
Effects of Diamond Content on the Morphology and Compressive
Properties of Porous Aluminum Composites
Bisma Parveez, Nur Ayuni Jamal,* Nur Izzah Nazurah, Abdul Aabid, and Muneer Baig

Cite This: ACS Omega 2024, 9, 36690−36698 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Porous aluminum (Al) is popular due to its lightweight
properties and impact energy absorption. However, it often has a
lower mechanical strength than solid Al. To improve the performance,
diamond reinforcement was introduced into the matrix. Further,
addressing the challenge of interfacial bonding between Al and
diamond, coated diamond with varying contents of 5, 10, 15, and 20
wt % was added to the porous Al alloy matrix via the powder
metallurgy technique. The porosities were formed by using poly-
(methyl methacrylate) (30 wt %) as a space holder. The densities of
the resultant porous composites ranged from 2.20 to 2.37 g/cm3 and
porosities ranged from 33 to 38% for 5−20 wt % diamond contents.
Furthermore, the yield strength and plateau stress increased from
21.47 to 29.46 MPa and 14 to 20 MPa, respectively, up to 10 wt %
diamond content but declined upon further addition. Similarly, the energy absorption capacity increased from 2.15 to 2.95 MJ/m3

up to 10 wt % diamond content and thereafter decreased. Thus, the addition of coated diamond and alloying elements in Al
strengthened the porous Al composites, making it suitable for applications requiring good compressive strength and energy
absorption capacity.

1. INTRODUCTION
The automotive industry requires lightweight materials with
high energy absorption and sound insulation. Aluminum (Al)-
based alloys and composites are highly studied for meeting
such requirements due to their lightweight and high strength
properties. Further reduction in their weight was possibly done
by developing porous Al alloys and composites with higher
impact energy absorbing capacities.1,2 Porous Al, due to its
lightweight properties, has the potential to reduce the total
weight of a vehicle if employed as fillers in automotive parts,
resulting in less fuel consumption and low carbon dioxide
emissions to the environment, thereby reducing the carbon
footprint. Furthermore, porous Al has high impact energy
absorbing capacity, required in automotives to absorb energy
during impact, thus preventing damage to the passengers as
well as expensive car components. Despite its excellent
properties, its porous structure gives it lower physical and
mechanical properties than that of conventional solid Al. To
improve their performance, high strength materials such as
ceramics.3−5 and carbonaceous reinforcements6 have been
added to porous Al. These reinforcements exhibited a
strengthening effect in porous Al composites.
Diamond is one such carbonaceous reinforcement that is

studied extensively for consideration as reinforcing materials
due to its promising hardness property and thermal
conductivity, which can extend the service life of the resultant

material while delivering the strengthening effect simulta-
neously.7 Although the expected results are promising,
incorporating diamond in a porous Al matrix is difficult due
to its poor wettability with a metal matrix. As a result, desirable
interfacial bonding is not hard to achieve between the metal
matrix and diamond, which otherwise is required in order to
attain optimal properties of the resultant porous Al composite.
One of the techniques to address the issue of poor interface
bonding between diamond and Al is to coat the diamond
particles with a metal layer. This metallic layer forms carbides
at the interface, which are found to form chemical bonds with
diamond and also combine with the Al matrix, thereby
improving interfacial bonding. Various metallic coatings have
been employed to improve the interface between diamond and
Al such as molybdenum, tungsten, or titanium (Ti) coat-
ing.8−11 However, Ti has been preferred because it not only
reacts with diamond particles to form TiC but also reacts with
the Al matrix to form a new phase. This carbide layer at the
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diamond−metal interface prevents the reaction of carbon from
diamond with the metal matrix, which can otherwise lead to
formation of undesirable carbides (Al4C3). Moreover, the
metallurgical bonding of coating metal with matrix material
leads to improvement in the interfacial bonding between
diamond particles and the metal matrix.12,13

