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Development of rare earth
element-based hybrid aluminium
composites using stir casting
process
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Aerospace and marine industries are constantly in search of materials that can provide good strength
and durability while also being lightweight. Aluminium composites with adequate reinforcements have
been proven to be effective in achieving incredible mechanical properties while also maintaining a good
strength to weight ratio. Numerous studies have been done to study the various possibilities of matrix
reinforcement combinations in aluminium composites. This work focuses on studying the effect of
varying Cerium Oxide (CeO2) percentage in the aluminium composite on its tensile strength, hardness
and corrosion resistance. CeO2 is used along with Silicon Carbide (SiC) and Multi-Walled Carbon
Nanotubes (MWCNT) to develop four samples of hybrid aluminium composites with SiCand MWCNT
constituting 1% and 0.1% of the composite and the weight percentage of CeO2 is varied between 1 and
2.5%. All the samples were fabricated using the modified stir casting process. The results show that

the hardness and tensile strength of the composites peak when the CeO2% is at 2% while corrosion
resistance only gets better with increasing reinforcement content. A significant enhancement in
mechanical and physical properties of aluminium composite suggests that MWCNT is an effective
hybridizing agent with SiC and CeO2 to develop aluminium composites.

The progress of civilization has historically been guided by the ability of humanity to optimally utilize the material
resources at their disposal'. The significance of materials becomes evident when one observes the named eras in
history, such as the Stone Age, Copper Age, Bronze Age, and Iron Age, each denoting the predominant materials
used during various historical periods. With the rapid growth of technology since the 1830s, the importance of
improved materials that would meet industrial requirements has been continually increasing?. This demand has
driven the development of materials that possess qualities like strength, hardness, and lightness, tailored to cater
to the needs of industries in aerospace and automotive sector’.

Composite materials have gained a lot of traction among researchers and in industries due to the scope of
applications that have surfaced in the past few decade*”. These materials have become highly preferred due
to their potential to be customized and designed with specific properties®®. The automotive industries can
benefit enormously from materials that have a good strength-to-weight ratio'®!!. Composites are developed
by incorporating reinforcements into matrix material wherein matrix materials act like binders that distribute
load among reinforcements which are the load bearing members in the composite!2. This leads to a general
strengthening of the materials while also retaining the ductility of the matrix materials'®. Aluminum alloys offer
an excellent combination of strength with low density and, therefore, a good choice of matrix material for the
development of composites. The application of aluminum alloys has grown in recent decades to cater to a wide
range of industries including shipbuilding, the automobile, and heavy machinery industry'*'>. Conventionally,
the choice of reinforcements was limited to ceramic particles because the goal was primarily strengthening!¢~%.
Baraily et al.!? developed Silicon Carbide (SiC) and flyash bagasse ash reinforced composite with enhanced
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Mg Si Fe |Cu |Mn |Cr |Zn |Ti Others | Al
0.45-0.9 | 0.2-0.6 | 0.35 | <0.1 | <0.1 |0.1 | <0.1 | <0.1 |0.15 Max

Table 1. Chemical Composition of AL-6063 in terms of weight percentages of constituent elements.

Sample designation | Matrix material | SiC (%) | MWCNT (%) | CeO2 (%)
Sample 1 Al-6063 1 0.10 1

Sample 2 Al-6063 1 0.10 1.50
Sample 3 Al-6063 1 0.10 2

Sample 4 Al-6063 1 0.10 2.50

Table 2. Sample designations and composition.

