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The purpose of this article is to investigate the effect of various process parameters such as
compaction pressure, sintering temperature, and time on the physio-mechanical properties of a
powder metallurgy-fabricated composite made of pure aluminium/alumina. Temperatures
(580°C, 600°C, and 630°C), periods (1.5, 2, and 2.5 hr), compacting loads (30KN-65KN), and
alumina percentages (2, 4, 6, and 8weight percent) are all considered. X-ray diffraction (XRD)
and X-ray fluorescence spectroscopy (XRF) studies are carried out to determine the phases
present and their proportions. Crystallite size study is performed using XRD data, and the Al+4
weight % alumina composite has the smallest size of any composite tested. For optimization,
sintering density, porosity, and microhardness are calculated. Scanning electron microscopy
(SEM) is used to analyse the different microstructures. At 600°C, 2 hr of operating time, and
4weight% alumina additions, the highest sintering density and microhardness are found.

Power metallurgy
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1. Introduction

No one can deny that applied sciences play an important role in different fields as reported before. "* Aluminum metal
matrix composites (AMMCs) have exceptional features such as low density, high specific strength, high toughness, strong
wear as well as corrosion resistance, creep resistance, low coefficient of thermal expansion, and high specific stiffness and
are broadly applied in vehicles, ship construction, military, aerospace, and mineral processing sectors.”! AMMCs are
manufactured utilizing a number of processes, and composite characteristics vary depending on the manufacturing
conditions. Aluminum alloy composites have traditionally been produced using both solid-state processing (such as
mechanical alloying, friction stir processing, and powder metallurgy) and liquid-state processing (compo-casting, stir
casting, squeeze casting etc.). Powder metallurgy, as compared to other production processes, exhibits homogeneous
particle distribution with no agglomeration, dendrite separation, or undesirable chemical reaction at the interface.!'"!?
Powder Metallurgy (PM)allows for a significant deal of flexibility in altering the microstructure (for example, higher
volume fraction, as well as different sizes and morphologies of particle reinforcement, may be utilized).!*-"°

Without incurring machining expenses, PM can mass-produce complicated and accurate items in near-net form.?° To
achieve the appropriate microstructure and increase mechanical characteristics, all particles in the matrix must be dispersed
evenly.!? However, because of their low wettability in the metal matrix and high surface-to-volume ratio, achieving
homogeneous distribution of tiny ceramic particles in the metal matrix is a significant difficulty. Ceramic particle reinforced
metal matrix composites (PMMCs) are now gaining popularity due to their low cost, isotropic characteristics, and simplicity
of manufacture.?!">2 Many researchers used different ceramic particle reinforcements such as Al,Os, SiC, TiB», B4C, Si3Ny,
ZrB,, AIN, TiC, and WC in particulate metal matrix composites to increase attributes such as micro hardness, corrosion
resistance, wear resistance, and the high strength-to-weight ratio.?3-8
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Al O3 is the another most common ceramic reinforcement used in AMMC:s after SiC, and it is one of the most firmly bound
compounds with aluminum.?’It possesses a high ionic interatomic bonding force that contributes to the wear resistance and
compressive strength of the aluminum alloy to which it was added .**Along with many other objects, ALO; is used to
manufacture connecting rods, piston rings, diesel engine pistons, drive shafts, braking discs, and cylinder liners.’!Several
authors used powder metallurgy to create AMMCs with Al,O3; reinforcement and found that the presence of alumina
enhanced compressive strength and hardness.>3* Alumina has a high hardness, specific strength, mechanical performance,
chemical stability, and high-temperature properties, making it appropriate for use as a refractory material, abrasive, and
coating.”® 3*Vogel et al.*recently explored the influence of alumina concentration and shape on the mechanical
characteristics of bulk nano-laminated Al,O3; composites.

