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In this study, the effect of sintering temperature on microstructure, mechanical and tribological behavior of
aluminum matrix composites (AMCs) reinforced with Al/CuFe double-layered core-shell particulates
(DLCSP) was investigated. In the first step, galvanic replacement and electroless deposition methods were
employed to synthesize DLCSP by depositing submicron layers of copper and iron on Al particles,
respectively. In the next step, 20 vol. % of DLCSP were blended with Al powder followed by hot-pressing at
440 �C, 480 �C, and 520 �C to fabricate the AMCs. The distribution of reinforcement, microstructural
changes and wear track morphology of the prepared AMCs were investigated using scanning electron
microscopy (SEM) with built-in energy-dispersive spectroscopy (EDX) system. Moreover, the mechanical
and tribological behavior of the composites was studied using hardness, compression strength, and coef-
ficient of frictions (COF). The results indicated that an increase in sintering temperature results in im-
proved hardness, compressive strength, and COF. Further, strength along with toughness was preserved in
these specially tailored DLCSP-reinforced AMCs.

Keywords Core-shell particles, electroless plating, hot-pressed
composites, interfacial reaction, wear behavior

1. Introduction

Iron and copper both are plentiful elements on earth. In the
earth’s crust, iron is the fourth most abundant constituent after
oxygen, silicon, and aluminum (Ref 1). Iron is vital for life due
to its uncountable characteristics (Ref 2). Similarly, copper is
the most commonly plated element on different substrates due
to its anti-biofouling, electrical and thermal conductivity (Ref
3-7). The solubility of Cu in Fe near its melting point is � 10
atomic %. However, below 500 �C, the solubility of the former
is reduced to less than 0.2 %. Similarly, Fe solubility in Cu is �
4 atomic % near its melting point which is reduced to � 0.2 %
at room temperature. These elements are almost immiscible at
room temperature despite similar atomic radii due to the
positive enthalpy of mixing (Ref 8, 9). Combining such
elements with positive heat of mixing is always a challenging

task for researchers. Solubility limit has been extended by the
use of non-equilibrium processes and Cu-Fe-based engineering
materials have been applied in various applications due to their
catalytic effect, magnetic, mechanical, energy storage, thermal
and electrical characteristics (Ref 10-17). Rapid solidification,
atomization, levitation, powder metallurgy, laser beam surface
treatment, electrodeposition, electroless deposition, magnetron
sputtering, etc., are the possible non-equilibrium processing
techniques to circumvent the restrictions of conventional
processes (Ref 16, 17, 19-24). After the first experiment under
microgravity in space, the synthesis of Cu/Fe core-shell or egg-
type structure made it possible to combine such elements (Ref
18). Nowadays, in quest of new materials, egg-like or core-shell
reinforcement (developed in situ in aluminum matrix compos-
ites (AMCs)) is being reported by various research groups (Ref
25-30). Although multilayered composite structures can be
developed using different methods in bulk materials such as
explosive welding (Ref 31-33), however, in this study, our
focus is to utilize pre-synthesized core-shell particulate in
AMCs.