corrosion properties. Bhowmik et al.2’ developed a hybrid aluminium composite using SiC and titanium bromide
powders as reinforcements using stir casting route. The developed composite showed enhanced hardness and
tensile strength. Similar literature are available that reflects the effect of ceramic reinforcements on mechanical
and tribological properties. However, with the advancements in research on material science and engineering,
reinforcements have much more to offer in addition to strengthening®!. Pazhani et al.*> developed graphene-
reinforced aluminium composites using a novel squeeze-casting technique for lightweight aeronautical
applications. The developed composite had an increased tensile strength and enhanced hardness making it a
more robust material for aerospace applications. Akinwande et al.?® in their recent work used a commercially
available high entropy alloy as reinforcement to develop an aluminium composite using powder metallurgy
route. Besides the obvious strengthening of the composite, it also showed enhanced tribological properties.
Ananiadis et al.>* also used high entropy alloy particles to reinforce aluminium composites and their work
revealed that a significant enhancement in corrosion properties was observed in the developed composite. Samal
et al. used B4C and Multi Walled Carbon Nanotubes (MWCNT) to develop aluminium composite using A383
as the matrix material. The developed composite showed enhanced micro-hardness and tribological properties.
Although MWCNT bears exceptional potential as a new age reinforcing material because of its excellent
mechanical properties, it is less studied upon as a reinforcement with aluminium composite. Literatures that
are available on MWCNT as reinforcement show promising results that serves as a basis for the current work to
consider MWCNT as one of the reinforcing material.

Among the newly found reinforcement materials are the rare earth element-based compounds that have
gained huge popularity among researchers in recent years. They are primarily used as a hybridizing agent
that adds so much to the properties of composites by incorporating them in trace amounts. Cheneke and
Karunakar?® published a work on the incorporation of yttria with titanium boride to develop a composite using
the rheocasting technique. Yttria incorporated composite had at least an additional 20% increase in all the
mechanical properties studied in comparison with the titanium boride-reinforced composite. Kumar et al.2
used a powder metallurgy route to develop CeO2-reinforced composites by varying CeO2 weight percentages.
The study suggests that the reinforcement effectively enhances the corrosion resistance properties of aluminium
alloy besides the obvious increase in tensile strength and hardness. Kumar et al.?’ also suggest that cerium oxide
(CeO2)-reinforced composites also exhibit self-lubricating properties which add to the overall robustness of the
material. Similar works on CeO2, lanthanum oxide (La203) etc. are abundantly available to establish the utility
of rare earth-based reinforcements.

Although rare earth element-based reinforcements have shown promising results with aluminum composites
in the works that have been done so far, the literature that explores this possibility is very limited. Furthermore,
the literature that explores this possibility is limited by the choice of reinforcement that explores only ceramic
particle-based reinforcements with rare earths. It is evident from the literature that the options for reinforcement
materials have opened up in aluminium composites, yet there seems to be a lack of literature that deals with a
peculiar combination of reinforcement materials that includes a conventional reinforcement like SiC, a modern-
day material like MWCNT and a suitable hybridizing agent in the form of rare earth based reinforcement like
CeO2. The current work is an attempt to bridge this gap by combining SiC, MWCNT and CeO2 to develop a
hybrid aluminium composite. The weight percentage of CeO2 is varied while keeping the other two constant to
develop four samples of aluminium composites using the stir casting method. These composites are characterized
based on their morphological, mechanical and corrosion properties to assess the effect of CeO2 on the studied
properties.

Materials and methods

Development of composite

For the development of composite, Aluminium 6063 was chosen as the base alloy because of its widespread uses
in making various aeroplane components. The chemical composition of the alloy is given in Table 1. The alloy
was cut into small pieces and weighed 500 gms using a precision digital weighing machine. For reinforcements,
SiC (particle size: 320 mesh), MWCNT ( length: <10xm dia: < 20 nm ) and CeO2 (APS: <50um) were used.
The percentage composition used in each sample is presented in Table 2. Existing research work on the same
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reinforcements was referred to choose a baseline weight percentage for each reinforcement, and numerous
trial experiments were performed with varying weight percentages to arrive at the weight percentage for which
the least agglomeration was observed in the available stir casting set-up. The stir casting set-up used for the
development is shown in Fig. 1. A bottom-pouring setup facilitated a smooth passage of molten aluminum
mixed with reinforcements for better particle distribution while also preventing the slag from passing
through to solidify in the mold placed below?®~3!. Aluminium pieces are heated in a steel crucible to reach
the temperature of 730°C. A four-blade stirrer is used to create a vortex inside the melt by rotating it at 400
RPM. The reinforcements are heated at 280°C inside a muffle furnace before adding them into the vortex. The
preheating of reinforcements is done to remove any moisture present in the reinforcement particles and improve
the wettability with molten aluminium. The melting furnace is covered with a ceramic plate to isolate the molten
aluminium with atmospheric oxygen to minimize oxidation of molten aluminium. The mixture was stirred for
7 minutes at 400 RPM before pouring it down to the steel mold preheated to 325°C. It should be mentioned
here that the stirring process parameters were adapted from existing literature and modified to align with the
operational conditions of the available setup based on numerous trial experiments. The preheating of mould is
done to reduce the chances of defects that result out of trapped air and also to minimize the temperature gradient
to facilitate a slow cooling rate. The solidified composite is then shaped appropriately following the various
ASTM standards for microstructural, morphological and mechanical testing using various machining processes.