Compacting pressure, sintering duration, sintering temperature, and reinforcing proportion are key process parameters
that influence the characteristics of powder metallurgy composites.>’Rohatgi et al®® investigated the tribological
characteristics of AMMC:s reinforced by graphene Nano platelets produced by a powder metallurgy technique and revealed
that process parameters had a substantial impact on mechanical and wear performances. According to Bains et al.’’, the
parameters connected with the PM approach for the manufacture of metal matrix composites (MMCs) had a more noticeable
influence on mechanical characteristics as well as homogenization. Vani and Chak?? conducted a study on the effect of
process parameters, such as compaction pressure, sintering temperature, and time, on the characteristics of composites.
They revealed that by optimizing these process parameters, it is possible to accomplish homogeneous reinforcement
distribution in the matrix that improves composite mechanical properties. Several authors have used various binders in their
works. Among them are zinc stearate (Zn [CisH3503]), stearic acid (Ci1gH3602), and Acrawax ‘C’ (C3sH76N20>). Zinc stearate
has a substantial effect on sintering density whereas Acrawax ‘C’ has a slight effect on the modification of density during
solid state sintering. During heating, zinc stearate decomposes into ZnO. Because of its high melting point of around
1950°C, Zn remains in the powder compact up to the sintering temperature and consequently remains in grain boundaries
or closed pores. The pressure within the pores having Zn residues gradually increases and causes substantial stress in the
matrix, resulting in significant swelling and a decrease in density.>® Powder metallurgy was used to manufacture alumina
based AMMC:s in this study.

The novelty of this work are as follows:

1. In the present article, the simultaneous impact of compaction pressure as well as various combinations of sintering
temperature and sintering time with weight percent of alumina on the physical, structural, and mechanical characteristics
of the Al-alumina composite was analysed. From the literature, it was found that in most of the work, the researchers
have considered any two of the above parameters (compaction pressure, sintering temperature, sintering time, and weight
percentage of alumina) in their investigations.*

2. Acrawax ‘C’ (CsgH76N20,) was used as the binder in the preparation of the composite instead of zinc stearate (Zn
[C1sH3502]) or stearic acid (C1sH3602) which were in use by most of the researchers in their investigation.>

2. Results and Discussion
2.1 Compacting Pressure Determination

Both green and sintered composites indicated a nominal difference in density for aluminum with 8wt% Alumina after
55kN (486MPa) of compacting pressure. However, there was a substantial increase in wear and strain in the die-punch
assembly. A similar experiment was conducted with varied alumina percentages from 2% to 6%. Finally, all the above
alumina compositions need compacting pressures lower than 486 MPa. Therefore, the load of 486 MPa is taken as the
compacting pressure for the whole experiment. This method of selecting compacting pressure has also been published in
the literature.?® Fig.1 illustrates a compacting pressure vs. density curve for Al-8wt% Alumina (both green and sintered).
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Fig. 1. Variation of density with compacting pressure for Al-8wt% Alumina
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2.2 Density and Porosity Measurement

The densities of sintered samples were determined by means of the Archimedes principle, and the porosity percentage
was computed using sintered density and theoretical density. The sintered density was computed using the correlation shown
below (Equation 1).

{ m, } (M
po=|—"—|xp,

ma - mw

m, and m,, are the mass of component in air and in water respectively. pw (0.998g/cc) is the density of water at room
temperature.

2.2.1 Effect of Sintering Temperature on sintering density and porosity

The diffusion phenomenon affects the sintering density. Higher sintering temperatures cause more diffusion and, as a
result, a denser and less porous structure.*’As the sintering temperature rises, the atoms migrate very swiftly. It causes strong
particle necking, resulting in a denser and pore-free microstructure.*! The diffusion rate increases with temperature, resulting
in higher material diffusion in the pores at elevated temperature.*However, at high temperatures, the material undergoes
thermal expansion as well as grain growth. Grain growth and diffusion are two contrasting phenomena: diffusion increases
the density and strength of composite whole grain growth reduces the same. Diffusion mechanisms prevailed over thermal
expansion in the material, resulting in a rise in density. 4143 421445 Fig_2(a) to 2(f) show the effect of sintering temperature
on the sintering density and porosity of Al-alumina composites with varying quantities of alumina. The overall maximum
sintering density (2.38829 gm/cc) was discovered at T=600°C for 4wt % alumina after 2 hours of sintering. At higher
temperatures, the sintering density of composites decreased for all compositions and durations based on factors including
grain growth, thermal expansion, and increased porosity.*** In the current study, increasing the sintering temperature (up
to 600°C) causes a rise in density and a decrease in porosity due to the superiority of diffusion over thermal expansion and
grain growth, but increasing the temperature further (630°C and higher) causes the opposite, i.e., density declines and
porosity rises due to the superiority of thermal expansion and grain growth over diffusion. 44 4647

