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The metal matrix nanocomposites were synthesized by the powder metallurgy method with Ceria (CeO,) nanoparticles (1, 2, 3, 4 wt.%) as
reinforcement contained within an Aluminium (Al) metal matrix. The structural and mechanical properties of Al were studied as a function of
the concentration of reinforced CeO, nanoparticles. The Ceria nanoparticles were synthesized by using the Co-precipitation technique with a
face-centered cubic (fcc) structure with an average crystallite size of 12.80 nm. The structural analysis of the nanocomposites confirms the
uniform dispersion of CeO, nanoparticles in an Al matrix. There is a significant development in the hardness value of Al due to the CeO,
nanoparticles and the maximum hardness value was obtained for 2 wt. % of CeO; in the Al matrix, while an increase in the wear of the Al-CeO,
nanocomposites was observed as compared to pure aluminium. The corrosion analysis also confirms the improvement in the corrosion
resistance of the Al-CeO, nanocomposite with a maximum corrosion resistance efficiency of 83.75 % for 4 wt.% CeO, in the Al matrix..
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INTRODUCTION

The metal matrix reinforced with nanoparticles is called metal
matrix nanocomposites (MMNCs). Nowadays, because of their
superior and excellent properties over conventional materials, they
are under serious consideration to substitute conventional
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materials. Nanoparticle reinforcement improves specific stiffness,
strength, creep resistance, and thermal conductivity due to the
interaction of the reinforcement phase with dislocations.! Several
types of MMNCs were reported earlier, such as Fe-MgO, W-Cu,
Mg-TiC, and Fe-TiC and they have better mechanical properties
like toughness as compared to conventional material.>® Generally,
when the metal matrix is reinforced with some ceramic material,
due to the high expansion of the metal and the low expansion of
the ceramic, there is a thermal mismatch which results in
dislocations and cracks when cooling the matrix material.® There
are several methods available for the fabrication of
nanocomposites such as stir casting, powder metallurgy, high
energy ball milling, and diffusion bonding.” In the stir casting
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method, the matrix material is melted into a liquid state, and then
reinforcing particles are introduced into the liquid matrix. The
properties of the metal matrix in stir casting can be altered by
variable parameters such as pour temperature, preheat
temperature, stirring speed, retention time, etc. In the powder
metallurgy method, the reinforced particle is mixed with a metal
matrix and pressed into the desired shape by compaction and heat
treatment. This method has the advantage of fewer defects such as
shrinkage and porosity.?

Aluminium is one of the most popular matrix materials for the
MMNCs. Aluminium matrix nanocomposites (AMNC) are
considered today as a substitute for conventional materials due to
their large number of applications in structural and mechanical
areas such as aerospace, aeronautics, defense, and shipbuilding
industries due to their superior properties. They are industrialized
to meet the demands of lighter materials that have high strength,
high rigidity, and good wear resistance. Aluminium is the most
widely used non-ferrous metal and is often reinforced with a
variety of materials to improve its mechanical properties, such as
Al-C60, Al-Al,Os, Al-Mg-Si, Al-Graphene, Al-B,C, and Al-
Zr0,.%1% Aluminium reinforced with nano-sized lead particles
improves friction and wear characteristics because the lead layer
reduces the coefficient of friction.” It has been reported that the
Al-SiC composite with mesh-like structure has a low density, high
elastic modulus, low coefficient of thermal expansion and high
conductivity.?® High strength aluminium reinforced with Multi-
walled carbon nanotubes (MWCNTSs) by powder metallurgy
method followed by hot extrusion, significant improvements in
the density, hardness value, and tensile strength.*®

Aluminium is a very reactive metal and has a very high affinity
towards oxygen and due to this, a layer of aluminium oxide is
formed over the surface of the Al. Because of this phenomenon, it
is extremely resistant to corrosion under a variety of environments
and chemical reagents.?’ This makes aluminium and its alloys
highly useful for aerospace, transportation, food packaging and
building industries. Despite aluminium being corrosive resistant,
aluminium tends to corrode in the marine environment because of
simultaneous anodic and cathodic reactions on the metal surface
leading to generation of electrical charge on metal.2%-22

Ceria nanoparticles (CeO,) are one of the most promising
materials. It is an interesting material for solid oxide fuel cells due
to its high oxygen ion conductivity. Ceria also increases the
electronic conductivity of materials under reducing conditions.
Moreover, it is also used for automotive applications as catalytic
converters.?? CeQ, is one of the potential materials for the
protection of metals from corrosion because cerium compounds
show more negative potentials which makes it an extremely good
cathodic inhibitor. Different methods have been reported for the
synthesis of CeO, nanoparticles which are co-precipitation, flame
spray pyrolysis, a microwave-assisted heating technique, and
hydrothermal synthesis.?*??