At present, core-shell particulate-reinforced aluminum
matrix composites (CS-PRAMCs), prepared via powder met-
allurgy (PM), are showing prevailing trends in the fabrication
of composites. In AMCs, reinforced with pure metallic particles
(Fe, Cu, Ti, Ni), uniform hard shells of intermetallic around the
ductile metallic core are formed in situ during processing (Ref
25-30). In such composites, the cracks formed in the reinforce-
ments are restrained within the intermetallic shell, and thus, the
crack is smaller than the thickness of the shell (Ref 34-36).
Such resistance to crack growth is not probable in conventional
AMCs reinforced with ceramic particulates (Ref 37). Moreover,
in core-shell particles-reinforced AMCs, both tips of such a
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crack face ductile matrix and core. Therefore, crack propaga-
tion is expected to be delayed by blunting of the crack tips. The
restricted or delayed propagation of this crack, during plastic
deformation of composites, causes improvement in ductility.
Moreover, a contiguous network of hard intermetallic phases
can improve the mechanical, electrical and thermal behavior of
composites. An irregular intermetallic shell works as a stress
concentrator that damages the mechanical behavior of com-
posites. Therefore, it is important to form a uniform hard shell
around the ductile core to get a good combination of strength
and ductility in the composites. However, uniform shell
formation required a complex combination of heating and
mechanical working (Ref 30). Though pre-synthesized single-
layered particles (Al/Cu) have been reported (Ref 37), but
multilayered particles can be beneficial to accommodate
deformation by increasing crack path. In view of this knowl-
edge, first-time pre-synthesized multilayered core-shell partic-
ulate reinforcements, having immiscible metals, are utilized as
reinforcement in AMCs. This novel work aims to synthesize
Al/CuFe double-layered core-shell powder (DLCSP) by gal-
vanic replacement and electroless deposition processes. To
authors� knowledge, pre-synthesized DLCSP reinforcements
have been used for the first time to develop AMCs with tailored
microstructure to achieve remarkable trade-off between the
strength and the toughness. The pre-synthesized Al-CuFe
DLCSP were further incorporated as reinforcement to produce
aluminum-based composites with unique microstructure by hot
pressing. To understand the effect of consolidation temperature
on microstructure, densification, hardness, compressive and
tribological behavior of the composites were investigated in
detail.

2. Materials and Method

To synthesize Al/CuFe DLCSP, high purity (purity >
99.5%) spherical Al powder (D50: 10 lm) was deposited with
copper and iron, respectively. To synthesize DLCSP, surface
pretreatment of Al powder was initially carried out. For this
purpose, 5 ml of 33 % ammonia solution was mixed in 45 ml of
distilled water to prepare the pretreatment (etching) solution. In
this solution, 2.0 grams of Al particles were etched for 2.0
minutes. In the next steps, copper and iron deposition was
carried out on pretreated Al particles. For this purpose, the
slurry of surface-treated Al particles was directly poured into a
copper deposition bath maintained at pH 9.0 at 55 �C for 15
minutes. Then, after filtering and washing, Al/Cu composite
powder was again immersed in an iron deposition bath with pH
9.2 at 80 �C for 10 minutes. The detailed baths compositions
are as follows:

Copper Bath: Copper sulfate (CuSO4Æ5H2O) 0.10 mol.L-1

as the main salt, Ethylene diamine tetraacetic acid, disodium
(EDTA-2Na. 2H2O) 0.20 mol.L-1 as a complexing agent,
Copper chloride (CuCl2) 0.005 mol.L-1, Boric acid (H3BO3) 0.5
mol.L-1 as a buffer (Ref 38).

Iron Bath: Iron sulfate (FeSO4Æ7H2O) 0.10 mol.L-1 as the
main salt, Sodium potassium tartrate (KNaC4H4O6Æ4H2O) 0.22
mol.L-1 as a complexing agent, Citric acid (C6H8O7) 0.03
mol.L-1, Sodium hypophosphite (NaH2PO2. H2O) 0.40 mol.L-1

as reducing agent, Boric acid (H3BO3) 0.5 mol.L-1 as a buffer
(Ref 39).

After deposition of successive layers of copper and iron,
respectively, the composite powder was filtered and washed
with hot distilled water and dried in an oven for 8 hours at 80
�C. The density measurement of Al/CuFe powder was carried
out by a helium gas pycnometer. The density values were used
to estimate the volume fraction (20 %) of pre-synthesized Al/
CuFe reinforcement in the Al matrix. Al and Al/CuFe powder
were blended with a powder mixer rotator (Glas Col) for 4
hours at 60 rpm in a glass jar. The resultant blend was
uniaxially hot-pressed at 440 �C, 480 �C, and 520 �C. A thin
film of boron nitride was sprayed after cleaning the die and
punches to reduce the friction. Subsequently, the powder blend
was poured into a die (ø 10 mm). After lowering the upper
punch, the chamber was evacuated (1910-3 Pa) followed by
desired load application (640 MPa) for 20 minutes of
compaction. Argon gas was continuously purged in the
chamber (409103 Pa) to maintain an inert environment during
hot pressing.