2.2.2 Effect of Sintering time on sintering density and porosity

Diffusion is affected not just by temperature but also by time. Thus, sintering time has a substantial impact on density.
The relationship between diffusion and sintering time helps to understand these phenomena. It is established that the atomic
displacement is proportional to the square root of the sintering time. This promotes atom diffusion, culminating in coarse
grains and a reduction in sintering density.*!> 4> 42445 Atomic diffusion is a function of both temperature and time, and
under the right conditions, homogenization and grain movement can occur. Temperature and time have a direct relationship
to grain growth. Sintering duration, like sintering temperature, has a mixed impact, since increasing time causes both
diffusion and grain development.*® Fig. 3 (a) to 3 () represent the variation of sintering density and porosity with sintering
time. After 2 hours of sintering at 600 °C and 4% alumina, the total maximum sintering density (2.38829 gm/cc) was
observed. The effects of grain growth, thermal expansion, and increased porosity reduced the sintering density of composites
for each composition. In the present analysis, with a rise in sintering time (up to 2hr); there is a rise in density and a decrease
in porosity owing to the domination of diffusion over thermal expansion and grain growth. However, as time proceed on
(2.5 hr. and later), the density falls and the porosity rises due to the prominence of thermal expansion and grain growth over
diffusion.*®

2.2.3 Effect of alumina weight percentage on sintering density and porosity

Alumina has an important role in sintering density. The composite's sintering density is increased (up to 4 wt. percent
alumina content) before decreasing. As a result, porosity reduces to 4 wt.% alumina and rises further. This is due to uneven
dispersion of alumina powder in the composite. Further agglomeration and interparticle friction both prevent particle
rearrangement. Uniform alumina dispersal and embedding are limited to the addition of 4 wt. percent alumina due to alumina
particle agglomeration. The agglomerated alumina restricted the contact area between the aluminum particles, limiting
particle rearrangement and preventing alumina from being adequately absorbed into aluminum powders.*!

Fig. 2(a), 2(c), and 2(e) illustrate sintered density as a function of sintering temperature for various alumina percentages
with sintering timeframes (1.5, 2, and 2.5 hr., respectively). Fig. 2(b), 2(d), and 2(f) reveal the correlation between porosity
and sintering temperature for various alumina percentages and sintering times (1.5, 2, and 2.5 hr., respectively).
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Fig. 3. (a), (¢), (e) Variation of sintering density with sintering Time at various alumina wt.% Fig. 3. (b), (d), (f) Variation
of Porosity with sintering Time at various alumina wt.%

Sintered density vs. sintering time for different alumina percentages at different sintering temperatures (580°C, 600°C, and
630°C, respectively) are presented in Fig. 3(a), 3(c), and 3(e). Fig. 3(b), 3(d), and 3(f) show porosity versus sintering time
for various sintering temperatures (580°C, 600°C, and 630°C, respectively) with alumina percentages.

2.3 Hardness of composite sample

The hardness of a material can be used to predict its tensile strength, ductility, wear resistance, and other physical
properties. The hardness values are computed using the indent created on the sample surface.

2.3.1 Influence of sintering time, temperature and alumina addition on Hardness

Hardness is altered not just by high sintering temperatures, but also by the period of time the test specimen is subjected.
Because of appropriate material diffusion in the pores, strong diffusion bonding among the particles, decreased porosity,
and higher density, hardness rises with increasing sintering temperature and time (up to a limit).'®* However, it has been
observed that increasing the temperature and time reduces the hardness, with a rise in sintering temperature and time
contributing to grain development and porosity.'®*The hardness of Al-alumina composites is shown in Fig. 4(a) and 4(b)
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as a function of sintering time, temperature, and alumina content. The composites are sintered at three different
temperatures: 580°C, 600°C, and 630°C, for 1.5 hr., 2 hr., and 2.5 hr. The optimum sintering temperature was observed to
be 600°C, where the highest value of hardness (57 HV) is obtained at t = 2 hr. for 4 wt. percent alumina content.

In this sintering temperature analysis (as shown in Fig. 4a), increasing the temperature of the specimen to a high
temperature (up to 600°C) lead to a rise in hardness, but increasing the exposure temperature of the specimen (630°C and
later) resulted in a decrease in hardness. Because of the decreased porosity, a densified and more closely bound
microstructure may be recognized at a higher sintering temperature, resulting in high hardness. Higher temperatures, on the
other hand, provoke grain growth and a loss of hardness.**This pattern of rising and decreasing hardness is also presented
in literature.*’

The sintering time analysis is presented in Fig. 4b. The hardness of the specimen was found to rise when the exposure
duration was increased to 2 hr., while it was found to decrease when the exposure time was increased to 2.5 hr. This is due
to atom diffusion, which induces a decrease in pore volume, resulting in greater hardness, however, after a critical point,
coarse grains are generated with increasing time. As a result, bigger grain sizes of aluminum decrease the hardness of
AMMC composites. The influence of sintering duration on mechanical characteristics is presented in literature.*