Another technique applied to modify the interfacial bonding
between diamond and Al matrixes in Al/diamond composites
is matrix alloying. Matrix alloying is another technique for
modifying the interfacial properties of diamond/aluminum
composites. Alloying elements can improve the wettability
between Al and diamond, resulting in a stable interface
structure, as well as prevent excessive Al4C3 phase formation,
which can negatively affect the properties.14 Researchers have
utilized materials such as Si, Mg, Sn, and B15−17 as alloying
elements. This method is also a cost-effective and efficient
interface modification method.
Several fabrication processes have been employed to develop

porous Al; however, to have better control over porosity and
reinforcements distribution, the powder metallurgy method is
mostly preferred.18,19 The solid-state method allows easy
control over the weight fraction of diamond and aluminum,
and the lower fabrication temperature eliminates the formation
of undesirable carbides (Al4C3) in the porous composites.
Moreover, the porosities in such materials are tailored by
employing space holders, which are added to the mixture and
later removed during or after sintering. The space holder is
meant to hold spaces in the green compacts that will eventually
form pores on their decomposition or dissolution, resulting in
the formation of a porous structure. Sodium chloride (NaCl),
carbamide (ammonium bicarbonate), carbonate particles, and
polymers such as poly(methyl methacrylate) (PMMA) are the
commonly used space holders.20−24 Except PMMA, all other
space holders are leached out by carrying out the dissolution
process after sintering; however, they are associated with issues
like incomplete leaching, corrosion by salts, and additional
dissolution process requirement. However, PMMA particles
get decomposed al lower temperature during the sintering
process, leaving almost no residue behind, and have the least
reactivity with porous Al.25,26 Further, they have good
formability, and their spherical shape also contributes to
significant improvement in the mechanical properties of
porous materials.7,27

This study focused on investigating the microstructure,
density, porosities, phase structure, and compressive properties
of porous Al composites reinforced with varying Ti-coated
diamond content fabricated via the powder metallurgy
technique. The porosities were tailored using polymer
(PMMA)-based space holders. The present work aims to
provide new insights into enhancing the performance of
porous Al composites that can benefit automotive industries in
providing lightweight and safer structures.

2. EXPERIMENTAL PROCEDURE
2.1. Materials. The materials utilized in this study are Al,

Mg, Sn, PMMA particles, and Ti-coated diamond, as shown in
the scanning electron microscopy (SEM) images in Figure 1.
The metallic powders (Al, Mg, and Sn) of purity and particle
size, as mentioned in Table 1, were procured from Nova

Scientific resources Malaysia Sdn Bhd. Varying contents of Ti-
coated diamond particles as reinforcements and a fixed content
(30 wt %) of PMMA particles as space holder particles were
employed, as shown in Figure 1 (see Table 2).

2.2. Methods. The methodology applied to fabricate
porous Al composites was powder metallurgy, which involved

Figure 1. SEM micrographs of composite constituents: (a) Al, (b) Mg, (c) Sn, (d) PMMA particles, and (e) Ti-coated diamond.

Table 1. Particle Size of Composite Constituents

composite constituents particle size (μm) purity (%)

aluminum 75 99.5
magnesium 45 99.5
tin 10 99.5
PMMA 150 99.9
titanium-coated diamond 45 99.8

Table 2. Compressive Properties of Porous Al Composites
with Varying Diamond Content

diamond content (%)

yield
strength
(MPa)

plateau
stress
(MPa)

energy absorption
capability (MJ/m3)

5 21.47 14 2.15
10 29.46 20 2.95
15 18.15 8 1.71
20 9.56 2.5 0.48
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mainly three stages: mixing, compaction, and sintering. The
initial process of mixing was carried out in two steps: first,
metallic powders of Al, Mg (2 wt %), and Sn (2 wt %) were
mixed at a speed of 225 rpm for 12 h in a ball mill. Then, the
metallic powder mixture was mixed with PMMA (30 wt %)
particles and varying contents (5, 10, 15, and 20 wt %) of
diamond particles at 800 rpm for 2 h in an orbital shaker. The
resultant mixture was then compacted at a pressure of 250
MPa using a uniaxial hydraulic press. Then, the compacted
samples were sintered in accordance with the graph of
sintering temperature vs sintering time as shown in Figure 2.
The compacted samples were initially heated for 1 h at a

temperature of 450 °C, which was set above the degradation
temperature of PMMA, as illustrated by the thermal
decomposition graph of PMMA particles in Figure 3. The

degradation of PMMA starts at 270 °C (Ts) and ends at 410
°C (Tf); thus, 450 °C was sufficient to decompose all PMMA
particles required to obtain a desirable porous structure.
Further, the sintering was carried out at 580 °C for 2 h in an
argon atmosphere using a Carbolite tube furnace.