From each hot-pressed cylinder (ø 10 mm and length 10
mm), three samples (ø 3 mm and length 6 mm) were machined
by using electrode discharge machining (wire cut) for quasi-
static compression tests (strain rate 10-4 s-1) at the room. A part
of the composite sample was used to investigate the wear
behavior. The process flow of hot-pressing is shown in Fig. 1.
Identification of phases in pre-synthesized powder and hot-
pressed cylinders were carried out by x-ray diffraction (XRD)
using Cu Ka radiation (0.154 nm) source. The influence of
sintering temperature on microstructural changes (due to
interfacial reactions at interfaces) was probed by Tescan
MAIA3 field emission scanning electron microscope (FE-
SEM) with an in-built energy-dispersive x-ray spectrometer
(EDX). A series of eight consecutive Vickers hardness (at 0.3
Kg load for 15 sec) readings were taken to avoid any ambiguity
in results for each composite.

Dry sliding wear tests on the hot-pressed disks (ø 10 mm) of
composites were performed at room temperature using a ball-
on-disk system. Initially, these disks were ground and polished
up to 2000 grit papers and washed with alcohol. For wear tests,
a hardened steel ball (ø 6 mm) was used as a counter material.
For all wear tests, a normal load of 2.0 N, wear track diameter ø
6 mm, and counter material speed of 150 rpm were selected.
The wear tests time was kept in correspondence with wear
length (20 m). The sliding distance and friction coefficient were
dynamically recorded in the computer program. Wear surface
topography was analyzed by SEM.

3. Results and Discussion

3.1 Characterization of Al/CuFe powder

The morphology of aluminum particles, before and after
deposition of simultaneous layers of copper and iron, is shown
in Fig. 2(a, b). The initial smooth surface of aluminum particles
becomes rough after the deposition of layers. Initially, most
aluminum particle surfaces are covered by an adherent, dense
and nano-grained copper layer. Applying Scherrer formula on
the XRD line scan of Al/CuFe core-shell powder before
consolidation indicates average crystallite size of Cu to be 180
nm. Moreover, in our previously published work (Ref 37),
SEM micrograph shows grain size of Cu to be � 200 nm in
core-shell particles. These results clearly confirm the existence
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Fig. 1 The process flow of hot-pressing and machining scheme of tests sample

Fig. 2 SEM micrograph of (a) aluminum powder, (b) Al/CuFe composite powder, Al/CuFe powder particle with EDX line scan (c) and surface
mapping (d, e, f), Similarly cross-sectional view of A/CuFe powder particle with (g) EDX line scan and (h, i, j) surface mapping

Journal of Materials Engineering and Performance Volume 32(1) January 2023—107



of nano-grained copper layer in reinforcement particles before
consolidation. During the secondary shell formation, iron layer
covers up Al/Cu composite powder particles. The effect of
different chemical and process parameters for the deposition of
these layers has been discussed in our previous work (Ref 38,
39). Results suggest that during the copper layer formation on
aluminum particles, thermodynamics and kinetics of deposition
process are mainly dependent upon molar ratio of complexing
agent/copper containing salt and bath temperature. Further,
complexing agent is needed in excess as compared to metal salt
in order to promote the deposition reaction. Moreover, a
stable pH of 8.8 is needed for efficient Cu deposition. However,
variation in the pH does not greatly affect the deposition
process. On the other hand, pH and complexing agent
concentration have been found to be the most important factors
affecting the deposition rate of iron. Results show that bath
temperature has much less significance in iron deposition as
compared to copper deposition.