In this work, CeO, nanoparticles were synthesized by co-
precipitation technique and reinforced with an Al matrix by 1, 2,
3, and 4 wt.% to fabricate MMNCs by powder metallurgy method.
The microstructural, mechanical, and corrosion properties of these
MMNCs have been studied.
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EXPERIMENTAL

Synthesis of cerium oxide nanoparticles

Cerium (1) nitrate [Ce(NO3)36H20] is used as a precursor for
the synthesis of ceria nanoparticles and de-ionized water as a
solvent. Initially, the 0.02M solution of cerium (lIl) nitrate is
prepared by vigorously stirring for 1 hour, and then 0.01M
ammonium hydroxide [NH4OH] solution is added dropwise and
immediately the light brown precipitates of Ce(OH); are formed.
When pH value reaches 10, the colour of precipitate changes to
purple which shows the complete conversion of Ce(OH); to
Ce(OH)4. Now the reaction is stopped after vigorous stirring for 3
hours. Now the purple precipitate is washed and centrifuged with
de-ionized water and ethanol several times. When the purple
precipitate is washed with ethanol the precipitate slowly changes
its colour to light yellow. The precipitate is washed and
centrifuged with ethanol until the colour completely changes to
yellow. The yellow colour precipitate formed is the confirmation
of the CeO; nanoparticles. Now the yellow precipitate is
separated, dried at 100°Cfor 3 hours and then calcinated at 600°C
for 3 hours to obtain CeO; nanoparticles.

Fabrication of Al-CeO2 nanocomposite

The Al metal powder (99.99% purity, AR, CDH) as a metal
matrix material and the CeO nanoparticle synthesized by co-
precipitation technique were mixed with different concentrations
(1, 2, 3 & 4wt.%) of CeO; nanoparticles. The mixture was ground
thoroughly with the help of a grinder so that the nanoparticles are
uniformly mixed with the aluminium powder. Subsequently, these
powdered samples were pressed with the help of the hydraulic
press and die into the desired shape by applying a load of 30 kN
and four pellets of different concentrations of CeO, were obtained.
After that, these pellets were sintered at 635°C for 3 hours in the
muffle furnace and allow to cool to room temperature in the
furnace.?® After cooling silvery-white colored solid materials were
obtained, which are the nanocomposites of aluminium metal and
cerium oxide.

Characterization

X-Ray Diffraction (PANalytical Empyrean) was used for the
structural analysis of pure CeO; Al metal, and Al-CeO;
nanocomposites using Cu-Ko. radiation (A = 1.5418A) in the range
of 26 = 20° to 80°. A field emission scanning electron microscope
(FESEM, Zeiss-ULTRA Plus) is used for the microstructural
studies of the sintered nanocomposites. Rockwell hardness values
of the nanocomposites were obtained by using the ball indenter of
% at 100 Kg load on digital hardness testing machine. Dry sliding
wear test was carried out on a pin-on-disc wear machine where
test parameters were pin diameter of the specimen was 8mm, rpm
of the disc was 425 rpm, the radial distance was 30mm and the
load was 30 N. Electrochemical analysis (corrosion test) for
nanocomposites is performed by Tafel extrapolation using three-
electrode electrochemical analyzer (CHI-604D) and 3.5% NaCl
solution as an electrolyte. The working electrodes were prepared
from pure aluminium and Al-CeO, nanocomposite
(20mmx5mmx1mm), Ag/AgCl wire as a reference electrode and
platinum wire as a counter electrode with a 0.01 V/s scan rate.
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RESULTS AND DISCUSSIONS

Structural analysis

Figure 1 shows the XRD Pattern of pure Al and CeO;
nanoparticles synthesized by co-precipitation technique. The XRD
pattern confirms the formation of CeO, nanoparticles with fcc
structure (JCPDS No. 43-1002) without any impurity phase. The
average crystallite size obtained is 12.80 nm by using the Debye-

Scherrer formula which is mentioned below.
kA

D= (1)