2.3. Characterization. The microstructure, densities,
crystallinity, and compression behavior of the porous Al
composite were observed. The density and porosity level of the
samples were measured by applying the Archimedes principle.
The morphology of the samples was analyzed using SEM
(JEOL JSM-6300F). The X-ray diffraction (XRD) analysis was
carried out using an X-ray diffractometer (PAN analytical
empyrean 1032) operating at 40 kV and 40 mA in the 20−80°

range. The compressive properties were measured using a
universal testing machine (Shimadzu Autograph AGX 10 kN)
at a crosshead speed of 0.5 mm/min and a compression load of
10 kN. The energy absorption capacity (W) of the resulting
porous composites was calculated using the stress−strain curve
using the following equation.28

=W d
0 (1)

where σ and ε are the compressive stress and strain,
respectively.

3. RESULTS AND DISCUSSION
3.1. Morphology. Figure 4 illustrates the homogeneous

powder mixture without powder clustering. It demonstrates

that 12 h mixing time was sufficient to achieve a uniform
powder mixture. All of the constituents were mixed to play a
specific role in porous composite preparation. Tin was added
to Al in order to enhance fluidity during sintering, while Mg
powder improved the wettability of Al and also increased the
segregation of Sn particles on the surface of Al particles.29,30

Furthermore, spherical shaped PMMA particles were added to
tailor spherical porosities in the resultant porous composites;
however, PMMA has low affinity with metal powder. Thus, to
ensure effective adhesion of PMMA with the metal matrix,
CLE safe oil as the binder is mixed with PMMA particles,
which makes their surface sticky for metal particles to adhere

Figure 2. Sintering temperature vs sintering time graph.

Figure 3. Degradation behavior of the PMMA space holder.
Figure 4. Morphology of the powder mixture.
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during mixing, followed by better bonding during compaction.
As evident from Figure 4, PMMA particles were coated with
the constituents of the powder mixture.
The morphology of porous Al composites with diamond

contents of 5, 10, 15, and 20 wt % is shown in Figure 5a−l. As
a result of removal of PMMA during sintering, the resultant
porous Al exhibits a distinct closed macro-pore structure for
each diamond content. Furthermore, these closed macro-pores
exhibited a perfectly spherical shape that matches the initial

morphology of PMMA particles. According to previous
research, it is critical to make sure that the pore morphology
replicates the morphology of the space holders in order to have
a better control over pore shape and size for obtaining high-
quality porous Al.31−33 Furthermore, the shape and size of the
space holders have a significant influence on the microstructure
and mechanical properties of porous Al.34 Similarly, it has been
observed that the high strength and low elastic modulus of the
resultant porous Al can be obtained by opting for a space

Figure 5. Morphology of porous Al composites at 200, 100, and 50 μm with [a,b,(i)] 5 wt %, (c,d,j) 10 wt %, (e,f,k) 15 wt %, and (g,h,l) 20 wt %
diamond content.

Figure 6. (a) Morphology and energy-dispersive X-ray area mapping on Ti-coated diamond particles in the porous Al composite, (b) with
distribution of the Al alloy matrix (colored dots other than blue), and (c) Ti coating (blue color dots).
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holder material with desirable morphology.32 Furthermore, the
shape of the space holders also affects the properties of the
porous composites. Especially, spherical shaped space holders
demonstrate higher compressive strength by virtue of the
spherical pores being formed when compared to those with
irregular shaped pores.35 As is evident from Figure 5, pores
replicated the spherical shape of PMMA particles (Figure 1d).
As illustrated in Figure 5i,j, for 5 and 10 wt % diamond