The EDX line scanning (Fig. 2(c)) and surface mapping
(Fig. 2d-f) of single-particle and its cross section (Fig. 2g-J)
correspond well to thin layers of copper and iron deposited on
aluminum particle surface. The outer iron layer, one of two
visible iron layers in Fig. 2(j), is associated with the iron
directly deposited on the pre-deposited copper layer, whereas
the inner ring is formed due to the direct reduction in iron ions
on aluminum substrate. Fig. 3(a, b) shows higher magnification
SEM micrograph of particle surface morphology after deposi-
tion. It can be observed that initially, the copper deposit has
cauliflower-like morphology (Fig. 3a) which transforms to a
granular surface (Fig. 3b) after iron deposition. For the
deposition of iron on a copper substrate, it is well established
that the aluminum surface should be in contact with copper
(Ref 40). Further, Al works as a sacrificial element during the
iron deposition on the copper layer. In the current scenario,
during deposition of Fe on Al/Cu particles, Al (in the core) also
acts as a sacrificial element. This phenomenon is evident from
the delamination or dissolution of aluminum in particles
(Fig. 3c). The aluminum dissolution rate was reduced by
inserting pre-etched aluminum strips (02 Nos. with dimensions
25 9 25 mm2) in the iron deposition bath. These strips provide
extra contact area to enhance iron plating to avoid or slow
down the dissolution/delamination of Al core. Moreover, as
these particles were to be compacted during hot-pressing,
therefore, Al delamination was not considered detrimental in
achieving consolidation. The EDX results only show the

presence of elemental Al, Cu, and Fe phases in the prepared
DLCS powder (Fig. 2).

The XRD patterns of synthesized powders, after deposition
of Cu and CuFe layers, are shown in Fig. 4(a). The
characteristic peaks of Cu and Al appear at different 2h angles
and are easily distinguished using JCPDF cards. However,
peaks of Al and Fe at 44.8� and 65.1� appear at the same angles
and could not be differentiated under given XRD scanning
parameters. However, continuous decline in the height of Al
peak at 2h value of 38.6� indicates successive deposition of Cu
and Fe layers. Thus, visible characteristic peaks of crystalline
Cu, Fe, and Al from synthesized composite powders confirm
the successful deposition of Cu and Fe layers on Al particles.
The synthesized Al/Cu and Al/CuFe powders have single and
multiple shells of Cu and CuFe, respectively, on Al particles.
This is in agreement with EDX results, which only show the
presence of Cu, Fe, and Al elements in the prepared particles
(Fig. 2).

3.2 Effect of Sintering Temperature on

3.2.1 Microstructure of composite. Fig. 5 presents sec-
ondary electron SEM micrographs of the prepared AMCs,
reinforced with 20 vol. % pre-synthesized Al/CuFe DLCSP,
hot-pressed at 440 �C, 480 �C, and 520 �C for 20 minutes. The
distribution and formation of agglomerates of reinforcing
particles are evident from these micrographs. These agglom-
erates might have developed during the blending process. The
color contrast of images in Fig. 5(a-f) indicates the chemical
contrast i.e., brighter phase represents the CuFe and CuFe rich
phases, while darker areas represent Al in matrix and core. It
was anticipated that there should be a multilayered structure
due to interfacial reactions between matrix and reinforcement to
transform into intermetallic, as depicted in XRD. However, the
expected multilayers are not visible in higher magnification
SEM micrographs (Fig. 5 (b, d, and f)). The microstructural
analysis shows that in all composites, the Al/CuFe reinforcing
particles are well embedded in the Al matrix. Further, good
bonding between Al-Al/CuFe interfaces (white arrows) is
observed in all composites hot-pressed at 440 �C, 480 �C, and
520 �C. In contrast, the interfaces between reinforcing particles
(Al/CuFe-Al/CuFe) in agglomerates were either not well
bonded or partially bonded (yellow arrows) at 440 �C and
480 �C sintering temperature, respectively. The most probable
reason for this lack of bonding may be associated with the iron