The weight % of reinforcement is also a decisive aspect in the hardness of AMMC. Composites with uniformly
disseminated alumina and completely bound particles are stronger. In achieving good particle bonding without grain growth,
alumina content is an important factor in MMC. It is observed that the addition of alumina up to 4wt% increases the hardness
as shown in Fig. 4a and 4b. But further addition of alumina to the composite results in a decreasing trend of
hardness. Alumina content is a critical component in MMC for obtaining effective particle bonding without grain
development. As indicated in Fig. 4a and 4b, the addition of alumina up to 4wt percent enhances the hardness. However,
adding more alumina to the composite resulted in a declining hardness trend. This improvement in hardness at 4% alumina
addition is due to the reduction of dislocation movement during plastic deformation, which increases the interface area
between aluminum and alumina particles and inhibits grain development during sintering.***> The inclusion of
reinforcement after 4% reduces hardness due to alumina agglomeration.*>! Friction among particles is produced by these
agglomerated powders, i.e., suppressing the interaction between Al and alumina, resulting in a weak interface between the
particles that increases porosity and a decline in micro-hardness.
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2.4 Structural and Morphological Study

Fig. 5 exhibits XRD plots of alumina, pure aluminum, and composites synthesized at 600°C and 2 hours (for the optimum
hardness and sintering density). The XRD of alumina shows the presence of various alumina structures like o-alumina (00-
42-1468), y-alumina (00-29-0063), x-alumina (00-88-0107), 6-alumina (00-35-0121), and &-alumina (00-88-1609).
According to the XRD plots of composites, five significant peaks at 26 of 39.079° (111), 45.86° (200), 65.74° (220), 78.78°
(311), and 82.98° (222) belongs to aluminium with JCPDS card number (00-001-1180). The other significant peak found
at 20 of 31.0157¢ is attributed to alumina (004) with JCPDS card number (00-35-0121). The purity of composites is evident
from their XRD patterns, as no other phases other than Al and Al,Os are found. The crystallite size of composites was
calculated using the Williamson-Hall plot®? which is depicted by equation 2 as follows:

2
ﬂCos9=4€Sin6+% @



where 0 is the peak angle, § is the FWHM (full width half maximum) value, K= shape factor (0.9), €=residual strain, A=
wave length of CuKoa radiation, and D= crystallite size. Equation (2) can be compared with a straight-line equation, y=mx+
¢. Where, m= slope and c= intercept. A plot of BCos0 versus 4Sin0 known as the Williamson—Hall plot represents the
average crystallite size (from the intercept) component and the average strain (from the slope) component. Table 1 presents
the crystallite size of composites. Fig. 6 presents the linear fit of data (BCos6 vs. 4Sin) for various composites.

Fig. 5. XRD analysis of aluminium, alumina and composites at best sintering time (2hr) and best sintering temperature
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Table.1. Crystallite size of composites
Sample Intercept (KA/D) Crystallite Size(D)(nm)
Pure Al 0.000975 142.2092307
Al+2wt% Alumina 0.000836213 165.8118207
Al+4wt% Alumina 0.00094256 147.1036327
Al+6wt% Alumina 0.000708036 195.8290256
Al+8wt% Alumina 0.00058775 235.9064228
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2.5 Microstructure analysis

Fig. 7((a)-(d)) show the effect of alumina content on the microstructure of Al-2wt% alumina, Al-4wt% alumina, Al-
6wt% alumina and Al-8wt% alumina composites at their best sintering temperature (600 °C) and time (2 hr). The figure
represents how the microstructure of the composites alters as the alumina content increases. Pores are observed to be
abundant at 2wt percent alumina addition, resulting in lower density and hardness with high porosity. The SEM reveals
strong bonding between alumina-aluminum particles at 4wt% alumina addition, which is substantiated by the maximum
sintering density and hardness. The presence of hard particles (alumina) near the grain boundaries, as well as excellent neck
forms among the aluminum particles, improves the material's hardness. The micrograph shows a higher number of pores as
the alumina percentage increases (at 6 and 8wt percent alumina), indicating poor interfacial bonding between reinforcement
and matrix that results in a decline in mechanical characteristics such as hardness.

Alumina particles, through a dispersion strengthening process, limit the migration of dislocations in pure aluminum.
Raising the alumina concentration to 4wt% decreased the gap between the reinforcing alumina particles as observed in the
microstructure. Reduced spacing between alumina particles increases the required stress for dislocation migration, resulting
in enhanced material strength.