contents, the Al matrix adheres and bonds well with the
diamond particles. Moreover, using Ti-coated diamond as a
reinforcement improved the bonding at the interface of the Al
alloy matrix and diamond particles. Figure 6 depicts the
distribution of the Al alloy matrix, shown by multicolored dots
(Figure 6b), and Ti coating, shown by blue dots near the
diamond particles in the porous composite. Since Ti atoms get
accumulated on the surface of diamond particles, few of them
diffuse into the Al alloy matrix. The presence of Al near or
overlapping the Ti region on the diamond surface (Figure 6c)
suggests a bond between the Al alloy matrix and the Ti-coated
diamond particles. Other studies also revealed the function of
coating on diamond particles improving the interfacial bonding
between the metal matrix and diamond particles, significantly
improving the wetting property between the metal matrix and
diamond particles.36,37 However, due to the presence of TiC
on the surface of diamond particles, AlC can also form and
impair the bonding at some contacts. But, overall, the way the
Al matrix alloy is spread over the diamond particle proves that
the adhesion has been improved to some extent by employing
coated diamond as compared to that for the porous Al
reinforced with uncoated diamond employed in one of our
studies.16

However, as the diamond content increases, the diamond
particle is not completely covered by the Al matrix, as shown in
Figure 5f,h for 15 and 20 wt % diamond contents. The gaps
and pores are present between the Al alloy matrix and the
diamond particle, indicating poor interfacial bonding between
them. These gaps and pores are formed as a result of the
agglomeration of diamond particles, as evident from Figure
5f,h, which leads to ineffective sintering of the porous Al
specimen, thereby resulting in leaving gaps at the interfaces. In
addition, at higher diamond content, due to the absence of
enough Al alloy matrix required to bind the diamond particles
in the porous Al composites, weak interfacial bonding
occurred.

3.2. Density and Porosity. The sintered densities of
porous Al reinforced with diamond particles (5, 10, 15, and 20
wt %) are shown in Figure 7. The densities were found to
increase from 2.2 to 2.37 g/cm3 with the increase in the
diamond content from 5 to 20 wt %, respectively, a high-
density reinforcement. The diamond particles are denser than
the Al alloy matrix; although the theoretical density of the
porous composites increases, their bulk density also increases.
In addition, the porosities of Ti-coated diamond-reinforced
porous Al composites were found to increase from 33 to 38%
with the increase in the diamond content from 5 to 20 wt %,
respectively. Since the tailored porosity should be only 30% as
per the addition of 30 wt % of PMMA space holder particles,
the increased values of porosities are due to the undesirable
pores and gaps formed during the sintering process, as shown
in Figure 5. In addition, higher porosity levels were attained for
porous composites with higher wt % of diamond particles as a
result of their agglomeration tendency at higher content,
resulting in gaps between adjacent diamond particles, and also

due to insufficient availability of the Al alloy matrix to fill the
gaps, as evident from Figure 5f,h.

3.3. X-ray Diffraction. Figure 8 shows the XRD pattern of
the final powder mixture consisting of Al, Mg, Sn, PMMA, and
Ti-coated diamond. The main diffraction peaks were observed
for Al for (111), (200), (220), and (311) planes at 38.47,
44.74, 65.14, and 78.23°, respectively. Diamond peaks at 43.72
and 74.90°, α-Ti peaks at 37.20 and 40.50°, and titanium
carbide (δ-TiC) peaks at 35.10, 42.20, and 62.50° confirm the
presence of Ti coating on the as-received diamond and imply
successful TiC formation during the coating process.37 The
diffraction peaks of diamond, α-Ti, and δ-TiC indicated their
formations during the application of coating, where carbon
atoms of diamond diffuse into the metallic coating (Ti),
thereby occupying an octahedral interstitial position in the Ti
crystal lattice, resulting in the formation of a δ−TiC transition
layer. Its metallurgy combines with diamond. Then, on
addition of coated diamond particles to the Al alloy matrix,
the α-Ti layer present on the surface of coated diamond wets
the Al matrix.38