Fig. 3 SEM images showing morphology of deposited (a) copper, (b) iron layers. Panel (c) shows delamination of Al particle (encircled) from
the deposited layers
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layers present on the outer side of agglomerated reinforcing
particles. These iron layers have low diffusivity at 440 �C and
480 �C. While, by increasing sintering temperature in the
composite (hot-pressed at 520 �C), all interfaces have been
properly amalgamated due to higher diffusional rates of the
constituents. Moreover, an increase in thickness of the
deposited layer, due to volumetric changes associated with
interfacial reactions, is observed with increasing processing
temperature. Additionally, the EDX of hot-pressed composite
(520 �C) at higher magnification was performed (Fig. 6) which
represents that Cu and Fe (double ring) remain intact after hot-

pressing.
3.2.2 Phase Composition of Composite. For the phase�s

composition, the XRD analysis of all the prepared AMCs was
performed (Fig. 4b). According to binary phase diagrams of
AlFe and AlCu, five stable intermetallic phases in AlFe and five
in the AlCu system are possible in solid diffusion couples. Cu
and Al have relatively higher diffusivity coefficients as
compared to that of Fe. Considering this, researchers have
found that Al-Cu-based intermetallic phases are formed at
relatively lower temperatures in comparison to Al-Fe-based
aluminides. Previous studies on Al-Cu diffusion couples (Ref

Fig. 4 XRD analysis of (a) pre-synthesized Al/CuFe core-shell powder (b) hot-pressed composites at 440 �C, 480 �C and 520 �C

Fig. 5 SEM micrographs of hot-pressed composites at (a) 440 �C, (c) 480 �C, and (e) 520 �C, along with corresponding higher magnification
micrographs (b), (d), and (f), respectively

Journal of Materials Engineering and Performance Volume 32(1) January 2023—109



41) showed that atomic diffusion results in the evolution of
Al2Cu and Al9Cu4 phases due to low formation energy (Ref
42). Similarly, in the Al-Fe couple, the formation of AlFe3 has
been reported at a relatively lower temperature which trans-
forms into other thermally stable intermetallic phases with
further atomic diffusion. It has been reported that in ternary
diffusion systems (involving Al, Cu and Fe as thin films), Al-
Cu-based intermetallic phases always initially form upon
heating without considering the stacking sequence of films.
Upon further heating, the formation of Fe-based aluminides
takes place. Cu and Fe-based aluminides interact to form
ternary intermetallic x-phase (Al7Cu2Fe) (Ref 43). Addition-
ally, in AMCs reinforced with Al-Cu-Fe-based quasicrystals,
the formation of x-phase has also been reported at tempera-
tures ‡ 450�C (Ref 44). In the current study, Al2Cu has been
observed after consolidation at 440�C (peak at 2h value �47�),
while formation of x-phase and Fe-based aluminides have been
observed at higher consolidation temperatures in accordance
with previous studies.

Generally, thermodynamics and diffusion kinetics are
responsible for the formation of intermetallic. Moreover, the
formation of ternary phases (Al7Cu2Fe, Al65Cu20Fe15) has been
reported in the Al-Cu-Fe system during sintering (Ref 45). The
XRD patterns in Fig. 4(b) show that there are five intermetallic
phases (Al2Cu, AlFe3, Al7Cu2Fe, Al65Cu20Fe15, Al13Fe4) are
formed in the composites other than basic constituents. Among
these intermetallic phases, only two phases (Al2Cu and
Al7Cu2Fe) are prominent. Moreover, as the processing temper-
ature increases from 440 �C to 520 �C, the peak intensities of

intermetallic phases increase due to a higher degree of
interfacial reaction except for the AlFe3 phase. The XRD scan
of the sample, sintered at 480 �C, has higher peak intensity
which is associated with the AlFe3 phase (at 2h value 26.6�)
when compared to the composites sintered at 440 �C and 520
�C. This indicates that the processing conditions of composite,
consolidated at 480 �C, promote the formation of the AlFe3
phase. Moreover, the visible XRD peak at 2h values 43.4� and
50.3� relates to Cu presents that the Cu deposited layer was not
transformed during the consolidation of composites. However,
the Cu peak heights are continuously decreasing, which is an
indication of a higher fraction of transformation of Cu with
increasing consolidation temperature.