- B cos O

Where g = Full Width Half Maxima (radian), k = shape factor
(0.9), 2 = 1.5418A, D = Avg. crystallite size, & = Half of the angle
at which the highest peak occurs (°). The XRD pattern of Al
confirms the fcc structure (JCPDS No. 85-1372) without any
impurity phase. The average crystallite size obtained is 31.27nm.
Figure 2 shows the XRD pattern of the metal matrix
nanocomposite with different wt % of the ceria nanoparticles. The
XRD data shows the presence of CeO, nanoparticles and Al in the
nanocomposite and each phase appears separately which confirms
the formation of the nanocomposite. The peaks of Al metal are
marked with “*” and the CeO, peak is marked with ‘#’ in the XRD
data of nanocomposite. The average crystallite sizes of the Al
phase is calculated along the (111) plane of the aluminium peak
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Figure 1. XRD graph of CeO: synthesized by co-precipitation
method and Al metal along with JCPDS card.
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Figure 2. XRD graph of Al MMNC:s reinforced with different wt.%

of CeOs..
" T T T : T Allce'02|14_°/;ll T TT :__
F 1 - 1
. ! r
E ) I3

1 L
Al + CeO4(3%)

P U B |
AL+ Ce0»(2%)

PR I
Al + Ce05(1%)

Intensity (a.u)

Al (*) JCPDS No.:85-1327

35 36 37 38 39 40 41 42 43 44 45
20(°)
Figure 3. Enlarged view of XRD pattern of nanocomposite in 26
range (3507 to 4501).
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Table 1. Average crystallite sizes of CeO2 and AI-MMNCs on
reinforcement of different wt.% of CeOs..

Sample Details Crystal Crystallite Size
Structure (nm)
CeO2 FCC 12.80
Aluminium FCC 31.27
Al+CeO2 (1wt.%) FCC 26.89
Al+CeO> (2wt.%) FCC 11.17
Al+CeO2 (3wt.%) FCC 58.46
Al+CeO> (4wt.%) FCC 23.46
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Figure 4. FESEM
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are 26.89nm, 11.17nm, 58.46nm, and 23.46nm for 1, 2, 3 &
4wt.% of CeO, concentrations in Al which are mentioned in Table
1. Figure 3 shows the XRD pattern in the 26 range of 35° to 45° in
which shifting in the peaks of aluminium can be observed with
different CeO, concentrations. This is mainly because of the
change in lattice parameters due to the development of residual
stress caused by sintering and partial dissolution of CeO,
nanoparticles in aluminium.?® Figure 4 shows the microstructural
analysis of Al-CeO, nanocomposite (Al+2 wt.% CeO,). The dark
portion in the microscopic image is aluminium metal marked with
a black colored arrow and the CeO; reinforcement particles can be
seen as a white portion marked with a white-colored arrow. The
image shows proper interfacial bonding between aluminium and
CeO; particles. The CeO, nanoparticles are surrounded by
aluminium solids and the uniform reinforcement of CeO,
nanoparticles.

Mechanical properties

Rockwell hardness test of the pellet specimens was carried out
on the hardness testing machine with a 1/16" ball indenter is
used for the indentation purpose. The test was carried out at 100
Kg of load and the hardness values obtained are 84.6 for pure Al
metal and 89.4, 96.4, 87.05, and 82.7 for nanocomposites of 1, 2,
3 & 4 wt% of CeO, concentrations respectively which is
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summarized in Table 2. Figure 5 shows the variation hardness for
different specimens with the change in CeO; concentration. The
hardness of the Al increases with CeO, concentration and
maximum hardness value was obtained for 2 wt.% of CeO;
concentration. Because of the uniform distribution of CeO- in the
matrix, nano CeO resists the movement of dislocations present in
Al-matrix which results in increased hardness value. But, when
the CeO, concentration is more than 2 wt.%, then the
agglomeration of CeO, nanoparticles at grain boundaries takes
place in the Al-matrix, which decreases the hardness value.
Similar results have been reported for Al-Al,03.% A dry sliding
wear test for a specimen having a pin diameter of 8mm was
carried out on a pin-on-disc wear machine at 30N of load with a
radial distance of 30mm and the rpm of the disc was 425 rpm.
Figure 6 shows the variation in average values of wear, frictional
force and coefficient of friction obtained for pure Al metal and Al-
CeO; nanocomposites and values are mentioned in Table 2. From
the

Table 2. Hardness value, avg. wear, avg. frictional force, avg.
coefficient of friction, corrosion current and corrosion resistance
efficiency values for Al MMNCs.