Figure 9a−d demonstrates the XRD patterns of porous Al
composites with 5, 10, 15, and 20 wt % diamond contents,
respectively. Apart from the four typical Al peaks at 38.5, 44.7,
65.1, and 78.2°, representing (111), (200), (220), and (311)
planes, respectively, the low-intensity peaks of diamond were
also detected at 43.9 and 75.29°. However, insignificant
intensities of the peaks of aluminum carbide (Al4C3) were also
detected in the range of θ = 20°−80°, which may be due to the
reaction of the few carbides in coating with the Al alloy matrix.
But, overall, the fabrication at low sintering temperature and
the presence of coating further inhibited its formation. Similar
results for XRD have been attained by using B4C-coated
diamond and Ti-coated diamond as reinforcements in Al
composites.37,39 Also, from Figure 9a−d, it can be seen that the
porous Al composites exhibited higher and sharper peaks with
increasing diamond content, implying crystalline phases of Al
and diamond particles and thus indicating the effective
sintering of porous composites.40

3.4. Compressive Behavior. Figure 10 shows the stress−
strain curves obtained on compression loading of porous Al
composites with 5, 10, 15, and 20 wt % diamond content. The
stress−strain curves show all three regions: elastic, plateau, and
densification;41,42 the first stage of deformation is the linear
elastic region, followed by a constant stress region over a wide

Figure 7. Sintered densities and porosities of diamond-reinforced
composites.
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range of strains, called as the plateau region, and, finally, a
densification region where stress increases rapidly due to cell
wall collapse. The stress−strain curves exhibit brittle behavior
with severe variations over the plateau region. Other studies
using ceramic and carbon nanotubes as reinforcements have
also observed similar fluctuations.43−45

The yield strength and plateau stress of porous Al
composites increase with an increase in diamond content up
to 10 wt %, followed by a decrease on further addition, and the
highest yield strength of 29.46 MPa and plateau stress of 20

MPa were obtained for porous Al composites with 10 wt %
diamond content. The higher values are due to the uniformity
of the pore structure and the presence of better bonded
diamond particles in the Al alloy matrix, thereby offering
effective load transfer and thus improving its yield strength and
plateau stress on the application of load. However, the
declination on further addition of diamond particles is due
to the poor wettability of diamond with the Al alloy matrix and
also due to agglomeration occurring at higher diamond
content, resulting in the formation of undesirable gaps and
porosities, as confirmed by Figure 5f,h and increased porosity
values in Figure 6.

3.5. Energy Absorption Characteristics. The energy
absorption capability of the porous composites was evaluated
by calculating the area under the curve of the plateau region
using eq 1. As evident from Figure 9, the energy absorption
capacity increases on addition of diamond content up to 10 wt
% and then declines on further inclusion. The maximum value
of 2.95 Mj/m3 was attained at 10 wt % diamond content. The
increased value of energy absorption capacity is due to the
ductile fracture mode resulting from better bonded porous
composites with good interfacial bonding between Ti-coated
diamond and the Al alloy matrix.39 On the other hand, the
energy absorption capacity values declined on further increase
in diamond particles content, similarly to plateau stress.25 At
higher diamond particle content, the presence of an insufficient
Al alloy matrix for wetting of diamond particles forms gaps and
pores in the cell walls, leading to poor mechanical bonding
between the Al alloy matrix and diamond particles. It regulates
the collapse of cell walls by dropping the bending deformation
resistance, thus reducing their capability to resist deformation
and dissipate impact energy.40

The compressive properties of porous Al composites if
compared to other studies, as shown in Table 3, show better
plateau stress values than others. However, the energy
absorption values of the present work are lower, and this can
be attributed to the challenges in getting good wettability of
diamond particles in the Al matrix. Still, the energy absorption
of the porous Al composites reinforced with coated and
uncoated diamond particles in previous studies exhibited lower
values than those in the present work, thereby revealing the

Figure 8. XRD analysis of the powder mixture.

Figure 9. XRD patterns of porous Al composites with (a) 5 wt %, (b)
10 wt %, (c) 15 wt %, and (d) 20 wt % diamond content.

Figure 10. Compressive stress−strain curve of porous Al composites
with varying diamond content.
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improvement in the development of Ti-coated diamond-
reinforced Al composites.