3.3 Physical and Mechanical Properties

Figure 7(a) illustrates the variation in density of the
composites with increasing the sintering temperature from
440 �C to 520 �C. The oxide layer on Al or Cu-Fe surfaces may
degrade the sintering ability of the elements. In general, higher
temperatures facilitate the diffusion of elements to improve
sintering ability which results in a decrease in porosities or
pores between particles. But, in the present work, relative
density (densification) varies from 99.92 % to 99.79 % with
increasing temperature from 440 �C to 520 �C. The possible
reasons behind the reduction in relative density while increas-
ing temperature from 440 �C to 480 �C are: (1) volumetric
adjustments due to the formation of aluminides (for example,
AlFe3 has higher molar volume) of deposited metals, (2)
reduced compressibility due to higher fraction of intermetallic

Fig. 6 SEM/EDX micrographs of (a) hot-pressed composites (520 �C) at higher magnification. Panel (b), (c), and (d) are EDX mapping for Al,
Cu, and Fe, respectively
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phases formation and (3) differences in diffusion coefficients of
constituents in composite (Kirkendall’s effect) (Ref 46).

To assess the mechanical behavior of the prepared compos-
ites, a series of hardness and compression tests were performed.
In hardness testing, eight readings were taken for each sample
to avoid any ambiguity and average results are reported in
Fig. 7(b). This figure illustrates the effect of sintering temper-
ature on the Vickers hardness of the fabricated composites. As
the sintering temperature is increased from 440 �C to 520 �C, a
significant improvement in hardness, from 47.4 to 85.9 HV0.3,
is observed. The higher consolidation temperature leads to
extensive interfacial reactions, resulting in a higher volume
fraction of harder intermetallic phases in the composites. This is
quite evident from peaks heights of respective intermetallic
phases in XRD patterns shown in Fig. 4(b). These harder
phases improve the overall hardness of the DLCSP-reinforced
composites.

The engineering stress–strain curves of different hot-pressed
AMCs are shown in Fig. 8(a) and corresponding properties are
summarized in Fig. 8(b). By increasing the sintering temper-
ature of AMCs from 440 �C to 520 �C, the ultimate
compressive strength increases from 259 MPa to 387 MPa,
while the fracture strain decreases from 41.3 % to 26 %. The
improvement in compressive strength of the composites with

increasing processing temperature can be attributed to 1)
increased load-bearing capacity of the structure due to inter-
metallic formation (2) possible formation of dislocations in
deposited shells of reinforcing particles due to in situ interfacial
reactions between matrix and reinforcements. With the extent
of interfacial reaction, the volume fraction of intermetallic and
dislocation density at the interfaces is enhanced (Ref 47). The
degree of in situ interfacial reactions with increasing temper-
ature can be estimated from the thickness of the deposited layer
after sintering (Fig. 4). Furthermore, the evolution of the thick
and hard intermetallic layer is responsible for a decrease in
fracture strain of the hot-pressed AMCs with increasing
temperature from 440 �C to 520 �C.