When the alumina content exceeds 4 wt.%, the number of pores rises, thus the sintering density and hardness decrease.
Increased alumina content increases the possibility of clustering and induces the formation of weak spots in the material, as
shown in the microstructure of composites, reducing the hardness. 4143, 44 and 45
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Fig. 7. (a) Microstructures of Al-2wt% alumina, (b) Al-4wt% alumina and (c¢) Al-6wt% alumina (d) Al-8wt% alumina at
optimum temperature (600°C) and time (2hr)

3. Conclusions
The current study presents a complete characterization of the sintered density, porosity, structural (XRD), and

mechanical characteristics (hardness) of ALOs dispersed Al-based composites as compacting pressure, sintering time,
temperature, and Al,Os content vary. The aforesaid study yielded the following findings.
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The compacting pressure of 486 MPa (55KN of compacting load) is chosen to fabricate the composite since increasing
the load produces no substantial change in density but causes wear and tear of the die-punch assembly. The optimal sintering
temperature and duration for highest sintering density and maximum micro-hardness are found to be 600 °C and 2 hours,
respectively.

Sintering density and micro-hardness are found to be highest when 4wt% alumina is added to the aluminum matrix. At
4wt% alumina addition into the aluminum matrix, the porosity is minimized. The structural analysis (XRD) reveals that the
reinforcing phase preserves its structure with no substantial alteration. The SEM data correlate well with the experimental
results.

The synthesised composites can find application in light-weight, hard, and abrasion/wear-resistant materials. The future
direction of this study is to fabricate low-cost but highly reliable and environment-friendly composites by adding bio-wastes
to these present composites and analysing their behaviour in different processing conditions.

4. Experimental
4.1. Materials
Aluminum-alumina (2, 4, 6, and 8wt %) composites were manufactured by means of the conventional powder metallurgy

technique. To fabricate the composite, pure aluminum powder with average particle size of 63um was used as the matrix
with ALLO; reinforcement of the same particle size. Table 2 outlines both the matrix and the reinforcement phase.

Table. 2. Details of constituents

Powder Material Weight Percentage Average Particle Size(um) Density(g/cm?)
Al 96,94,92,90 63 2.7
ALO; 2,4,6,8 63 3.95
Binder 2 - 0.97

The chemical compositions of aluminum and alumina were determined by XRF analysis on a Bruker XRF Alloy
analyzer, as shown in Tables 3 and 4.

Table. 3. Chemical composition of Aluminum

Compound Al Fe,04 SiO, Ga,0;  AsyO4 Others
formula
Percentage 99.0566 0.291 0.212  0.108 0.106 %Uncounted weight

Table. 4. Chemical composition of Alumina

Compound Al O3 SiO, Na,O Cl Fe, 03 SO; BaO MgO K,0 Others
formula
Percentage 94.521 1.890 1444 1.184  0.163 0.151 0.125 0.125 0.101  %Uncounted
weight
4.2. Methods

The three key steps in the powder metallurgy method are mixing or blending, powder compaction, and sintering. Initially,
a predetermined quantity of pure aluminum with alumina powder of same size (63um) is added up with Acrawax‘C’ as
binder (according to the composite’s composition) with a digital microbalance.

To achieve a homogeneous dispersion of Al,Os, the mashed powder is put through a high-speed horizontal ball milling
machine for 30 minutes. The slurry was then poured into an EN-24 steel die. The die walls were lubricated with zinc stearate.
Green compacts of cylindrical specimen with 12mm diameter and 30mm length (ASTM G99-05 standard) were
manufactured using a FIE Universal Testing Machine (UTM) under a compacting load of 30 KN-65 KN with rising by 5
KN to accurately assess the optimal compacting pressure of green composite, and the mass of each specimen was maintained
constant. All specimens were sintered in the tube furnace under vacuum conditions at different sintering temperatures
(580°C, 600°C, and 630°C) at durations (1.5hr, 2 hr., and 2.5 hr.). The density of the sample was calculated using
Archimedes' Principle and the theoretical density was obtained using the rule of mixture. An X-ray diffractometer was used
to perform XRD analysis to determine the phase (Rigaku rent 2200). SEM (JEOL JSM — 7001F) was utilized to examine
the microstructure of composites. The sintered composites' micro-hardness was determined by using a Vickers micro-
hardness tester with a weight of 0.025Kg and indentation duration of 15s.
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