Characterization and testing
The developed as-cast composite taken out of the mold is shown in Fig. 2. Small cut-outs from various portions
were prepared and polished to characterize the composite on their morphological and compositional properties.
Scanning Electron Microscopy(SEM) and Electron Diftraction Spectroscopy(EDX) were done in CIF, Manipal,
Udupi to study the microstructural properties of the composite. The images were taken at various magnifications
to highlight various aspects of the microstructural properties of the composite. The composition of the composite
was also validated using the X-ray diffraction (XRD) tests. Particles scattered from 0 degrees to 120 degrees were
collected and the peaks were studied to study the composition of the composite.

To check for porosity in the as-cast sample, theoretical and experimental densities of the developed samples
were compared to calculate a porosity index (PI) or void fraction (VF) using the formula shown in Eq. (1).

Experimental density

PIJVF =1-— 100 1)

Theoritical Density

Three different cutouts from various locations of the composite were used to estimate the experimental density
using the Archimedean principle following the ASTM B962 standards using water as the immersion fluid. The
theoretical density of the developed composites was calculated using the rules of mixtures. Relationship between
density, weight and volume was used to calculate the volume percentages of all the reinforcements.

Electrochemical corrosion tests of all samples were done using standard Ag/AgCl as the reference electrode
and Platinum as the counter electrode. 1M NaCl solution was used as the electrolyte for the test. Small samples
measuring 3 mm X 3 mm X 25 mm were cut out from the composite which was used as the working electrode
for the test. The applied potential was slowly ramped up from -1V to -0.5 V to obtain a Tafel plot for all the

Control Panel

Stirrer

Melting Furnace

Steel Mold

Mold Furnace

Fig.1. Stir casting setup.
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Fig. 2. Tensile test specimen as per ASTM E8 standards.

samples. Theoretical and Experimental densities of all the samples were also calculated using the rule of density
of mixtures and Archimedes Principle respectively to calculate the porosity of the developed composite.

The hardness test samples were prepared by cutting outa few 10 x 10 x 4 mm specimens from each sample
and cleaning them with emery papers. Vickers hardness test was used to measure the hardness of the composite.
Indentation was made at three different spots on each sample and the indentation diagonal was measured. The
hardness value was calculated using the formula given in Eq. (2)

HVN =1.854 (g) )

and the average hardness was calculated by summing up hardness values for all observations for a given sample.
This procedure was adopted to ensure the reproducibility of the results. The tensile test sample was performed
according to ASTM E8 standards for sheets as shown in Fig. 2. Two samples each of the five samples, including
an as-cast Al-6063, were machined according to the dimentions shown in Fig. 2 using wire EDM to shape the
developed samples into the desired tensile test specimen. These Tensile test specimens were sent to the Kalinga
Institute of Technology wherein the INSTRON Tensile Testing setup was used to measure the ultimate tensile
strength.