The reduction in ductility with intermetallic phase evolution
can be attributed to the increase in the number of pores at
interfaces (Kirkendall’s effect). These pores limit the stress
transfer from matrix to reinforcements and result in reduced
ductility. Moreover, pores act as stress risers to generate cracks
during deformation and prohibit the dislocation gliding at the
interfaces, thereby reducing the ductility. However, composites
containing Al-Cu-Fe-based intermetallic reinforcements, with-
out multi-shell structure processed with similar conditions (Ref
48), showed lower fracture strain as compared to the compos-
ites prepared in this study. The reason behind the higher

Fig. 7 Effect of sintering temperature on (a) density vs relative density (densification) and (b) Vickers hardness

Fig. 8 Compressive stress–strain curve of AMCs hot-pressed at 440 �C, 480 �C and 520 �C (a) and summary of corresponding mechanical
properties (b)
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fracture strain in the current study is associated with the
multilayered core-shell structure of the reinforcing particles.
The core-shell structure is reported to be responsible for
increasing the crack path length (Ref 25, 31). Additionally,
unreacted ductile Cu in shells provides extra resistance to crack
propagation.

Furthermore, the lateral side of the fractured samples in
compression testing was analyzed using SEM. The BSE-SEM
micrographs (Fig. 9) show that with increasing consolidation
temperature, the width of the major shear band increases. In the
sample hot-pressed at 440 �C, the shear crack is not prominent
due to the presence of unconsumed ductile Cu and Fe phases.
Therefore, these ductile phases accommodate large strain as
observed in the compression test result. However, at certain
stress levels, small cracks appear in the sample. Due to these
cracks, load-bearing capability decreases drastically. While, in
other composites (hot-pressed at 480 and 520 �C) containing a
higher volume fraction of intermetallic phases, branched and
parallel shear cracks are visible along the main shear crack.
Such cracks indicate the absorption of fracture energy to
improve fracture toughness.

For further investigation, the BSE-SEM micrographs of the
fractured surface of composites, consolidated at 480 and 520
�C, are shown in Fig. 10. The micrographs show presence of
shear bands in the matrix as well as in core areas of reinforcing
particles in both composites. These shear bands are responsible
for absorbing strain energy during compression loading.
Similarly, elongation of reinforcing particles can be noticed
due to compressive stresses. Moreover, the delamination of
shells from the Al-core can be observed for the composite hot-
pressed at 520 �C as indicated by red arrows in Fig 10(b). This
delamination can be attributed to higher degree of interfacial

transformation of Cu and Fe into harder intermetallic phases.
These harder phases result in less deformation as compared to
Al in the core areas. This abnormality at interfaces (with
difference in elastic moduli) results in crack generation at the
interfaces and (ii) crack arresting in core areas to accommodate
the deformation.

3.4 Strengthening Mechanisms

The study of strengthening mechanisms in particulates-
reinforced composites is important for materials scientists to
understand the effect of microstructural features on mechanical
behavior. To date, among numerous strengthening models,
modified shear lag (MSL) theory is most suitable because of its
reasonably accurate prediction of yield strength. The model
deals with direct and indirect strengthening mechanisms. The
direct strengthening includes load transfer mechanism �fl�, while
the indirect strengthening comprises (a) dislocation strength-
ening �fd� (Orowan strengthening (OR), geometric necessary
dislocations (GND), thermal mismatch strengthening (TMS))
and (b) strengthening due to change in ligament size (k) �fs�.
The established MSL model, based on considering these three
mechanisms (�fl�, �fd� and �fs�), has been expressed by the
following equation (Ref 49, 50);

ry ¼ r
�

y 1þ flð Þ 1þ fdð Þ 1þ fsð Þ

The strengthening contribution by each mechanism was
estimated according to the mathematical model. The results are
given in Table 1. The factors fl and fs depend on the extent of
interfacial reaction. As discussed earlier (section 3.2.1) the
intermetallic phase formation due to interfacial reaction is
enhanced with increasing sintering temperature. As a result, the

Fig. 9 SEM micrographs of composites hot-pressed at (a) 440 �C, (b) 480 �C, (c) 520 �C along with corresponding higher magnification
images (d, e, f) of white rectangular areas marked in panels (a, b, c), respectively
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effect of load-bearing capacity and average matrix ligament size
�k� increases with increasing sintering temperature. The factor
fd, on the other hand, is based on different strengthening
mechanisms like Orowan strengthening, thermal mismatch
strengthening, geometric necessary dislocations strengthening,
etc., and is dependent upon multiple microstructural character-
istics including the extent of interfacial reaction and distribution
of reinforcements in the matrix.