3.6. Deformation of Porous Al Composites. The
deformation of porous composites occurs in a linear elastic
manner due to cell wall bending, as shown in Figure 11, and

this elastic limit increases with diamond particle content, as
evident from Figure 10. Since diamond has higher strength, it
acts as a rigid body, and on application of the load, elastic
deformation of the Al alloy matrix takes place. However, the
duration of the elastic deformation period is brief due to the
presence of diamond particles, which generate a considerable
stress field in the Al alloy matrix. When the stress reaches
higher than the yielding stress of Al, the occurrence of
dislocations takes place. These dislocations cause the Al alloy
matrix to deform plastically. As a result of the discrepancy in
deformation between diamond rigid particles and the
plastically deforming Al alloy matrix, strong strain gradients
are formed in the Al alloy matrix.50 These gradients do not
allow dislocations to move smoothly in the Al matrix due to
the presence of intensive triaxial stress constraint caused by the
concentration of diamond particles around them. Additionally,
the Al matrix shows a noticeable strain hardening effect. This
effect stays until the dislocation movements get exhausted.
Then, in order to relax stress concentration continuously, the
Al matrix undergoes viscoelastic deformation, resulting in the
development of voids and microcracks. On further increases in
load, the cell walls start collapsing due to the voids and
microcracks in the walls. Collapse begins at the yield strength
of porous Al composites and advances at roughly a constant
load, resulting in plateau stress, continuing until the opposing
cell walls touch and meet, causing densification and a rapid
increase in compressive stress. Finally, the damage extends
quickly on reaching a significant size, resulting in abrupt
fracture of the composites. The fracture mode was found to be
ductile in porous composites with diamond content up to 10
wt %, and beyond this, due to higher voids and microcrack
formations, it is more like brittle, as evident from Figure 11.

4. CONCLUSIONS
Porous Al composites of varying diamond contents (5, 10, 15,
and 20 wt %) were developed via a powder metallurgy
technique. The porosities were created using a fixed content
(30 wt %) of PMMA particles. The effects of different diamond
contents on the microstructure, densities, porosities, compres-
sive properties, and deformation behavior of porous Al
composites were systematically examined. The important
findings are summarized as follows.

1. The porous Al composites had a closed macro-pore
structure and uniformly distributed diamond reinforce-
ment. The macro-pores resembled the spherical shape
and size of PMMA particles. Morphological analysis of
the porous Al composite showed strong interfacial
bonding between the matrix and Ti-coated diamond up
to 10 wt % diamond content. However, higher diamond
contents (15 and 20 wt %) demonstrated pores and gaps
at the interfaces.

2. XRD patterns of the porous Al composite with varying
diamond content revealed peaks primarily composed of
Al and diamond. These peaks became higher and
sharper with the increase in diamond content. It
indicated an increase in the crystalline phase of Al and
diamond, thus implying an effective sintering process.
Additional peaks of α-Ti and δ-TiC suggested the
efficient coating of Ti on the surface of diamond
particles.

3. Densities of porous Al composites increased from 2.20
to 2.37 g/cm3 and the porosity level increased from 33
to 38% as the diamond content increased from 5 to 20%.
Despite the addition of a fixed content (30 wt %) of
PMMA as a space holder, increased porosities are caused
by the presence of microporosities and gaps in the
microstructure, especially in porous composites with
higher diamond contents (15 and 20 wt %).

4. Diamond content affects the compressive behavior of
porous Al composites. The yield strength, plateau stress,
and energy absorption capacity initially increased up to
10 wt %, after which they decreased, and the highest
values of 29.46 MPa, 20 MPa, and 2.95 MJ/m3,
respectively, were recorded for 10 wt % diamond
content.

5. In this study, the optimum diamond content that
improves the performance of porous Al composites in
terms of density, porosity, yield strength, and energy
absorption capacity was 10 wt % as it demonstrated a
good combination of properties.

This work aimed to overcome the challenges of effectively
utilizing diamond particles as reinforcements and improving
their wettability in porous Al composites. Further investigation
is required under different processing conditions by employing
different processing techniques and techniques to obtain better
interfacial bonding between the metal matrix and diamond
particles for exploring their strengthening effects on the porous
composites for lightweight and high-strength applications.
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