Sample  Rockwell Avg. Avg. Avg. lcorr  Corrosion
Details  Hardness = Wear Frictio = Coeffi = (uA) Resistan
Value (micro | nal cient ce

(HRB) ns) Force | of Efficien
(N) Fricti cyn (%)
on
Aluminium = 84.6 69.30 | 1354 | 0.46 7744 -
Al+CeO2 89.4 397.18 1994 0.68 67.29 13.10
(1wt.%)
Al+CeO2 96.6 29282 1232 041 4446 4258
(2wt.%)
Al+CeO2  87.05 35751 | 1353 | 0.45 17.29 | 77.67
(3wit.%)
Al+CeO2 827 328.64 1323 | 0431 | 1258 8375
(4wt.%) 5
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Figure 5. Variation of CeO2 nanoparticles in Al metal matrix with
hardness value.
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results of the wear test, it is observed that Al-CeO;
nanocomposites suffer more wear as compared to pure Al metal.
This increase in wear can be attributed to the debris formed during
the wear test which further acts as an abrasive particle to both the
surfaces.®* However, frictional force and coefficient of friction
increase and decrease alternatively with different wt.% of CeO..
The coefficient of friction is directly proportional to frictional
force so it changes in the same way as frictional force change.
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Figure 6. Variation of CeO2 nanoparticles in Al metal matrix with
avg. wear, avg. frictional force and avg. coefficient of friction.

o

Electrochemical analysis (corrosion test)

Aluminium corrodes because of simultaneous anodic and
cathodic reactions on the Al metal surface in the presence of ionic
solution.

Oxidation (anodic reaction):

Al—— AP + 3¢ )
Reduction (cathodic reaction):
H* +e—— 2 Hs ®)

The electrochemical technique is used for the determination of
the corrosion resistance efficiency of the nanocomposite
specimens over pure aluminium3®*34, Figure 7(a) shows the Tafel
plot obtained for different specimens, which shows the decrement
in the corrosion current with the increment of CeO, concentration
because CeO; nanoparticles are surrounded by aluminium
particles and the CeO, nanoparticles act as a cathodic inhibitor.*®
Cerium has a high affinity for oxygen.*® The existed bond between
cerium and oxygen can be broken down under cathodic potential.
Due to the bond breakage, the cerium ions are formed which leads
to the formation of insoluble hydroxides which resist the flow of
current in aluminium suppressing the corrosion. The corrosion
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resistance efficiency is calculated with the use of the formula
mentioned below.

14
71% — Icorr—I'corr
Icorr

X 100 (4)

Where, Icorr = corrosion current for aluminium and I’corr =
corrosion current for nanocomposites. By interchanging the axes
of the Tafel plot with each other and using Tafel extrapolation
corrosion current is determined which is mentioned in Table 2.
Figure 7(b) shows that, as we increase the CeO, concentration in
aluminium the ability of aluminium to resist corrosion is
increased.
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Figure 7(a). Tafel plots for Al matrix in 3.5% NaCl with and without
CeO2 nanoparticles in Al MMNCs.
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Figure 7(b). Variation of corrosion resistance efficiency of Al-CeO2
MMNCs with different CeO2 concentration

CONCLUSIONS

CeO; nanoparticles were reinforced into the Al metal matrix for
the fabrication of metal matrix nanocomposite by powder
metallurgy method. The ceria nanoparticles were synthesized by
using the Co-precipitation technique with an average crystallite
size of 12.08 nm. The hardness of the nanocomposite was
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improved due to ceria nanoparticles and a maximum hardness
value of 96.6 HRB is observed for 2 wt. % CeO, in the Al metal
matrix. The increase in hardness of the MMCs is attributed to the
reduction in the dislocations present in the Al metal matrix due to
uniform distribution of the ceria nanoparticles in the metal matrix.
However, Al-CeO, nanocomposites suffer more wear as compared
to pure Al metal, due to debris formed during the wear test which
further acts as an abrasive particle to both the surfaces. The
corrosion resistance of Al-CeO, MMNCs also improves by
increasing the concentration of CeO, nanoparticles. The corrosion
resistance efficiency is obtained as 13.10 %, 42.58 %, 77.67 %,
and 83.75 % for the 1 wt.%, 2 wt.%, 3 wt.%, and 4 wt.% ceria
concentration, respectively. Thus, Al-CeO, MMNCs show better
mechanical and corrosion resistance properties than pure Al metal
which makes it suitable for marine technology applications.
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