt% of nano silica content as
represented graphically in Figure 6, this was due to the presence of lesser parts of silica content leads to
enhance the strength and obstructing crack propagation by powder particles of Al6061 and nano silica.
This obstructing phenomenon is due to Orowan strengthening mechanism. On the other hand, at higher
silica content of beyond 10wt% nano silica content, the same silica particles make the ductile Al6061
matrix to brittle matrix by weakening bonds of Al6061 and nano silica powders. This trend was also
strengthened by XRD and SEM graphs, which were represented in Figure 1 & Figure 7. Compressive
strength of Al-Si composites was increasing till 12wt% of sample, as powders have highest
compressibility at axial loads under UTM as shown in figure 4. At the mid portion of sample in height, the
Al-Si composite was in stable metal form but in bulged shape, beyond that the samples started breaking.
The incremental percentage of compressive strength of AlSi-12 is 182% compared to AlSi-0 composite as
shown in figure 12. The similar trend of yield strength with AlSi-10 is 92% compared to AlSi-0 composite
as shown in figure 6. The incremental values of compressive and yield strength were correlating to the
behavior of brittle. It was also evident that the basic nature of Al6061 ductile was not lost by retaining the
high compressive strength. This high compressive strength is suitable for bearing applications of Al6061nano silica composite. However, the addition of nano silica ceramic particles is limited to 10wt% for
optimum utilization.
Densification and Porosity:
Powder’s densities were calculated before and after the sintering process. Relative and sintered densities
were represented in figure 8 and figure 9, respectively. The values showed the incremental percentage at
AlSi-10 for relative density of 1.5%, whereas for sintered density at AlSi-12 of 11% growth compared with
AlSi-0 composite. The incremental values were also due to following reasons: (i) The Al6061 particles
mesh size and nano silica mesh size forms the solid solution strengthening due to interstitial movement
of atoms during the sintering process. (ii) Sintering temperature of 5500C for all samples at a period of
3hrs was created enough period to relieve the stresses generated during the ball milling process and
those were filled by nano silica particles. (iii) The ratio of nano silica particles also has an effect in filling
porousness created during the pre-sintering process of powders. (iv) The pre-sintering process was
carried out to match thermal equilibrium of nano silica particles and Al6061 particles, however the
process of pre sintering also increased the reaction time for the oxidation process of Al6061 [15,16,21].
The Porosity in the Al6061 and nano silica powders were allowed as it is intended for applications with
impregnated bearings.
Hardness:
The hardness of AlSi-12 was incremental at a percentage of 21 compared with AlSi-0 composite. The
sacrificial yield strength of 8% for AlSi-10 was not remarkable with gain of hardness value to 21% when
compared with AlSi-0 composite were represented in figure 11. This was also due to the presence of hard
and brittle particles of nano silica content [9,22–24]. The presence of nano silica particles in the soft
matrix of Al6061 created the hard and strong bonds. The movement of grains were obstructed by the
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nano silica particles at pressed locations. The average of 5 locations were taken for measurement, where
the dislocation of grains was found to be hard. The reasons behind the better hardness values are (i)
Dislocations of grains on the top surface is obstructing by the nano silica particles, (ii) The hard and
brittle grains were formed on the surface during sintering process, (iii) The sintering process was also
created heat treatment environment for Al6061 nano silica samples [25–27].
Morphological studies and X-Ray Diffraction:
The images of samples also reveal the clusters and aggregation of nano silica particles, which were
mentioned in Figure 1. In Figure 1(a) The white particles represent the presence of nano silica particles
[28]. The images were captured on broken specimens of flexural test, the behavior crack was quite evident
from the boundaries of white regions of nano silica particles. Sintering time was also found to be a major
influencing factor in achieving the crystallinity of the composite [9,29]. The reasons for agglomeration of
particles is due to (i) with incremental values of nano silica particles, the similar behavior materials were
cohesively attracted in turn formed the clusters of nano silica particles, (ii) The wettability of Al6061 and
at AlSi-12wt% nano silica particles during ball milling process was created the agglomerations, though
movement of tungsten carbide balls in milling process, (iii) More the wt% of nano silica particles more the
volume of nano silica particles, which is dominating the less volume content of Al6061 though at highest
wt% of Al6061, as reinforcements taken were in nano size [8,14].
Flexural rigidity: Fracture toughness value of composite was following the trend of incremental with
percentage change of 28% for AlSi-12wt% compared with Pure Al6061 samples were represented in figure
13. These incremental values were due to the fracture load bearing behavior of nano silica particles in the
matrix of Al6061. Three point bending tests were performed based on a bending moment equation for
rectangular specimens applying point loads at mid portion by creating reaction loads at opposite sides of
Al6061-Silica composite. As the sample is a mixture of Al6061 and nano silica powders, less indentation
was noticed on the loading side at mid portion whereas other surfaces were facing the tensile load.
Powders are much elongated during the sintering process, the ductility behavior was quite low compared
with the conventional casted piece [30,31].
Strengthening Mechanism: Increasing the values of mechanical properties for Al6061 and nano silica
composite was observed in experimental, and those values were theoretically analyzed with Orowan
strengthening mechanism. The enhancement of properties was observed due to the obstruction of crack
propagation under loading conditions [32–35]. The obstruction of crack was due to the grain refinement
and dislocation movement during compaction and sintering process, it implies that Orowan mechanism
has effect in this aspect. The improved values of sintered density at ALSi-12 of 11% growth compared
with the AlSi-0 composite was noted. The hardness of AlSi-12 was incremental at a percentage of 21
compared with AlSi-0 composite. The sacrificial yield strength of 8% for AlSi-10 was not remarkable with
gain of hardness value to 21% when compared with AlSi-0 composite.