Results and discussion
Morphological and compositional characterization
SEM images for all 4 samples at various magnifications are shown in Figs. 3, 4, 5 and 6. The SEM images show
elongated dendritic structures as a result of slow soldification because the sample was allowed to furnace cool in
a controlled temperature setup. These images also reveal traces of particles present here and there (encircled in
black). These may be SiC or CeO2 particles incorporated as micro-sized powders. The distribution of SiC and
CeO2 can also be estimated using the colour mapping of carbon and cerium in the composite shown in Fig. 7.
Figures 3, 4, 5 and 6 suggest that they are scarcely present and distributed relatively homogeneously with
intermittent traces of agglomeration visible throughout the sample which seems to be unavoidable. MWCNT,
however, is visible when the magnification is increased to 1000x where small tubular particles are visible and
dispersed through the matrix. These are also present in scarce quantity and slight agglomeration of these
particles is visible which is shown in Figs. 3, 4, 5, 6 and 7 by encircling them in red. EDS peaks also elucidate the
presence of CeO2, SiC and SiO2 in the aluminium matrix. SiO2 is formed as a result of oxidation of SiC during
preheating of reinforcements and is responsible for strengthening the matrix-reinforcement bond with SiC,
which is a ceramic particle with very poor bond strength with metals like aluminium.
Figure 8 shows the XRD pattern of Al MMC developed using the stir casting process. The measured XRD
peaks fall between 20° and 90° in the 26 diffraction range. XRD results show prominent peaks within the range
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Signal A= SE1 Date :5 Sep 2022 — * .01 Signal A = SE1 Date :5 Sep 2022
WD = 8.0mm Mag= 300X Time 16:44:08 H WD = 80mm Mag= 100KX Time :17:04:32

(a) (b)

Fig. 3. SEM image of sample 1 at different magnifications (a) Low magnification (b) High Magnification.

Date 5 Sep 2022
Mag= 1.00KX Time :16:17:16

(a) (b)

Signal A = SE1 Date :3 Sep 2022
Mag= 1.00KX Time :8:40:31

(a) (b)

Fig. 5. SEM image of sample 3 at different magnifications (a) Low magnification (b) High Magnification.
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(a) (b)

Fig. 6. SEM image of sample 3 at different magnifications (a) Low magnification (b) High Magnification.

Carbon Aluminium
mm : - -
Silicon Cerium

Fig. 7. Colour Mapped SEM Images for Sample 4 highlighting the presence of four of the major elements
observed.

from 38° to 39° corresponding to (106) @ SiC phase®2. Consequently, the peak observed within the range from
44° to 45° corresponds to the peak of purified MWCNT (100)33. The peak corresponding to 65° to 65° suggests
the presence of o aluminium phase corresponding to planes (111)**. The peak corresponding to the (420) plane
of the CeO2 element is also seen within the range from 78° to 79°%. XRD peaks observed within 82.35° to
82.40° diffraction angle refers to o A1203 at (111) diffraction phase®. The presence of A1203 in the developed
composite is due to the heating of parent material in the stir casting setup without an inert atmosphere. This
confirms the presence of all the reinforcements incorporated into the matrix with relative homogeneity and is in
close agreement with the EDS results.

Physical properties

The experimental and theoretical densities of the developed samples are presented pictorially in Fig. 9. The
theoretical and experimental densities are very close to each other suggesting that the casting was good.
Estimation of voids in the as-cast composite can be done by calculating the ratio given in equation 1 shown over
the bar plot for each sample. This index remains well within 1.5% for all the samples measured. These deviations
in theoretical and experimental densities may be attributed to minor casting defects or reinforcements drained
away as slag among many other things. This further validates the emphasis on reinforcement preheating and
mould preheating which are precautionary measures for reducing casting defects.
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Fig. 8. XRD peaks of developed composites.
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Fig. 9. Bar plot showing theoretical and experimental densities.

One of the major drawbacks of altering the chemical composition of an alloy to enhance its mechanical
properties is the compromise that needs to be made with its physical properties like corrosion resistance. The
development of composite materials involves very little to no alteration in the chemical composition of the
material. Tafel plot is obtained by allowing electric current to flow through a finely polished and washed sample
of the composite. Tafel plots of all the samples are shown in comparison with the base aluminium alloy in
Fig. 10. The positive shift in corrosion potential with an increase in reinforcement percentage seen on the tafel
plot suggests that the corrosion properties have improved with the addition of reinforcements. While it is not
absolutely clear from the current study, the betterment in corrosion resistance may be attributed to one of the
phases detected in the XRD analysis discussed in earlier sections. The incorporation of CeO2 has been beneficial
for corrosion properties in earlier works by Ashraf and Sibli*”~*® and that is further validated by this study.