3.5 Wear Behavior of Composites

Figure 11 presents the variation in coefficient of friction
(COF) with increasing sliding distance of hot-pressed compos-
ites at different temperatures. Generally, in wear tests, there are
some fluctuations in COF which tend to stabilize after certain
sliding cycles/distance. Similar trends are observed in the
present study; however, COF stabilization distances are differ-
ent for all composites. The stabilization cycles for composites
hot-pressed at 440 �C and 480 �C are 400 cycles (at sliding
distance of 7.55 m), while COF tends to stabilize after 200
sliding cycles (at sliding distance of 3.77 m) for samples
processed at 520 �C. Moreover, it was observed that the friction
coefficient is around 0.4 for all hot-pressed composites. The
results show that the friction coefficient for composite hot-
pressed at 520 �C is more steady during the whole experiment
while the composite hot-pressed at 440 �C shows the highest
fluctuation in COF (as shown in Fig. 11) against the counter
steel ball due to the large contact area between steel ball and
wear track, which consequence in higher frictional force. The
SEM micrographs of the wear tracks, shown in Fig. 12 (a-f),

present a continuous improvement in wear resistance with
increasing sintering temperature. As discussed above, the
formation of intermetallic phases increases with increasing
sintering temperature (Fig. 4(b)). The in situ formation of these
hard intermetallic phases results in higher wear resistance. The
composites hot-pressed at 440 �C and 480 �C (Fig. 12d and e,
respectively) were predominantly worn out through delamina-
tion and adhesive wear mechanisms while the sample hot-
pressed at 520 �C exhibited excellent wear performance
showing sporadic abrasive wear marks (Fig. 12(f)). Further, a
colony of worn intermetallic particles can be seen in Fig. 12(f).
This is in line with the results presented in Fig. 4 wherein the
peak intensities of intermetallic phases increase due to a higher
degree of interfacial reaction.

Fig. 10 SEM micrographs of fractured surfaces of composites hot-pressed at (a) 480 �C, and (b) 520 �C

Table 1 Calculated strengthening factors for composites

Sintering Temperature, �C f l f d f s

440 0.077 0.102 0.072
480 0.083 0.102 0.097
520 0.128 0.122 0.207

Fig. 11 Variation in coefficient of friction (COF) with increasing
sliding distance of composites hot-pressed at different temperatures
(440 �C, 480 �C, and 520 �C)
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4. Conclusions

In the current work, the effect of hot-pressing temperature
on microstructure, mechanical and tribological behavior of
aluminum matrix composites reinforced with pre-synthesized
Al/CuFe DLCSP was investigated. The layers of copper and
iron were deposited by galvanic replacement and electroless
deposition methods on Al particles. The blend of these particles
with Al powder was hot-pressed at 440 �C, 480 �C, and 520 �C
to fabricate the AMCs. The key concluding points are as
follows:

• The relative density of composites decreases with increas-
ing temperature due to the formation of the hard inter-
metallic network which results in reduced compressibility
of the composite powder compact.

• High temperature facilitates interfacial diffusion, which re-
sults in the transformation of deposited layers into hard
intermetallic. These intermetallic phases increase the hard-
ness and strength of fabricated composites with increasing
temperature up to 86 HV0.3 and 388 MPa. However, a 37
% decrease in ductility was observed during compression
testing.

• The tribology of the composites indicates that increasing
consolidation temperature from 440 to 520 �C results in a
significant decrease in wear damage.

• It is anticipated that the findings of this work would facili-

tate the development of advanced engineering materials
with an unprecedented combination of strength and tough-
ness in transport, electrical packaging, chemical and aero-
space industries.
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