Conclusion:
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Preparation of composite with nano silica reinforcement had increased marginal growth of mechanical
properties. The challenge in obtaining the less agglomerated Al6061-nano silica composite was achieved
to an extent with possible limitations. In this work the conclusions are made based on type of test that
was performed and application that are intended for are as follows:
Density and porosity values were increased due to following reasons: (i) The Al6061 particles mesh
size and nano silica mesh size forms the solid solution strengthening due to interstitial movement of
atoms during the sintering process. (ii) Sintering temperature of 5500C for all samples at a period of
3hrs was created enough period to relieve the stresses generated during the ball milling process and
those were filled by nano silica particles. (iii) The ratio of nano silica particles also has an effect in
filling porousness created during the pre-sintering process of powders. (iv) The pre sintering process
was carried out to match thermal equilibrium of nano silica particles and Al6061 particles, however
the process of pre sintering also increased the reaction time for the oxidation process of Al6061. The
Porosity in the Al6061 and nano silica powders were allowed as it is intended for applications with
impregnated bearings.
The reasons behind the better hardness values are: (i) Dislocations of grains on the top surface is
obstructing by the nano silica particles, (ii) The hard and brittle grains were formed on the surface
during sintering process, (iii) The sintering process was also created heat treatment environment for
Al6061 nano silica samples.
The reasons behind the compound formation were analyzed with XRD and morphological studies
are: (i) The mesoporous structure formed with oxygen content in nano-silica. (ii) The pre-sintering
process was carried out during the ball milling process to form a strong structure. (iii) Uncrystallized
compounds were formed with porous structure leading to mesoporous structure.
Finally, the addition of nano silica particles is found to be difficult though the incremental values are
remarkable. Powder compaction process, sintering time and temperature were having the influence on
strengthening and dislocation of particles in working condition of Al6061-nano silica sample.
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Figure 1
SEM micrographs of a)AlSi-1 b)AlSi-5, c)AlSi-10 and d)AlSi-12
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Figure 2
Ball milling set up with tungsten carbide balls and toluene

Figure 3
Coagulated Al composite with nano silica content of Al6061-Silica composite
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Figure 4
Compaction Process in UTM of Al6061-Silica composite

Figure 5
Sintered Samples of Al6061-Silica composite
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Figure 6
Yield Strength of Al6061-Silica composite
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Figure 7
X-Ray Diffraction of Al6061-Silica composite
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Figure 8
Relative density for compacted samples of Al6061-Silica composite
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Figure 9
Sintered density of Al6061-Silica composite
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Figure 10
Tensile & Compression strength of Al6061-Silica composite
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Figure 11
Hardness values of Al6061-Silica composite
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Figure 12
Compressive Strength of Al6061-Silica composite
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Figure 13
Flexural strength of Al6061-Silica composite
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