Mechanical properties

The hardness values of all four samples along with the comparison with as-cast base aluminium alloy (A106063)
are shown in Fig. 11. It can be seen from the bar graph that a significant increase in hardness values of aluminium
composite is observed in comparison with the base material. Maximum average hardness of 93 HV was
achieved at 2% CeO2 after which the hardness saw a slight decline. The increase in hardness may have been
due to good interfacial bonding between reinforcements and matrix materials. Past studies also suggest that the
reinforcements are entrapped in inter-granular boundaries when the grain growth is dendritic which seems to be
the case in the current work as seen from SEM images*®. The reinforcement particles entrapped around the grain
boundary region hinders deformation leading to strengthening of the composite. The porosities index suggests
that the maximum porosity was observed in the 4th sample. SEM images also reflect a slight agglomeration of
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Fig. 10. Tafel Plot of composites with Al-6063.
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Fig. 11. Hardness comparison.

reinforcements in the fourth sample. These may be some of the reasons behind the slight decline in hardness
values. It is also interesting to note that the hardness is at least 20% better than the base alloy which may be
attributed to proper incorporation and homogeneous distribution of the reinforcements observed in SEM
images.

The tensile test results were obtained as load-extension diagram for all the four samples which is shown in
Fig. 12. This highlights the highest ultimate tensile stress as 165.62 MPa for the sample 3 which contained 2%
CeO2. Sample 1, sample 2 and sample 4 had the ultimate tensile strength of 153 MPa, 159 MPa and 162 MPa
respectively. A comparison has also been made with the base aluminium alloy for all 4 samples in bar plot
shown in Fig. 13. The tensile strength showed similar trends to hardness in terms of enhancement with respect
to the CeO2 percentage. It increased with an increase in reinforcement percentage up to 2% after which a slight
downfall was observed. The maximum enhancement of 34% was achieved when CeO2 was 2% of composite
composition. The increase in tensile strength can be attributed to trapped reinforcement particles in inter-
grainular sites and good bond at the matrix reinforcement interfaces discussed in earlier sections. The downfall
post optimum could be attributed to agglomeration and casting defects which were most prominent in the
sample with 2.5% CeO2. The unreinforced aluminium alloy failed at ultimate tensile strength at 123 MPa with a
cup and cone fracture while the mode of fracture seemed more brittle (very little permanent deformation) as the
reinforcement percentage increased. The least permanent deformation was exhibited by sample 4 along with the
downfall in tensile strength upon increasing the reinforcement percentage.
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Fig. 12. Load-extension plot for the fabricated composites.
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Fig. 13. Tensile strength comparison.

Conclusion

Four samples of rare earth element-reinforced hybrid aluminium composites were developed using a conventional
stir-casting process to study morphological, mechanical and physical properties. Four samples were varied for
their CeO2 composition from 1% to 2.5% while keeping the weight percentages of SiC and MWCNT constant at
1% and 0.1%. Following conclusions can be made from the current work

o Preheating of reinforcement at 280°C, thorough stirring of reinforcements at 400 RPM for 7 minutes and
proper preheating of mold resulted in a homogeneous reinforcement distribution as confirmed by the SEM
images and colour maps.

o XRD analysis showed the presence of all the reinforcements incorporated into the matrix which was also
confirmed using EDS analysis.

o Very little porosity was estimated based on a comparison between theoretical and experimental densities
suggesting proper casting. Preheating of mold helped in ensuring good casting.

« Corrosion properties were slightly better for all composites. An increase in CeO2 percentage resulted in the
betterment of corrosion potential with the best corrosion potential showed by the sample containing 2.5%
CeO2.

« The developed composite showed enhanced hardness with the maximum hardness of 93 HV shown by the
3rd sample. The poor hardness of the 4th sample may be attributed to agglomeration of reinforcement which
is visible in SEM images of this sample. Tensile results showed similar trends to that of hardness which in-
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creased up to 2% CeO2 having the ultimate tensile strength of 166.3 MPa followed by a decline in ultimate
tensile strength.

Data availability

The data presented in this study are available through email upon request to the corresponding author.
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Published online: 13 November 2024
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